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ABSTRACT

A Solar Domestic Hot Water (SDHW) system recovées énergy from the solar collector panel
and transfers it to the domestic hot water tankseflaon the location and the orientation of the
solar collector panel, one could easily estimagt fuch systems can meet the hot water demand
fully or partially and accordingly design the aueiy heating system such as a gas or an electric

heater, to suppliment the hot water demand.

To meet the hot water demand in a colder climatd &s the UK, primarily the gas or electric
heater, is preferred over past decades due thétpcand easy availability of the gas or elecyricit
As the UK is committed to Kyoto protocol, it hast setarget of achieving 14% of heating
requirements from the renewable heat sources, ssclsolar, by 2020. Therefore financial
incentives and tax exemptions are available foirie&llation of the solar thermal systems. These
incentives require that the existing hot waterrydir has be to be retrofitted with the solar panel.
By installation of a solar panel along with an diaxy heating system, the required water would

be heated by the solar energy and complimentetidoguxiliary heater.

To design such a SDHW system from scratch and tet e above criteria is an easy task.
However, to retrofit the existing hot water cylinda order to meet the tax benefit criteria is a
challenge. The basic principle of solar energyasda on the concept of thermal storage. The
existing hot water cylinder volume is of the ora@é$r80 to 120 litres, which is close to the hot
water required for a family of three to four persoStandard SDHW system, available in the
market, to meet the tax benefit criteria requiept for a 300 litre capacity hot water storage

tank.

The objectives of this project are to understaredhtbat transfer characteristic of a SDHW system
and to explore the fact that these modified hotewaylinder could be controlled in such a way
that they operate efficiently. By controlling thexdiary heating system, it is feasible that at
certain times the solar energy would heat the watemay require additional energy from the

auxiliary system.
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In order to understand the physics of the problam,existing hot water cylinder of 80 litres
capacity with two hot water demand profiles andweather data for London, UK is analysed. It
is observed that the thermally stratified tank ldeato meet the criteria for single hot water
cylinder with retrofit of the solar panel. Thernsttatification inside the tank is not only influehe
by the design parameters of the storage tank batlg} the location of the auxiliary heater and its
control strategy. To understand and further explloestank’s thermal behaviour, an experiment on

actual system is proposed to substantiate the #ietmatification results.

It is feasible to predict the solar energy outpantf the panel by means of a neural network. So a
simplified neural network is developed based onftimetion approximation technique. Once the
experimental data is available, it is proposedamtthe network with experimental data. It would
be helpful in assessing the thermal stratificatioside the tank as calculated by a dynamic
SIMULINK model.

Solar thermal hot water systems are amongst thestasd most cost effective renewable energy
systems to install, which makes them one of thetrpopular systems amongst consumers and
developers. Should the modified solar thermal hatewsystems be found to operate effectively
with existing hot water cylinders then the cosinstalling a new solar hot water system is likely
to be reduced. This will stimulate and contributethie carbon emission reductions required to

meet UK 2020 carbon emmission targets.
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CHAPTER 1: INTRODUCTION

“The Sun in the service of mankind”
UNESCO conference in Paris, July 1973

One will appreciate the fact that Sun is the sowoifdée and energy to all living creatures on the
earth for millions of years. An attempt was madeacsmall scale to harness the solar potential in
form of “burning mirrors” by English monk Roger Batin the 13 century and Bernard Foret
Belidor (1697-1761§" invented solar operated pump. Inf"2@ntury, countries like Israel, USA,
Japan, and UK took initiative to maximize the béseicurring due to utilization of the solar
energy in form of water heating, building heatietgctricity production etc. The main impetuous
in utilization of the solar energy for any applioat is that fuel is free of cost and the solar
technology is eco friendly. However, the high calpaosts, intermittent solar radiation are some of
the potential reasons, which hampered the solantdogy to take the centre stage in human life.

Conventional fossil fuel reserve may last for fewrencenturies. The power generation technology
based on fossil fuel, has serious implication asbgl warming. Currently the soaring price of
fossil fuel does allow to countries to invest imrmlluting and inexhaustible solar technology.
Moreover, the solar energy is also driving forcéibéd other renewables such as biomass, wind,

and hydropower.

1.1 The Solar Resource and Solar Domestic Hot Wat¢ EDHW) system

The source of solar radiation is a fusion reactaking place inside the core of sun at a
temperature of ~30,000 K. However, the sun’s serf@mperature is ~5762 K. To calculate the
amount of energy received by the earth outsidatimsphere, also called solar constant, one has
to assume that the sun is a black body at 576Bd&ntean distance between the sun and the earth
is 1.5*10" m and the sun’s diameter is close to 1.38*t®?. By using Stefan-Boltzmann
radiation law, the value of solar constant is clésel353 W/m. However, the'constant’ is
misnomer in term Solar Constant as it varies fromy tb day. The daily “solar constant” is

calculated with the following formufd':
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2% p* N

o =1353 1+0.034* cos
365

(1.1)

Where
N is day number of the year or Julian date (fomepi@, January 1 is day 1; December 31 is day
365.)

Solar energy reaching a given location on the eadhed insolation, is attenuated as it travels
through the atmosphere by means of reflection, rplisn, scattering, before reaching the surface
of the earth. For example, Ozone layer absorbaMiolet (UV) radiation while C@and water

vapours absorbs infrared radiation. One can reédbig 1.0) tentative values of mean annual daily

solar radiation reaching the earth’s surface foioues cities.

” n
# #
$%# n

Table 1.0: Typical mean annual daily solar radiafir selected citie$®

Let us analyse some basic terms to understandaiim@anents of solar radiation such as direct
beam, diffuse components. On a clear sky, it issiptes that the solar radiation can reach the
earth’s surface directly, without any attenuatigneaplained above. This component is termed as
direct solar radiation. On a cloudy day, the saladiation gets scattered, refracted. This
component is termed as diffuse solar radiation anm@aches the earth’s surface at range of
different angle. Sum of diffuse and direct compdnegralled Global Insolation.
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In summary, typical value of the global insolatiaries, at particular location, as the condition in
the sky changes with maximum in the range of 90001W/nf. Figure 1.0 gives idea about

variation in monthly global insolation at a parteulocation.
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Figure 1.0: Monthly averaged global insolation 2t B! latitude™

When solar radiation falls on a surface, it cancbaverted in to electrical power or thermal
energy. Photovoltaic or PV cell is one of the sdkrhnologies used for the electrical power
generation. Solar heating is used for many appdicatsuch as crop drying in field, producing salt
from seawater; meeting hot water demand, spacenbeetic. Effective solar radiation must be
collected at a high temperature and transportestaved for later use. Solar Domestic Hot Water
(SDHW) system is one of the examples of it. It usessolar energy available in the sunlight to
heat the water for household purpose. It supplesndrg existing gas or electric water heating
system and provides heat for all hot water neediidmg showers, dishwashing, and laundry,
cooking and even for space heating.

Hot Water accounts for approximately 25% of thalt@nergy used in a typical single-family

home and can lead to savings of 85% on the ulility over the costs of electric water heatiflg
Figure 1.1® gives idea about the average annual solar radiatiailable in UK. By an estimate,
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the average energy required is close to 3000-4000 fier year for domestic hot water purpBse

It follows to achieve this demand a moderate soi#lector panel with an area of 4-5m

L] $m

L 4]

Figure 1.1: Map showing average annual solar radiatn a 30° inclined panel facing due south
in kWh/n?

To meet the hot water demand in the colder climatsh as UK, primarily an auxiliary system is
preferred over past decades due to its cheap aydarailability of gas or electricity. As UK is
committed to Kyoto protocol, it has set a targeadfieving 14% of heating requirements from the
renewable heat sources, such as solar, by 202@eféhe financial incentives and tax exemptions
are available for the installation of a solar tharmsystems®. These incentives require that hot
water cylinder has a 'dedicated solar volume' @efias a proportion of the volume of the hot
water cylinder that can be heated only by the sptatem and not by the auxilliary one.
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To design such a SDHW system from scratch and tet the above criterion is quite easy task.
However, to retrofit or to modify the existing heater cylinder in order to meet the above design
criterion is a challenge to the designer. The bpsiiple of solar energy based heating system is
based on the concept of thermal storage. The egibkidt water cylinder volume is of the order of
80 to 120 litres!®™ " *?which is close to the hot water required for aifgrof three to four person.
Standard SDHW system, available in market, to ntieet’ dedicated solar volume’ criterion

requires to opt for 300 litlé & %% capacity hot water storage tank.

1.2 Aim

Aim of the project is to study thermal behavioutwb basic configurations of SDHW tanks, for a
generic hot water demand in UK and to investighte @fficacy of the thermal stratification on
performance of the system as a whole. It also dedwstudy of temperature control in the tank and

the auxiliary heater control on the performancéhefSDHW system.

The challenge in SDHW technology is to match thgpbuwith demand. In this project, the study
aims to understand the mismatch between supplydamiand of hot water for the domestic
application and to investigate the control straedior the hot water storage tank in order to

smoothen out the mismatch between supply and demand

1.3 Project Objectives

The objectives of the project are to understandhtket transfer characteristic of SDHW system
and to explore the fact that these modified hotewaylinder could be controlled in such a way
that it operate efficiently. By controlling an aliary heating system, it is feasible that at certai

times only the solar themal system would heat thgemin the hot water tank, making the entire
volume of the hot water cylinder the dedicated isatdume.

The objectives of the project are as follows.

To better understand the physics behind the whobegss of Solar Domestic Hot Water
(SDHW) system.
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To develop a thermal model of active (direct ardirgct) SDHW configuration in Simulink.

To model the heat transfer phenomena in a solé&atot panel and predict the heat input to
the hot water storage tank.

To model of an auxiliary heater in the hot watektand carry out a control strategy modelling
from demand side requirement.

To better understand the thermal stratificationceq in SDHW tank.

To research and establish the number of days whsnilaa heating system can meet the hot

water demand independently.

1.4 Thesis Organization

Chapter 1 gives the detail about an introductiotheotopic with relevance to the UK. It also lays
down the objectives of the thesis and elaboratespthsent scenario existing hot water cylinder
and its retrofit option. By retrofitting, the exisg heating system means to add the solar collector

panel with the existing hot water cylinder, whialegently runs on electrical or gas heating.

Chapter 2 gives the necessary background informatiout the utilization of natural resources, its
availability and a comparison with the solar engpgyential. It also explains, in detail, about the

various SDHW configurations and its main components

Chapter 3 details the mathematical modelling oblarscollector panel, the water storage tank
along with an auxiliary heater. This chapter staith the explanation of basic term used in this
project, the concept of thermal stratification, tigs. low flow SDHW system and the parameters,
which have significant impact on stability of thexinstratification inside the tank. It also descsibe

the various kinds of heat exchanger used in the \WRkistems.

Chapter 4 describe the two cases of SDHW underid®radion, which are classified as single
cylinder (retrofit option) and twin cylinders (refit option with two cylinders). These two
classifications are used in the Standard AssessiPetedure (SAP) 2005. It also describes

boundary conditions used in the analysis, the bieye view of the system performance.
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“SAP is the Government's Standard Assessment Procaetk for Energy Rating of Dwellings.
SAP 2005 is adopted by government as part of the UKational methodology for calculation
of the energy performance of buildings™.

Chapter 5 deals with implementation of Artificiakedal Network techniques in predicting the
energy output from a solar collector panel basedfuinre weather data such as ambient
temperature, direct and diffuse component of s@dration. In this part, an attempt is carried out
to simulate the calculated value of the heat outymmh the given three variables. However, once
the network has been trained using an experimelatal, it would help in the estimation of solar
energy available for next couple of days.

Chapter 6 deals with conclusions and illustrates @ne future works to be carried out in this

project. It also explains the challenges associaié retrofit option to meet the “dedicated solar

volume” requirement.
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CHAPTER 2: BACKGROUND & SDHW SYSTEM DESCRIPTION

"I'd put my money on the sun and solar energy. Valsiurce of power! | hope we don't have to
wait till oil and coal run out before we tackle tifa
Thomas Alva Edison

Growth and development are the key factors in hutifarand it always put challenges before
him. Be in industry, agriculture, energy, spaceeovironment, the options offered by engineers,
academia or scientists are awesome such as caigplaaee, computers, roads, buildings,
electricity for lighting, operating the home applkias and heating or cooling the residential,
industrial or shopping mall. All these equipmerggquire energy in the form of heat or electricity.
To meet the energy demand, natural resources iliseditsuch as fossil fuels like coal, oil, natural
gas, termed as non-renewable energy sources cgamugdsion based energy resources utilizing
natural Uranium as fuel. One can easily infer friignre 2.01*°! that there is continuous depletion
of natural resources. The higher standards of divioupled with population explosion are the

popular explanation of such pattern.
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Figure 2.0: Consumption pattern of natural rescaistece 1965.
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One can easily identify from figure 2.0 is that thejor part of natural resources being utilized are
oil, gas and coal. These resources are also rebporfer the Green House Gases (GHG)

emission, a potential source of global warming.

Let us get the idea about the supply or availgbdftnatural resources and demand or present day
consumption pattern. Figure 2! gives a generic idea about the world energy ressyrits
comparison to present day consumption pattern. ridtaral resources are limited and will be
exhausted in the future if we continue to explbé tatural resources in an unsustainable manner.
Figure 2.1 also suggest that solar energy has gotehtial to play significant role in the energy
carving society. Not only solar energy, wind energip-fuels, tidal energy, wave energy etc
termed as renewable energy, are better candidake&b or electricity generation.

Uranium

1Ay N
| - Gas

ATA [

o)

Annual Solar Radiation

Ihl
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o

World Energy
Consumption

© www.solarpraxis.com

Figure 2.1: World Energy Reserve and Energy consiomp
Figure 2.2? shows the contribution of renewables in the gl@wargy consumption. Although it

is only at 18.3 % of the global energy consumptibits potential is very high and the basic fact i
that it is non-emitter of GHGs.
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Figure 2.2: Renewable Energy share of Global Rtmargy Consumption, 2006

Let us again look in to main components of the weaide energy and in particular to Hot water
heating systems. In 2006, the hot water demandlisdppy the renewable energy source was
close to 1.3%. Traditional biomass such as woodstayaalcohol etc contributes 13% of total
renewable energy share. As we have seen that indlder climate, the hot water accounts for
approximately 25% of the total energy consumed.rdfoee, a lot of scope exists in meeting the
hot water demand by means of the renewable eneagyicgarly by Solar Collector systems.
Figure 2.3 depicts the solar hot water / Heating capacityiadothe world in 2007. Although it

is very small fraction of total energy share of rgryeshare presently, yet it has great potential and
have good competitor to other technology as it least impact on the global warming and

minimum impact on the GHG emission.
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Figure 2.3: Solar Hot Water/Heating Capacity Erigti2007

Let us study the UK, where hot water demand isigafftly high. The main consumers of
electricity are the domestic and industrial secttirs interesting to note that 33% of total power
produced in the UK (close to 392979 GWh) is usedtie domestic applicatioh®. In 2004, the
percentage of coal, gas and oil in total elecyripitoduction is close to 74%. In the same year,
power stations in the UK emitted 47 million tonmésarbon. By an estimate, it accounts for 30%

of the UK's total carbon dioxide emissions in tyesdr.

Under Kyoto Protocol, the UK government is comnditte reduce the carbon emission to 12.5%
below 1990 levels by 2008 to 2012 and 20% of electrical supply from the renewablergp
resource by 2028°.. To meet the above-mentioned targets, it is pentito opt for the integration
of renewable technology to the built environmentl amplement zero energy building design

concept.
Wang (2009) describes the design concept of zeeoggnbuilding as‘a building with a net

energy consumption of zero over a typical year’He concludes that it is theoretically possible to
design a building with the concept of zero energnstmption in the cold climate with the
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integration of renewable energy systems such a®pbitaic, wind turbines, heat pump and solar

hot water systeri”.

In order to reduce the carbon emission, one osittgle steps is to introduce the solar technology
in domestic sector for fulfilling the hot water dend, space heating etc. Integration of the solar

panel in existing hot water tank is one among tleenment options to tackle zero carbon policy.

2.1 SDHW System Description

A SDHW system uses the solar radiation to heatdter. It connects to a home’s existing gas or
electric water heating system, compliments the gowf heat for all hot water needs including
showers, dishwashing, clothes washing, cookingletansists of a solar radiation collector panel,
a storage tank, a pump, a heat exchanger, pipiitg, @m auxiliary heating unit, a heater control
panel. Figure-2.4® gives classification of the SDHW system basedhensolar collector panel

type, auxiliary heater type and based on the laaf heat transfer.

[ Solar Domestic Hot Water System J

(SDHW)

- , ™)
Classification based on Classification based Classification based on
type of Solar Collectors on Operation auxiliary heater for

water heati
| >E
L 4 l
S
Flat Plate Active or forced Passive or 3 ~
Evacuated o otion natural O1il Fired
Concentrated i convection Electrical Heater
- Gas fired
Direct Circulation -
Indirect Circulation

L.

¥

[ Thermosyphon System ]

Figure 2.4: Classification of SDHW system
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A basic flat plate solar collector is shown in figu2.5. Although it looks a simple piece of
equipment to absorb the solar radiation and transféhe fluid flowing in the tubes, however the
mechanism of heat transfer is quite involved. Albdes of heat transfer, viz. conduction,
convection and radiation needs attention in thenthéanalysis. The absorber plate absorbs solar
radiation and in turn transfers the heat to théfloy means of conduction and convection. A
fraction of absorbed heat would be conducted amdexxied to the ambient via thermal insulation
and some would be irradiated back to the surrounditeat transfer mechanism is so involved that
it is not amenable to the hand calculation. Chapteresents a simplified mathematical model for
the SDHW configuration.

Figure 2.5: Basic components of flat plate colleeiong with heat loss mechanism.

To improve the heat transfer, the concentratindectirs are available which focus the solar
radiation on the tube by means of a concave absgibge. However, in tropic regions where
diffuse radiation is higher, the flat plate collast are considered thermally superior since it can
make use of diffuse radiation as well as beam fiadid"®. Moreover, the flat plate collector
operation and maintenance cost is lower in compari® the concentrating collectors. In
summary, the decision to use which type of soldlecwr is influenced by the heat transfer

characteristics, the location and the application.
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Figure 2.5 gives generic details of the SDHW systéhe fluid in solar collector tubes absorb the
heat of radiation from the Sun, transmits it the Wwater tank with the help of a pump. This
configuration is called an active-direct SDHW. lfh@at exchanger is used for transferring the heat
from the collector panel, it is termed as an aeinddrect SDHW system. Advantage of heat-

exchanger deployment is to avoid freezing of wagkinid in the colder climate.

Instead of deploying a pump to collect the solaergy, the concept of density difference in
working fluid or natural convection could also bepmoyed. This class of SDHW systems are
called Passive or Thermosyphon SDHW systems. I$ tha¢ require any source of conventional
power or electricity to aid the solar heat collentiUse of passive system is in no way precludes

the use of back-up auxiliary system.

For detailed information about the SDHW system caue refer Duffie (2006). A brief description
about the three configurations is given below. Thefigurations can be classified as indirect

circulation (closed loop) or direct circulation @ploop) systems.

2.2  Active-Direct SDHW Configuration

A direct (open) configuration are defined as systemwhich the collector directly transfer the
heat to hot cylinder without any intermediate hexathanger and the heat transfer fluid is water.
These systems require external supply of powerperaie the pump for circulation of water
through the solar collector. Cold Water entershatliottom of the hot water cylinder and in turn
passes through the solar collector, gets heatedl@lnters energy at the top portion of hot water
cylinder. However, the hot water requirement isidgpat constant temperature and sunshine’s
varies through out the day, so auxiliary heateachied to the cylinder, is available to compliment
the demand at constant temperature. Figure 2.6ctdegichematic of Active-direct SDHW

configuration.
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Figure 2.6: Schematic of active-direct SDHW systeith electrical heater

2.3 Active-Indirect SDHW Configuration

An indirect (close loop) configuration is definesl @ circuit in which the heat transfer fluid does
not mix with the working fluid (water). Heat traesffluid is antifreeze for example a mixture of
water with ethylene or propylene glycol and theggesms requires heat exchanger to transfer the
useful solar energy to hot water cylinder. Figuré @epicts the schematic of an active —indirect

SDHW system with the electrical heater.
Active indirect SDHW configuration is prevalenttime cold climate like in Europe or the UK. It is

because as the ambient temperature goes belowdfter, it leads to freezing of the water inside

the tubes and leading to rupture of the tubes.
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Figure 2.7: Schematic of an active-indirect SDHWtsgn with the electrical heater

The distinguishing feature between an open andsedystem is a heat exchanger. It is helically
wound coil, having forced and natural convectioattteansfer in and outside the c6f. One can
refer Berkel (1991) for detailed information abdbé heat transfer coefficient used inside and
outside the helical coil. He suggests that thieat transfer coefficient of storage tank
integrated heat exchanger vary considerably and canot be treated as constant.’For detailed

understanding about the heat exchanger classifitathe can refer Sukhatme (1988)

2.4 Thermosyphon System

A SDHW configuration based on natural convectiomvater between the solar collector panel and
the hot water tank, called thermosyphon systemingudaytime, the water inside the collector

loop is heated up by the solar radiation whilst tidwek water would be relatively cold. Due to

density difference, the hot water moves up andshibat water inside the tank. This continues until
the fluid in both the components attains the saemeperature. Thermosyphon system does not
require any prime mover for water to circulate be#w the collector and the tank. However, to
avoid reverse flow of water during night, the tardeds to be located sufficiently high above the

collector panel. Figure 2.8 depicts a simplifiedd®loof thermosyphon configuration.
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Figure 2.8: Schematic of thermosyphon SDHW systétim thie electrical heater

2.4 Glazing and Coating

Glazing is backbone of all solar energy applicatitmfunction is to allow the short wave (0.3 to 3
1m) solar radiation to pass freely and restraim laave (3 to 50 pm) radiatidff.. Incidentally, a
simple glass pane has this property. As StefanzBwhn, radiation law states that all body emits
radiation (or energy) and is directly proportiot@fourth power to absolute temperature. Thermal
radiation falls under solar radiation spectrum #@&ndonsists of short wave radiation. However
when a body gets heat up, it emits radiation, whalls under long wave category. Therefore,
when solar radiation reaches the collector panbhse cover sheet is made of a glass, (Figure
2.8), it allows to radiation to pass through andtieup the absorber plate. However, the same

sheet of glass becomes opaque to radiation enfijté@ated absorber plate.
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(a) Geometric details of double-glaziig (b) Heat loss comparison for varidg8
configurations

Figure 2.9: Typical Double-glazed insulation unit

A simple improvement to the single glass pane isge two-glass panes separated by a thin air
gap, called double-glazing. Figure 2.8 (a) shovesdbincept of double glazing unit. Heat transfer
phenomena in the glazing unit are complex. As tlessgheats up it also emits long wave
radiation, and the air out side solar collectarersponsible for heat transfer by other mode, namely

conduction and convection.

As the output from the solar panel is dependannipe over all heat transfer coefficient, U, of
the panel, efforts are made to reduce value of Uilliyg the argon gas in place of air or by

applying low emittance (Low-E) coating which retie¢he long wave radiation but transparent to
the short wave radiation or evacuated glazing. flei@u8 (b) shows some typical values of U with

permutation and combination of option stated aliovenprove glazing.
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0 79 8

Figure 2.9: Variation in heat recovered by panebver all heat transfer coefficient.

Let us analysis the impact of variation in U witbspect to heat recovered from the panel.
Equation 3.1 gives an idea that as the value afdteases, the amount of heat recovered from the
panel will decrease. This is captured in Figure 3uming that the heat available in solar
collector panel is 100% at U=1 W/rK). On comparing the Figure 2.8 (b) and Figure, 219e
would appreciate the increase in heat recoverad franel if one switches from single glazing to
double-glazing. However, there is a substantialease in the cost of SDHW if one switches from

single glazing to double-glazing. In this studye tralue of U turns out to be ~ 6 WK

2.5 Heat Transfer Fluids in SDHW System

A heat transfer fluid is used to collect the heantt solar panel transfer to the storage tank either
directly or with the help of heat exchanger. Inartb have an efficient SDHW configuration, the
fluid should have high specific heat capacity, highrmal conductivity, low viscosity, and low

thermal expansion coefficient, anti-corrosive pmypand above all low cost.
Among the common heat transfer fluids such as watgcol, silicon oils and hydrocarbon oils,

the water turns out to be the best among the fliffisHowever, water changes its phase when

temperature tends to 0 °C. During this processemiz@comes solid from liquid state and expands.
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This phenomenon leads to increase in stress inthElgipe and can lead to pipe rupture. To
circumvent this issue, one has to opt for a prdthg@aystem. It would not allow to water to freeze

in any condition.

Another way to overcome water-freezing issue isig¢e antifreeze. It is mixture of glycol and
water and prominent candidate to act as heat gafisid. This is widely used in radiators of car
as heat transfer fluid and proved very efficierd.use glycol - water mixture as heat transfer fluid

in SDHW, following points need attentiér!.

Glycol content of 40% or less assures smooth operamntil - 24 °C. However, glycol
content in excess of 50% increases viscosity awdrdeat capacity.
Glycol is not compatible with Zinc. So, internaliglvanized pipes should be avoided.

Propylene glycol is more food compatible than ethgl glycol.
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CHAPTER 3: MATHEMATICAL MODEL OF SDHW SYSTEM

"The amount of sunshine energy that hits the sarfd¢he Earth every minute is greater than the
total amount of energy that the world's human pagpoh consumes in a year!"

Home Power Magazine

Broadly, there are two distinct components in SDKWétems, viz., solar collector panel and
storage tank. Other components can be clubbedalithre-mentioned components for purpose of
developing a simple and concise thermal model. \iMitbrmation about load profile and weather
data for a particular location, it is possible tuve the sets of equation simultaneously for the
simplified model over an entire year and assesdheemal performance or contribution of the

SDHW system in the hot water demand for given iocasuch as Glasgow or London, UK.

The solar collector performance is function of irflaid temperature. If we assume that the heat
losses from the connecting pipes between storageaad the solar panel inlet are negligible, the
final set of equations become simple to solve. ket temperature from the solar collector panel

becomes the inlet temperature to the hot watendgh.

The hot water cylinder supplies the hot water airde temperature. It has two source of heat
input, one from solar collector panel and othenfrelectrical or gas heater. The cold water enters

the cylinder at an average temperature of 10 £Q.6ver a yeaf®.

3.1 Two Design Concepts — Low Flow and Thermal Sttidication

Concept of low flow design in the collector panetiahermal stratification inside the storage tank
are the two prominent research areas in SDHW sydtsign. Relatively high collector flow rates
are prevalent in the field for an active indire€HBN configuration because a high collector flow
rate improves the collector flow factor, which urrt improves collector efficiency by improving
the heat removal factdr’. Figure 3.4 supports this logical outcome for SDIdy8tem.

Hollands (1989) suggested tH&ty using low collector flow rates (roughly one-seenth of the

standard value) with thermally stratified storage tanks, the calculated performance of solar

Thermal modelling and control of domestic hot waserk Page 31 of 94



hot water systems for domestic, commercial, and ingtrial use can be improved by as much

as 38%, if one compares to a system having a fultyixed tank and a high flow rate?”.”

Figure 3.0: Annual solar fraction Vs collector floate per unit ared” *®

Wuestling et al., (1985) carried out the studyléw flow SDHW configuration and showed that
with a low flow configuration in SDHW, one couldiaeve the enhanced solar fraction available
for heating the water.

3.2 High Flow Vs Low Flow Design of SDHW System

A high flow SDHW system refers to nominal flow ratefluid in the primary loop (between solar
collector and storage tank) and it is in the range0 to 20 g/s per mof the collector area.

Corresponding value for low flow SDHW system i3Btg/s per mof the collector ared® 2" 2

28]

Let us analyse the both system from the thermdiopaance point of view. To simplify the
calculation, let us assume that the solar radiatfoh000 W/n3 with collector efficiency of 60%
and specific heat capacity of antifreeze 3.8 k}kare the parameters for the analydi¢®. By

applying the heat balance across the solar colle@guation 3.1), the temperature difference
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across the collector panel for the high flow and fow SDHW system would be 8-15 K and 20-
80 K respectively.

For high flow system, lower the temperature diffe® enables the system to work efficiently as
the losses through the panel would be low. Howetee, pumping requirement would be
reasonable high. It is also advantageous when ec&es to go for more number of panels
connected in series or in parallel configuratiom@mbination of series and parallel systems.

For low flow system, higher temperature differemamuld lead to higher losses. However, higher
outlet temperature would enable to supply the hatewdirectly to utility with out significant
addition of heat from auxiliary heater or in othesrds, the contribution of solar fraction would be
higher in comparison to high flow system (Refeufg3.0). So for domestic application, low flow
system preferred not only from the thermal perfarogapoint of view but from pumping point of
view also. In this project, low flow system is gt with a collector flow value in the range of 4-

5 g/s per rof collector area.

3.3 Thermal Stratification

Due to effect of gravity and the buoyant force,ighkdensity fluid or cold water will settle at the
lower part of a tank and a low-density fluid or kadter at the upper part of the storage tank. Now
one can imagine that a thermal barrier is availdgieveen a hot zone to a cold zone inside the
tank and maintains the stable vertical temperatuidensity gradient. This part of tank mimics the
concept ofThermocline. Figure 3.1%” elaborates the concept of stratification insicarg with

high value of thermal stratification to a fully neid tank.

Figure 3.1: Different levels of stratification withstorage tank with equivalent stored energy (a)
highly stratified, (b) moderately stratified and &fully mixed, unstratified storage
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Thermal Stratification has impact on the thermatfggenance of SDHW systems also. Furbo
(1993) explains;A high degree of thermal stratification increasesthe thermal performance

of solar hot-water systems because the return temgaure to the solar collector is lowered. A
lower return temperature to the solar collector wil increase the efficiency of the solar

collector 39 »

Building of stable thermocline in time and spaceplies that the mixing should be minimised.
Stable thermal stratification or thermocline withiime tank can be achieved by various means.

Following are typical three ways to achievE€t

(1) Heating of vertical walls, which results in thecreation of hot thermal boundary layers
drawing hot fluid into the upper part of the tank.

(2) Heat exchange between the fluid contained in ¢htank and that circulating in a heat
exchanger carefully placed inside or outside the t&.

(3) Direct inlet into the tank of hot fluid at suitable heights.

Thermal stratification in the storage tank is iefiged by various parameters such as insulation
thickness, flow rate at inlet and outlet, tank frded outlet geometry. Lavan and Thompson (1977)
carries out an experimental investigation to inigesé the effect of inlet and out geometry on the
thermal stratification in the storage tank. Thepauade that inlet location has a strong influence
on thermal stratification while the location of thetlet is much less importafit.

To illustrate the impact of a baffles plate at inle the storage tank, Shah and Furbo (2003)
conducts a theoretical and experimental analysihenmpact of different baffle plate designs on
the flow patterns. He has considered three diftetgpe of baffle plate: (a) a straight pipe, (b)
hemispherical baffle plate and (c) a large plate. IBw flow of water (~ 1 I/min, figure 3.3), the
geometries have marginal impact on the thermadlifstegion. However, if the flow rate is high (~
10 I/min, figure 3.2), the impact of geometry igrificant. Figure 3.%% shows how the quality of
energy or the exergy in the hot water tank is cbamngth various inlet designs. The primary cause
for such a pattern is that the baffles plate de@mgahe mixing at the inlet to the tank by

redirecting the incoming fluiff°.
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Figure 3.2: Baffle plate designs and temperatustidution (by CFD) in the tank at high flow rate
(~10 I/min)

Figure 3.3: Baffle plate designs and temperatus&iution (by CFD) in the tank at low flow rate
(=1 I/min)

Let us explore the impact of out let geometry orfggenance of SDHW tank. Furbo et. al., (2005)

investigates the advantage of two outlets at diffefevels in the storage tanks; one at fixed level
and other at just above the middle of the storagé&.tlt indicates an increase by 6% in thermal
performance if one opts fotwo draw-off levels from the solar tanks instead obne draw-off

level at a fixed position”?.

The degree of stratification in the storage tanpetels on various parameters such as tank size,

location, design of inlets and outlets, flow ratesat exchanger type, and the design of interrfals o
storage tank'®. Ghaddar (1994) compares between a fully stratidied a fully mixed water tank

Thermal modelling and control of domestic hot waserk Page 35 of 94



from the energy storage point of view. Ghaddar psegs that the energy storage efficiency might

be increased up to 6% for fully stratified tank.

3.4 Dimensional Analysis of Thermal Stratification

One would appreciate the complexity of the therstadtification analysis in the hot water tank
and number of parameters influencing it. As we dabbed various parameter and termed it into
dimensionless numbers such as inlet ReynolRg (umber, the FroudeF() number or

RichardsonRi) number.

Han et. al., (2009) prepares a table (Tabfé"p which details about the researchers efforts in
understanding the impact of above-mentioned dino@hests number on stratification. It is
interesting to note that thei plays significant role in characterising the mgimside the tank.
One could safely infer from the tabld®¥ is that if the Ri is greater than 0.2 inside the tank,

“the mean temperature gradient is not influenced bythe inlet flow”.

3.5 Thermal Modelling of the Solar collector Panel

Before starting, the mathematical modelling of SDK@mMponents, it would be wise to state the
source of all set of equations. One can réfwlar Engineering of Thermal Processes’by
Duffie and BeckmaH® for detailed concept and modelling.

Figure 2.5 gives the details of all modes of heahdfer mechanism happening in a flat plate

collector. Useful energy is given by: (Refer figa:8)

QC = Ab * FR* [S_ U (Tci - Ta)]+ =m* CP * (Tco - Tci) (31)

Where

Qc is actual useful energy gain, W

Ac is aperture area of the flat plate collectof, m

Fr is equivalent to effectiveness of a conventioretrexchanger.

S is absorbed solar radiation, W/m
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m is mass flow rate of antifreeze inside the cotletop, kg/s
Cp is heat capacity of anti-freeze, J/kg K

Teo is outlet temperature of solar plate collector, °C

T is outlet temperature of solar plate collector, °C

U is overall heat transfer coefficient, Wi

Figure 3.3: Thermal model of flat plate collector

One of the challenges is to estimate accuratelytha a given geometry. Klein (1979) developed
an empirical equation for the heat transfer coedffitfor the upper surface from the solar collector

panel®s).
-1
T +T)T%m+T%
Yo = : e +hi * 2o a)(ZNp+f 1301339 (3.2)
C Mwm-Ta) = ™ (g +00059% Nh,)" + =N
T (N+T) &
Whereas

U,is overall heat transfer coefficient, Wi
N is number of glass cover

Tom IS mean plate temperature, K
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T4 is ambient temperature, K
hw is wind heat transfer coefficient, Wik
g IS emittance of glass cover.
p IS emittance of plate
e = 0.43*(1-1/Fm)
f=(1+0.089G-0.116*K* p)*(1 + 0.07866N)
C = 520*(1-0.00005*?) for 0° < < 70°. For 70° < < 90°, use = 70°

There are two more terms in the equation 3.1, SFpnavhich need more elaboration. S, Solar
absorbed radiation is a combination beam radiatdiffuse radiation and ground reflected
radiation. Appendix-A elaborates the procedureaadfer the beam, diffuse and ground reflected

radiation to a tilted solar panel at a given om@ion and location.

Fr is equivalent to effectiveness of a conventioredtrexchanger as heat or heat removal factor,
which is defined as follows.

Fro = FC*FC (3.3.1)

Fa&=M,*@1- e VM) (3.3.2)
*

Where as

F’ is plate efficiency factor.
Mc is dimensionless collector mass flow rate.

F” is defined as collector flow rate.

Thermal modelling and control of domestic hot waserk Page 38 of 94



Figure 3.4: Variation of collector flow rate witloltector flow factor

3.6 Thermal modelling of Hot Water Tank

To start the thermal modelling, a control volumeraach is applied to the hot water tank. Energy
balance is applied for the elemental volume i.ate rof change of energy inside the elemental
volume is equal to the net rate of input/outputenergy to the elemental volume. As the total
volume is divided into finite control volumes, sorfeach elemental volume the heat balance
equation is to be written. Equation 3.4 represdhts heat balance for a single node while
equations 3.5, 3.6 and 3.7 represent the heatdsafan finite number of nodes. Figure 3.5 depicts
the heat balance in the control volume. One cawrreither figure 2.6 or 2.7 for basic

understanding about the heat input and the heptibfrom the control volume.
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Figure 3.5: Heat balance for the hot water tank

On application of first law of Thermodynamics,

dT,
*—S=Q.-Q -UA*(T,-T,)

M T

S

Where,

ms is mass of water in the storage tank, kg

Cp is heat capacity of water, J/ (kg K)

Tsis the instantaneous tank temperature, K

Qc is heat addition from the solar collector panel, W

QL is heat removal from the storage tank due to toate utility, W
U is overall heat transfer coefficient of the staragnk, W/ (M K)
Alis the storage tank area?m

T, is the ambient temperature, K

Tw IS water temperature at inlet to the storage t&nk,

T is outlet temperature from a flat plate collector,

T is inlet temperature to a flat plate collector, K
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In Appendix-A, a detailed calculation procedurepiesented for calculation &c for the direct
and the indirect SDHW configuration along with slifipd modelling of the flat plate collector.
MATLAB code is also written to optimize the tilt gle for the solar collector panel for maximum

annual heat output from the collector for giveraliian and a solar incident radiation.

Equation 3.4 talks about the single node modetHerstorage tank. To model the stratified tank,
that is, with top of tank hotter than the bottontlod tank, a multi-node tank model or a plug flow
approach is next step in the tank modelling. Intfmdde modelling, the tank is divided inkd
nodes or sections, with energy balances writtere&mh node. It results M differential equations

to be solved simultaneously to obtain the tempeeatnf each node. While in a plug flow
approach, each section of liquid is assumed to lo&ing through the tank with different
temperature. Essentially, it is a bookkeeping metho as to track the size, temperature and the

position of a section.

Following are the equations, which are essentidbtmulate the energy balance 8 node of a

multi-node tank model at timg,

dTg,
(m, = Cp ), d? =F* mc*CP,c* Teo - Ts,i)' L * mL*Cp*(TSYi -T)

mm,i * (Ts,i—l - Ts,i) if mm,i >0 (35)
- (UA)i * (TS,i - Ta) + + QH
m * (Ts,i - Ts,i+1) if mm,i <0

m,i+1

Where as,

F and L are defined as a control function for the colleciad load return in the multi-node

model.
1 if i=1& T, <Tg;
1 if Te. . 3T _>T..
Fi - . .S,I-l co S, - (36)
0 if i=0 or ifi=N+1
0 otherwise
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1 if i=N& T, <Tg,
1 if Te., 3T >T..
L = . S oS (3.7)
0 if i=0 or ifi=N+1
0 otherwise

Qn is defined electrical or gas heating values, W.
m, is defined as the hot water demand, kg/s.

U is defined as overall heat transfer coefficiefithe storage tank at outer radius, ¥
A is defined as outer area of the storage tankidtio insulation, rh

Subscripts

'S’ represents the storage tank.

‘c’. represents the data related to the solar colipetoel.

‘N’ represents total number of nodes in the storade tan

These sets of equation are modelled in SIMULINK aalyed by (ode45) or Runga-Kutta Method
(36]

Before attempting to simplify the modification dfet existing hot water cylinder study, let us
discuss the concept of the “dedicated solar volumegjuirement as mentioned in Domestic
Heating Compliance Guide, table 31 @)

Table 31 (continued)

(g). Storage of |The ratio of solar heated water storage volume to colleates ahould be specified s
solar pre-heatedfollows:
water l. The dedicated solar storage volumeg, $hould be at least 25 litres (or equivajent

heat capacity) per net’of the solar collector area.
ll.  Alternatively, V; should be a volume (or equivalent heat capacity), whi¢h is
equivalent to at least 80% of the daily hot watemend, V, (as defined by SAP 200§).

With the above information, it is sufficient to die modification of existing hot water cylinder

into two different models captured in figure 3%
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Figure 3.6: Two cases considered for analysisemtioject.

For case-1, the storage is modelled as a two-notlldd and an auxiliary vessel is as singled
nodded tank. For case-2, the storage is modelledtas-nodded tank with the auxiliary heater in

upper half.

Soo (2009) carried out the study of closely simidase as described above. However, in place of
an internal helical coiled heat exchanger, he wsedantle heat exchanger with one hot water
cylinder. He suggested thdThe performance simulation showed that the annualsolar
contribution for daily and seasonal load conditionan Sydney, as specified in the Australian
Standard (AS4232) drops from 79% for a direct-coupdd system (stratified routine) to 72%

for a system with a mantle heat exchanger in the #ector loop. The loss of performance may

be acceptable given the advantage of freeze protemt that the mantle heat exchanger
provides, however, with improved heat exchanger dem it may be possible to reduce the

heat exchanger penalty by improving tank thermal statification .

3.7 Heat Exchanger Modelling
There are three basic configurations, as showrigaré 3.75Y. These are commonly employed in

the storage tank such as (a) Immerged Helical aoithe Storage Tank, (b) External Shell and
Tube Heat Exchanger, (c) Mantle Heat Exchanger antannular Jacké&t.
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Figure 3.7: Schematic of three typical heat exckawogtions for SDHW

3.7.1 Immersed Helical Coils in the Storage tank

In this type of heat exchanger, the helical caits@aced inside the storage tank in such a manner
to improve and enhance the thermal stratificatiothe tank. Heat transfer in this configuration is
function of various parameters such as mass flé@sraemperature differences, heat transfer area

and geometric shape of coils, pitch of the coil etc

Lou et. al., (1989) carries the parametric studynohersed coil heat exchanger. Lou concludes
that performance of heat exchanger is more infledrxy temperature difference and flow rfdte

in comparison to any other parameters. Out side afehese coil can be finned or have smooth
surface. Farrington (1987) suggests that a smooilhwith only 70% of the surface area of a

finned coil performed better than the finned 8fte

3.7.2 External Shell and Tube Heat Exchanger

In this arrangement, the liquid flows in the satallector panel in primary circuit and the liquid i
secondary circuit heats the storage tank. As a@nigexternal to storage tank, pipe losses could be
one of the extra penalties on the heat exchangdobrpeance. However, with the help of
distribution of the hot water at different level the storage tank, it has better chance of

maintaining the thermal stratification.
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3.7.3 Mantle Heat Exchanger with an Annular Jacket

In this configuration, the hot liquid flows aroutide storage tank as shown in figure 3.4. This
configuration is amenable to desirable flow pattemn the collector, which increases its

effectiveness and promotes the thermal stratificafi”. Its advantages are numerous such as
simple design of storage tank with exchanger, ldrg@t transfer area etc. A study is carried out
for a low flow solar water heating system to get gerformance of three type of heat exchanger.
For the low flow water heating system, the verticantle type outperforms the immersion and

external shell and tube typé8d.

In this project, an immersion type of heater is gltsdl for the analysis purpose. Mathematical
model of the heat exchanger is lumped with thersotdlector panel modelling as the heat

exchanger penalty.gfn equation 3.1 is replaced withg-Wwhich is defined as follows.

F¢_ ., 1 (G
FR MC e*(MCCP)

(3.5)

min

Where
F'r /Fr could be thought of as a penalty in the solarectdlr performance. This is incurred
because of the heat exchanger causes the colliectoperate at higher temperatureis heat

exchanger effectiveness as defined by the manuactu

3.8 Draw-off Profiles for Hot Water

Availability solar energy is dependant on many pesters such as an hour of day, year of a
month, location etc and so does the energy dentémalever, the supply of the solar energy varies
in different fashion than that of energy demandn&ally, demand of the hot water is there in the
morning and in the evening. However, the solaratal available is in the daytime only. In

summary, storage of the solar energy is neceseamnett the lag in supply and demand. In order
to meet the challenges of matching supply and ddmams necessary to have a vivid picture of

demand profile.
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Let us first analyse the total hot water requiredd dwelling in a day. Hot water demand stands
for the energy required at particular temperatGwP elaborated that the demand of the hot water
is correlated to the Total Floor Area (TFA) of aaling. It states that a dwelling with 104MFA
would have a hot water usage of 119L per 8y In this analysis, a standard dwelling TFA is

assumed as 104°m

In order to carry out a systematic analysis of tthie cases, it is vital to use realistic profiles.
Typically, two normalised hot water demand profilés “! are considered for the analysis

purposes and captured in Figure 3.8.

Hot water demand profile-1 captures two bathingneveone in the morning and other in the
evening. It also takes care of the hot water reguior the washing and the cleaning purpose
during noontime. Demand profile-2 is smoother waythe capture the concept of hot water

demand as explained for the load profile-1.

Figure 3.8: Two hot water demand profile used faalgsis.
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3.9 Control Strategy in SDHW

As explained earlier, there is an element of mishmdtetween the supply of energy by the solar
panel and the demand of hot water to the utilityer&fore, the option available is to store the hot
water during the daytime when sunshine is availané utilize it when it is required. Let us
explore and formalise this concept. The above-maet situation could be tackled by segregating
the whole process into two elements vi@tprage and Direct Supply. “Storage” implies the
heating of water by the solar energy to a certemperature. “Direct Supply” suggests the
additional heat provided by the auxiliary heatethit® heated water in order to meet the demand at

required temperature.

By this concept, the heat from the solar panelatdnd maximized with minimum intervention of
the auxiliary heater. To implement the above-meib concept, a proper control strategy is

needed. Controls are also required for the pumpg@nithe auxiliary heater.

In a SDHW design, two types of control schemes @mmonly employed: ON/OFF and
proportional or proportional plus integral conttli for two components viz. the solar collector
pump and the auxiliary heater. In ON/OFF schemestilar collector pump is switched either ON
or OFF so that the significant amount of heat reces from the panel could be transferred to the
storage tank. With a proportional controller, thenp speed is controlled to maintain the collector
out temperature at a specified level. The purpdsmotrols in an auxiliary heater is to maintain

the constant temperature either by proportiongroportional plus integral control scheme.

3.9.1 Control Scheme in Pump

Potential for heat transfer between the solar ctale panel and the storage tank is higher
temperature of water/fluid at the collector outlledn the storage tank temperature. Otherwise,

reverse phenomena will happen. In other wordsethetion (3.1) needs to be positive for the heat

transfer to happen from the collector panel tostioeage tank.
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In order to implement the concept, two temperat@esors are needed, one at the outlet of the
solar collector panelT., and other at the storage tanks. So if the temperature difference
( T=TcTy) is positive, pump will be ON. Otherwise, it wile OFF.

S-U*T,-T,)=0 (3.8)
Or
Son =U*(Tg+DT - T,) (3.9)

On substituting the values 8fy in equation 3.1 and rearranging the terms,

* F * U
DT,.. £ Acm*—é DT, (3.10)
P

In the analysis, ON/OFF type of controller is impknted. Figure 3.9 depict it.

Figure 3.9: ON/OFF control logic implementationdiMULINK

In actual practice, there will be a drop in tempena from the collector panel to the storage tank

due to losses in the connecting piping betweenwlecomponents. Therefore, it is recommended

Thermal modelling and control of domestic hot waserk Page 48 of 94



to calculate the actual temperature drop for ttaited system by a field measurement and set the

T value.

3.9.2 Control Scheme in Auxiliary Heater

An auxiliary heater is either gas or electricityvén water heater. It also need control scheme for
fulfilling the second element of the control stgte.e., “Direct supply” . Ideally, the heater
should be switched ON when the hot water demaneéesied and switched OFF, when demand is
not there. Moreover, the heater should maintaiorestant temperature of 70 °C when the demand
is there. It should also not allow the temperatoreeach 100 °C from safety point of view. The
auxiliary heater should be located, inside the tamlsuch way that it does not increase the bulk
temperature of the storage tank. It would be helmaintaining the thermal stratification inside
the tank.

To meet the above-mentioned functions, the auyileater is located in the upper most node in
the multi-node model of the storage tank. For tinale@ry heater, the ON/OFF type of control is
implemented. If water temperature were in the ramigéf - 7¢° C, it would be in ON condition.
More than 70 C, otherwise it will be OFF condition. (30C is taken as tentative value only. It
can be any figure more than X00). Figure 3.10 shows the SIMULINK block for thexdiary
heater.

Once the heater is ON, it would maintain the ratpiigemperature for the demand duration.
However, when the demand is zero, it should quickiytch off, irrespective of storage tank
temperature. To implement this logic, the hot walkemand profile is added as a driving function
for the heater input.
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Figure 3.10: Auxiliary heater control box for bdtte cases (1&2) in SIMULINK

Ideally, the auxiliary heater should be separatenfthe storage tank so that the average
temperature of the storage tank is not influencedhle auxiliary heating system. Segregation of
auxiliary heater from the storage tank would helpnaximizing the utilization of the solar energy

for water heating purpose. Examples are a twimdgi based SDHW system (case-1) or combi-

boiler.
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CHAPTER 4: ANALYSIS OF TWO OPTIONS

“Heat Transfer coefficients are small only if yoa dot want them to be.”

Murphy’s Law applied to solar collectors

To analyse the two cases for comparison, one reagdly two boundary conditions: (a) The hot
water demand profile as discussed in figure 3.8, The weather data for location under
consideration. For weather data, TRNS¥5database for London, UK is used in the analysis. |
includes the direct and diffuse components of thlarsradiation and the ambient temperature.
Appendix A details about the systematic procedargansform the weather data in useful energy
out put from the solar collector panel. Figure daptures the heat recovered by solar panel for
four days in the year. These four days, considereshalysis, are assumed as the representative of
a year for the energy output from the collector &ardthe SDHW system performance. From the
system stabilization point of view, total six dare considered sandwiching the particular day (for

example 12 Jan) under consideration.

Figure 4.0: Heat recovered from the solar panetdor typical days in a year.
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Figure 4.1: Total energy recovered by solar pamelLbndon, UK

It would be interesting to start with the solarleolor panel response for the location under
consideration. Figure 4.1 represents the totalggnescovered on monthly basis from the panel per
m’ panel area. Now the output from the panel viz.ttessd temperature are input to the

SIMULINK model or the storage tank upper most ngdease-1 and middle node to the case-2.
As explained in the control logic section, the hiegut to the corresponding node in the storage
tank happens only when the incoming water tempegaitu higher than the node temperature

inside the storage tank.

For case-1, the primary tank is divided in to twades in case-1 and the secondary tank, where
auxiliary heater is placed, as a single node. Bee<€, as it has only one cylinder, it is divideid i

three nodes with an auxiliary heater at the uppelen
As the aim of the project revolves around storagek,tso the output of solar panel is adjusted in
such a fashion that for the both the cases, theubaif the panel is same. It is way to make same

denominator for evaluating the storage tank perémoe for various cases under consideration.

The rating of the auxiliary heater is turn out ® 48 kW based on average input to the storage

tank.
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4.1 Parameters Used in Two Cases

To start the analysis of two cases, it is pertinersummarise the various parameters assumed for
the two cases. Table 4.0 gives a list of parameters

Table: 4.0 List of parameters used in analysihefttvo cases.

Parameters Case-1 Case-2 | Reference
(Twin (single
cylinders) |Cylinder)

Solar Panel aperture arep 2.8 nf 28nf 46
Collector mass flow rate,

4.9 34 29, 30
g/s-rr?
Specific Heat of collectol 47 "
fluid, kJ/kg-K 3.800 4.184 47, 48
Tilt angle of solar panel, 45 45
degree
Orientation South South
Latlltude of location, 0.98 0.98 45
radian
Lon_gltude of location, 01 01 45
radian
Glass emittance, 0.88 0.88 18
Plate transmittance, 0.95 0.95 45
Plate absorptance, 0.87 0.87 18
Plate efficiency 0.85 0.85 18
Ground reflectance 0.6 0.6 45
Heat !Exchanger 0.65 49
effectiveness
Y\C/:ater Inlet temperature, 10 10 26
Hot cylinder volume, rh | 0.08 for

each 0.08 50

cylinder

Overall heat transfer, 0.764 0.764 49
W/m?K ' '
Room Temperature, °C 20 20 26
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Regarding variation of the specific heat capacityth® water, it is assumed a constant value
averaged over temperature range. As seen in f@gQrevariation in specific heat capacity of water
is negligible for temperature range of 10 to 70 T@erefore, an average value of 4.184 kJ/ (kg K)

is assumed for the analysis purpose.

)
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Figure 4.2: Variation of specific heat capacityatter with temperature

In this analysis, the solar panel inclination angleassumed as 45° and its orientation towards
south. The optimum tilt angle for maximum annuatrgly output from the panel is close to 51°
with southward facing of the collector panel. As tommon angle used in literature for analysis
are 30°, 45°, or 60%°. Therefore, 45° with southward facing configuratiof solar panel is
assumed in the analysis. However, output from tier panel is characterised by its orientation
and inclination. Figure 4.8Y represents the impact of an orientation and alinaton of solar
collector panel at a particular location with regp the annual radiation absorbed by it. It is a
handy chart for quick assessment of solar panet®feness with respect to an orientation and an

inclination angle of the solar panel.
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Figure 4.3: A chart showing impact of the orierdat& the inclination angle on the solar panel on

its output.

4.2 SIMULINK Models

Figure 4.4 and 4.5 shows the out line of the SIMUKImodels for the two cases in consideration.
The individual components of LHS of the equatiorb)&re used to form a SIMULINK block and
than added to get complete LHS of the equation. tA#se input are than integrated by
“integrator” block set, which makes the RHS of the equatiome Time step set aD00I and
“0de45 is used to solve the equatidiode45” is a MATLAB function to solve the set of ordinary
differential equations based on second order Rifwge method>®.

These SIMULINK models need the inputs such as thergy from the solar panel and the
corresponding temperature value. These inputs heeotitput from the MATLAB code. Refer
Appendix-A. Once these inputs are available, tidlBNK model solves and gives the output as

water temperature at two locations, before and #iteauxiliary heater.
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Figure 4.4: SIMULINK model for case-1

Figure 4.5: SIMULINK model for case-2
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4.3 Results

Now we have two cases, four days and two hot wiarand profiles. Therefore, one needs to run
the SIMULINK model for 16 times. Water temperatyresfore and after the auxiliary heater, are
the prime parameters for understanding the thebmla&viour of the system. Therefore, these two
temperatures are plotted against time for vari@ses. In the plotsStorage Tank” refers to the
temperature of water before the auxiliary heate(whter) is heated by the solar energy alone.
“Heater” refers to the water temperature after the auyileater, which is supplemented by the
additional energy to meet the designed temperatiitee water for the utility. One can refer the
complete list of these temperature plots in AppenrdiC. Here the temperature results are listed

for three cases out of 16 to support the obsemstio

(a) Water temperature profiles for case-1, two daystamdoad profile (Figure 4.6)

(b) Water temperature profiles for case-1&2, one-d&April) and two load profiles (Figure
4.7)

(c) Water temperature profiles for case-1&2, one-d& Jaly) and two load profiles (Figure
4.8)

Figure 4.6: Temperature profiles for Case-1, twgsdéwo-load histories
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Following are the observation about the tempergtuéles.
The auxiliary heater maintains the temperaturéénrange of 60-70 as required.

Solar heating does contribute to the hot water tadting and its contribution increases as

the solar radiation increases.
The average temperature of the tank is higherse-@a

Hot water demand profile -2 is smoother than peefil Therefore, the temperatures profile

inside the tank is smooth for case-2.

Figure 4.7: Temperature profiles for Case-1 & Z-day (12 April), two-load profiles
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Figure 4.8: Temperature profiles for Case-1 & Z2-day (12 July) two-load profiles

Two parameters, to be assessed in the analysabeatentribution of the solar energy to the total
hot water demand and understanding the phenomemaxofg in the single cylinder. Figure 4.9

and figure 4.10 show these parameters for two case$or two load profiles.

Before discussing the results, let us understaadrbdelling of the mixing phenomena assumed
in the analysis for case 2. For the case of sioglieder, the whole cylinder is modelled in to thre
nodes. The bottom node received the cold wateQ&tCl In this analysis, the mixing between
upper two nodes is considered. As we know that,pibtential for heat transfer is temperature
gradient and the phenomena of heat transfer i€ quamplex inside the tank, so based on the
temperature gradient magnitude, a fraction of issumed to be transferred to the middle node
from the top node. These assumptions need verdicaither by an experiment or by the detailed
CFD model. However, one would appreciate the quicklerstanding the complex mixing

phenomena by simplified assumptions.
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Following are the observation for the figure 4igufe 4.10 and figure 4.11

The maximum and minimum value of solar energy ¢bation in meeting the hot water
demand is 25% and 10 % respectively for case-1.

The maximum and minimum value of solar energy ¢bation in meeting the hot water
demand is 30% and 15 % respectively for case-2 anthssumption of no mixing between
upper and middle nodes or with the thermal stcaifon built inside the tank.

As mixing progresses inside the tank for case-2,system performance moves towards
the case-1 and deteriorates further.

The assumed value of mixing parameter needs ea&tidin either by an experimental set-
up or by CFD models.

Fraction of solar energy utilized for heating thater inside the tank is high in April
month. However, the magnitude is high for July nhent

Case-2 does meet the requirement of the “dedicatéatt volume” partially in July for
three days and in April for one day.

For case-2, the “dedicated solar volume” requirednemet for close to 67 days in a year
either partially or fully.

Although the parameters calculated are typical fmonths in a year, yet it captures the

phenomena in question.
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Figure 4.9: Variation in solar energy utilized ank to heat recovered from panel for 6 days in a

month for the hot water demand profile-1.
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Figure 4.10: Variation in solar energy utilized@mk to heat recovered from panel for 6 days in a

month for hot water demand profile-2.
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Figure 4.11: Auxiliary heater performance for tvases and two-load profiles.
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Figure 4.12: Number of days when the “dedicate@Sdblume” is achieved partially or

completely for the case-2.
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CHAPTER 5: ARTIFICIAL NEURAL NETWORK —

PREDECTIVE TOOL

“One day there would be a machine that could dwgtechuman intelligence in every way”

Alan Turing, British mathematician.

An Artificial Neural Network (ANN) or Neural Netw&r (NN) is a mathematical model that
simulates the functional or the structural aspedtsa biological Neural Network§Y. ANN
architecture is built upon a simplified artificiadleuron and does processing of the given
information using a parallel computing approachcontrast to modern computer approach of
series architecture. It has an adaptive concept ¢hanges its structure based on the given
information during the learning or the training ppaOne can imagine ANN as a linear or non-
linear data modelling tools in some sense. Pripdrils used to model the complex relationships

between inputs and outputs.

Concept of NN is applied in various fields suchhégh performance aircraft autopilots, banking
sector, weapon steering, target tracking, dynanadetling of process and its control in chemical
industry, market or weather forecasting and in igguabntrol.

Kalogirou (2001) reviewed ANN application in rends& energy system such as modelling and
design of a solar steam generating plant, estimatia parabolic trough collector intercept factor
and local concentration ratio, modelling and perfance prediction of solar water heating
systems. ANN also used for the estimation of heating loadsf duildings, for the prediction of

air flow in a naturally ventilated test room and far the prediction of the energy consumption

of a passive solar building, solar radiation and wid speed prediction, photovoltaic systems,

building services systems and load forecasting ammtediction” 2.

One of the practical utilization of the ANN in teelar industry could be prediction of sunshine at
given location based on the historical weather.databably it would help the customer to know
the quantitatively solar energy availability in thet water tank for the next few days based on the
given weather forecasting. This concept is sinttawind speed prediction for the wind farm. An
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attempt is made in this chapter, to predict tharspanel output to the storage tank by means of a

function approximation technique.
5.1 Basics of Single Neuron Modét®

Let us assume that a scateis an input ané is the out connected through a functfolormally,

the input is connected to the output by means ofesphysical set of equations. However, let us
assume that we do not have any clue about thatomship explicitly. We will treat those set of
equation as a black box and we would like to reprethe relationship between the input and the

output as follows:

a=f(w* p+b) (5.1)
n=w*p+b (5.2)
Where

w is a weight function.
b is defined as bias.

f is transfer function for example Hardlim, whichdefined as

a=0,n<0

a=1n3 0 (5.3)

Figure 5.0: Basic single neuron mathematical model
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A pictorial representation of single neuron is shaw figure 5.0. Here we can assume a random
value of a weightv and a bia®. For a range of values of the weight [-2, 2] and ltfees, [-2, 2]
one can easily calculate the value of output végiaf®, 1] provided the transfer function is
defined for exampléHardlim”. Total process of the above (concept) neuron is shiawigure
5.1.

Figure 5.1: Capturing the various parameters iglsineuron model

As we know the true value of the output variabld #me calculated value of the output variable,
we can apply the method of least square to optirtisevalue of weight function for minimum
error in the output variable. Now one can use afeeuron in place of a neuron. A set of neurons
form a network for input to output variable. Thenef, it is possible to identify the set of new
weight function by a process called minimizationeofor. This process is called training of the
network and once the network is trained, it is meady for carrying out the intended objective,

“Prediction” .

5.2 Description of ANN model

There are various NNs available to perform the giedied task such as Perceptron, Hamming,
Hopfield network etc. Each network has its own ehgaristic in order to tackle the complexity in

the problem. In the analysis, a Multi-layer Percept(MLP) network is selected to carry out the

function approximation. Three inputs, horizontaredi solar beam radiation, diffuse solar
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radiation and the ambient temperature for a yearchosen to approximate the heat recovery from
the panel. The heat from the panel is calculateeixatained in section 3.1 and used as an output
for the network. 80% of the input data is usedtfaining purpose and 10% for the validation and

the testing purpose respectively.

Figure 5.2: ANN used in solar heat recovery from panef*!
For training of the NN, Levenberg Marquardt optiatian algorithm is selected. By setting these
parameters, the performance of the network or Meguared Error (MSE) is 0.000983142 within

20 epochs. Results are shown in figure 5.3 andadigud. Now with the available trained network,

one can predict the Solar panel performance prawdehave three inputs for the next day.

Figure 5.3: Performance of MLP network
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Figure 5.4: Detailed information about the netwpekformance.
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CHAPTER 6: ENVIRONMENTAL, HEALTH & SAFETY ISSUES

RELATED WITH SDHW SYSTEM

Every technology has its own pros and cons. Theegamnciple is applicable in the case of solar
energy based technology. Solar energy based temiinsl are considered as an environmental
friendly and ‘clean’ or non-emitter of GHGs. Howeythere are key Environmental, Health and
Safety (EHS) issues related with it. Primarily wil Wwe discussing the EHS concerns associated

with the solar energy relevant to the SDHW system.

6.1 Hot Water Contamination

As discussed previously, the active indirect SDHWhfiguration has antifreeze fluid in the
primary loop. Rupture of the heat exchanger tubgden the water storage tank leads to
contamination of water. A typical antifreeze fluatso has various additives such as a corrosion
inhibitor, pH controller, bactericides et¥’!. These additives are toxic in nature. For example,
corrosion inhibitors includes chromate, borate, nitate, sulphate, sulphite, arsenate and
benzoate salt. The toxicities of these compoundsnge from the relatively benign to highly

toxic and include such potential effects as canc&f.
Number of measures could be initiated to avoid suacttamination.
1 Use of a leak indicator dye in primary loop
2 A pressure differential between secondary and psinteop would not allow the

mixing of antifreeze with the water.

3 A double walled heat exchanger.

6.2 Solar Collector overheating and Fire Hazard

An Active SDHW configuration has a pump to circeléite hot water inside the collector panel to

the storage tank. Failure of pump operation maylr@s high temperature of the fluid, also called
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stagnation temperature. A high temperature canectiiessteam formation or high pressure inside
the pipes. It would also overheat the insulatiortemal, wrapped around the SDHW system to

protect the heat loss. Poor design and impropexcseh of an insulation material may cause

overheating or the burning of insulation materialhwelease of potential toxic gases. Typical

insulation materials (fibreglass / mineral woolg aised with binder such as a phenolic compound
71 The phenolic substances fumes may prove harrhfiahaled in large quantity or for long

periods.

Typical installation of a SDHW system is in open @i on terrace. Therefore, there is little or no
impact of burning of insulation. However, it woubgcome a major concern in case of fire. Fire
would lead to very high temperature and may degtlaglénsulation, releasing irritating and highly

hazardous fumes of cyanide, toluene di-isocyanyiidid), hydrogen chloride, ammonia, nitrogen

oxide, etd™.

To avoid such situation, one can opt for propertesysdesign along with suitable insulation

material that reflect the thermal and chemicaliitglat higher temperature particularly stagnation

temperature. Table 6% gives the upper temperature limit for the insolatinaterial.

. Upper
Insulation
. Temperature Comments
Material .
limit, °C
Fiber Glass 177
with binder Generally non toxic, non hazardous. Handling of fiberglgfs i
Fiber Glass occupational concern.
- . 454
with no binder
Mineral fiber Mineral fiber is non toxic, non irritating and witlot burn.
649
blanket
Irritation if subjected to higher temperature (93.5 C) ffor
Urea extended period of time. At high temperature (650 C), it jill
Formaldehyde 99 decompose to water vapours and carbon momoxide (Hgghly
foam toxic), formaldehyde (toxic), hydrogen cyanide (extreyrtekic)
and ammonia (toxic).
While blowing urethane foam, vapours of isocyanate, TD} are
hazardous if inhaled. Complete combustion of polyurethighe
Polyurethane : .
121-204 clean. However, presence of fire retardant agents wouldt
Foam . . .
acidic vapours of phosphorous oxide and hydrochloric acjd o
hydrobromic acid.

Table 6.0: Properties of potential insulation matsf*!
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6.3 SDHW Flushing

An Active indirect SDHW configuration, as we knolgs a primary fluid as antifreeze. As time
goes, its heat transfer properties deteriorate raaetl replacement or the system needs to be
decommissioned. Release of antifreeze in into laedkr bodies may affect the aquatic life and

source of drinking water.

Commonly available antifreeze is a mixture of wased ethylene or propylene glycol with
percentage of water in the range of 0 to 20%. Wabpect to time, antifreeze heat transfer
properties deteriorate, so it needs to be replacetegular basi§€¥. The general tendency is to

dispose it off by dumping in the ground or down d¢hain.

“If dumped on the ground, the glycol solution couldbe an immediate but short-lived threat
to the children, animals, and plant life. Disposalthrough the sewage system reduces the
direct environmental dangers because of the largeildtion factor, but the effects on the

waterways or sewage treatment facility many be sigficant.” =4

Although anti-freeze is a concerned from the emmmental or societal impact, yet it is
biodegradable. Therefore, the approach to suchssmeiis dilution. By an estimate, a dilute
solution of glycol — water mixture (approximatel9Qlitres) would not pose any threat to 40 kg
child 4,

Regarding the disposal through sewage system,raggtds to be available to the city council or

sewage treatment plant about it in order to deaigmdequate sewage facility to handle the anti-

freeze.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORKS

In this project, the thermal behaviour of two caisestudied; a retrofitted single and twin cylinsler
with two hot water demand profiles. A flat solarleotor panel is used to collect the heat and
transfer it to the storage tank. A simplified thatrmodel of the tank is created in SIMULINK to
get the quick information about the thermal profifehot water tank with two draw off profiles

and a weather data of London, UK.

Single cylinder model is retrofit of the existingttwater cylinder. Retrofit is carried out by adglin

a solar collector panel loop with the existing ogler. Basic configuration parameters of the solar
collector panel have a close match with a solarteimfiguration for single cylindef*®.
Technically twin cylinders configuration is an exseéon of a single cylinder system with higher
capacity of hot water and a separated auxiliaryendeom the main tank. Idea behind the two case
studies is to understand the thermal behaviouh®fSDHW configuration provided the capacity

of system is the range of total hot water demaralfaimily of three or four persons in UK.

Dynamic models of the two cases are prepared inURINK and solved for a typical year to

understand the solar configuration performance ftbm ‘dedicated solar volume’ concept. In
simple words, let us understand the typical nundfetays in a year during which the auxiliary
heating system contribution in meeting the hot waltemand is negligible. An attempt is also
made to understand the concept of building thestraltification inside the tank and the design

parameters influencing it.

7.1 Conclusions

The objectives of the project are to evaluate #eofitted or modified single hot water cylinder
performance and its feasibility to meet the “detidasolar volume” requirement. Therefore, the

modified single hot water cylinder (case-2) is geatl and compared with the twin hot water tank

(case-1) to assess the thermal performance.
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It is observed that the modified single cylindertevatank meets the “dedicated solar volume”
requirement partially at least three days in Julg a day in April out of six days considered in a
month for both the load cases with an assumptianhttie tank is thermally stratified. However, as
the mixing of the fluid starts, its potential to etethe “dedicated solar volume” requirement
deteriorates. For a year, it is observed that 2apartially meets the criterion of the “dedicated

solar volume” for close to 67 days.

The maximum and minimum value of solar energy d¢buation in meeting the hot water demand
are 25% and 10 % respectively for case-1. For 2atiee maximum and minimum value of solar
energy contribution are 30% and 15 % respectidbyvever, as mixing progresses inside the tank

for case-2, the system performance moves towaedsabe-1 and deteriorates further.

Low flow SDHW configuration performs better for tE®HW configuration in terms of building

thermal stratification and enhances solar fractibiisation.

The influencing parameters for assessing the tHgperéormance are the thermal stratification in
the tank and the hot water demand profile. These factors determine the SDHW system
performance. Optimum tank capacity is another factdiich needs attention in the design of
SDHW system.

In summary, it is feasible to do suitable modificas in a single storage tank to attain thermal

stratification inside the tank and achieve the cijes.

7.2 Out of the Box Solution

Let us explore some other options briefly, whichuldohelp in maximising the utilization of solar

energy. We have seen two main challenges befonetiadit option for the single cylinder.
Building and maintenance of thermally stratifiegdaof hot water inside the cylinder.

Control aspect of the auxiliary heater as highdk bemperature of water inside the tank

would hamper the heat transfer from solar panel.
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As discussed in control strategies (section 3t9ould be better to implement the two elements

of control independently i.e., Storage and Direap@y. Considering the challenges and the

control aspect, following are the options, which b& explored further for their potential.

7.3

Single cylinder with solar panel and auxiliary fezabutside the hot water cylinder or a
combi-boiler.
Twin cylinder with second cylinder capacity muchadler than the main cylinder, where

solar collector panel is fitted.

Future Works

Although efforts are made to capture various pataraenfluencing the retrofitting of existing hot

water cylinder, yet a good scope exist in furtheplering and substantiating the outcome of this

study presented in the project. Following areadliated for quick reference for further exploring

the thermal modelling and control of SDHW systems.

Modelling of mixing phenomena inside the tank atsdeixperimental validation would be
next step in assessing the realistic behaviour retrafitted single cylinder water tank. It
will not only boost the confidence in dynamic mduohgl but also help in exploring and

substantiating the thermal mixing or diffusion okegy inside the tank.

To understand the impact of geometric parameterhemmal stratification, the tank inlet
or outlet, geometry needs attention. One could nektine better understanding of the
subject by taking into account into the geometictdrs in order to optimize the geometric

parameters for a retrofit model.

As the actual or experimental data for heat recayéom the solar panel are not available,
neural network is trained based on the calculatddes of solar panel output. However,
once the actual data are available, the same netwoaild be tested for its performance for
the realistic input parameters. One could also testcorrelations developed in the NN

between input and output variables for accuracy.
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Neural Network formulated in this project is based the function approximation
technigues. NN based on the time series approamatiould be a next step in the heat-
recovery predictions from the panel.

As hot water demand profile is available on an hobasis, so the simulation is carried out
over an hour. However, an instantaneous demandlgmebuld be next step to get the
better feel of the system performance. It will helpunderstanding the realistic control of

an auxiliary heater.

In this project, the weather data is considered_fordon, UK. One can take challenge in
looking the system behaviour at various locatioass UK. It will not only boost the
confidence in the thermal model developed in fors tiproject but also help in

understanding the complete picture of a retrofttapimplementation in UK.

In this analysis, only two components in the salallector panel are modelled. Other
components such as pump, piping, could also be idenesl. Modelling of other
components would help in calculation of pressumpdicross the system in order to select
the pump and optimize the piping size. Modellingheat losses through piping would be
step forward in actual modelling of the SDHW systand will help in the selection of

insulation material.

The retrofit system is analysed for southward dgagon with tilt angle of 45°. However,
this would not be always the case, as not all thesbs would have provision to orient the
solar panel southwardly. A study can be taken upuniderstand the impact of the
orientation on SDHW performance. Likewise, the A&ty not be the optimise tilt angle for
particular location in UK. It would be a good ideaunderstand the impact of both of these

parameters in evaluating the retrofit option atipalar location.
In this analysis, the flat plate collector is calesied for analysis purpose with 80-160 litres

capacity of hot water tank. It would be a goodiatite to explore the impact of other types

of solar collector panels such as an evacuated dulzeconcentrated collector on the the
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SDHW performance or more than one panel. Same psiatiso applicable to higher

capacity storage tank such 200-400 litres capadtigr tanks.
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Appendix A: Calculation of tilt angle for maximum heat gain in solar

collector

Following steps are to be followed in order to oédee the tilt angle for the optimum energy

recovered for a given location and orientatfh (For better understanding of the various angles,

please refer figure Al.)

Step-1: Get the data from meteorological file.

Step-2: Divide /2 in to 20 division (0.08, 0.16, ......... 1.49, 1.5diem).

Step-3: Calculate of the two parameters declinatiogle (), solar angle (h) for day-1 and time-

1h. Latitude (l) angle is constant.
r = 235* sin[360* (284- n)/365
Where n is day number in a year.

t = tref + [4* (L

sol

- L) +E]/60

ref
h=15* [abs2- t,)]

Where,

tsor is local solar time, h

trer is reference solar time, h.

L.t is reference latitude, degree.

L is local latitude, degree.

E is calculated by equation (A-4) and equation jAepresents.

E =987*sin2B- 735*cosB- 15*sinB

_ 360*(n- 8)
364

B
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Step-4: Calculate the Solar elevation ang)eafnd solar azimuth angles( for day-1 and h-1.

b = sin"'[cos() * cost) * cos@) + sin() * sin(@)] A-6

., sin() * cosh) * cos@) - cos() * sin(d)

g, =cos cos(b) A-7
Step-5: Calculate direct, diffuse, and total sodaliation falling on tilted panel.

Iy = I*[cos( )*cos( g)*cos( ) + sin( )*sin( )] A-9
lg = lag*(1+sin( ))/2 A-10
liot = lp +lg A-11

Where

Ip is direct solar radiation in tilt angle directjamhich is measured from vertical, Wim

lp is direct solar radiation, W/m

lg & lgn are diffuse solar radiation in tilt direction andrizontal direction respectively, W#m
Step-6: From Hottel - Whiller equation, calculate heat recovered (Q, Wh) for day-1 and h-1

Q=lu*A*t*a-U*A*(T,,-T,) A-12

where,
A is the collector area, M
is the transmission coefficient, (0.87)
is the absorption coefficient (0.95)
U is total heat transfer coefficient, kWikn
Talis the ambient temperature, °C
T, is the Operation temperature °C
Step-7: Now go to day-1 and h-2. Repeat step 4tilbday-365 & h-24.
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Step-8: Sum the total energy captured and conitent&kWh.

Step-9: Take next value of tilt angle and repesp-& to step-8.

Step-10: Plot value between tilt angle and eneegpvered in year and carry out curve fitting by
third order polynomial.

Step-11: Use MATLAB functiofiminsearchto get the maximum tilt angle.

Figure Al: Description of various angle used inexpfix A
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Appendix B: MATLAB Code for the solar modelling

%% Matlab Program for Maximun tilt angle for giveolar configuration
%% Solar data input data for SDHW

%function [Q]=A_max_tilt_radiation_julyl1()

clc;clear;

% Opening commands for files. Input_1 containselo@lumns, viz direct,
% diffuse and ambient temperature.

fidl = fopen(input_1.txt);

% Reading commands parameters

a = fscanf(fid1%0;[5,8760]);

direct_solar =a(1,:)’;

diffuse_solar = a(2,:)";

temp_amb = a(3,:);

L 1 =1(1:1:8760); a(4,:)]% Normal load Profile in % of total hot water derdan
L 2 =1(1:1:8760); a(5,:)]% RAND load Profile in % of total hot water demand
% Tank parameters

V1=80; Va=0.8*V1; Vb=0.2*V1,

% Tank UA

UA_upper=0.72; UA_lower=0.08; UA_tot=UA_upper + Uldwer;
%initial condition of storage tank C

int_con=10;

%% Basic input for mathematical modelling of sqiate collector

% Latitude and longitude of the location in radian

lat=0.98; longitute=0.1;

% Absorption, transmittance and ground reflectaruedficients
alpha=0.95; tau=0.87; rho=0.6;

% Area of flat plate collector, sq. m

area=2.8;

% Room temperature where panel is kept, C

RTa=10;
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%% Calculation of overall heat transfer coefficiddf W/(sq. m K)
% Number of glas cover

N=1;

% Plate to Plate spacing, mm

pp = 25;

% Plate & glass emittance

ep = 0.95; eg=0.88;

% Ambient temperature, degree C

amb_T = mean(temp_amb)+273.15;

% Mean Plate temperature, degree C

mean_Tp = 30+273.15;

% Collector tilt, degree

tilt = 45;

% Wind Heat transfer coefficient, W/(sq m C)

h_wind = 15;

% Stefan-Boltzmann constant,

sb_c=5.67e-8;

% Calculation of some other parameters

f = (1+0.089*h_wind-0.1166*h_wind*ep)*(1+0.07866*N)
C=520*(1-0.000051*tilt"2);

€1=0.430*(1-100/(mean_Tp));

% Overall heat transfer coefficient, W/(sq.m C)

U_1 = ((N/((C/mean_Tp)*((mean_Tp-amb_T)/(N+f))*eljn_wind))"-1,
U 2= sb_c*(mean_Tp+amb_T)*(mean_Tp”2+amb_T"2);
U_3 = (ep+0.00591*N*h_wind)"-1 + ((2*N+f-1+0.133*¢pQg)-N;
%u =1.1*(U_1+U_2/U_3);

u=0.1,

%% Data for Solar Panel and heat exchanger

% Plate efficiency factor

F1=0.85;

% Flow rate of fluid in flate plate collector, kgded heat capacity, J/kg-K
mc=50/(area*3600); cp=3800;
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% Dimensional collector mass flow rate
mcc=mc*cp/(area*u*F1);
% Solar plate collector flow factor
F2=mcc*(1-exp(-1/mcc));
% Heat removal factor of solar plate collector
Fr=F1*F2;
% Flow rate of water in flate plate collector, kgfsd heat capacity,J/kg-K
%mw=119*load_profile_normal,
cp_w=4184,
%% Basic input for mathematical modelling of heateanger inside the storage tank
% Effectiveness of heat exchanger
effect HX=0.8;
% Heat exchanger penalty in SDHW
Frr=Fr*((1+(1/mcc)*((1/effect_HX)-1))*(-1));
%% This block calculate the tilt angle for maximuaiue of total solar radiation falling on
collector.
for k=1:1:20;
%tilt(k)=k*pi/40;
tilt(k)=0.785398;
for j=1:1:365
days())=j;
for i=1:1:24;
t(i)=i;
% Declination angle, radian
d_declin(i)=(pi/180)*(23.5*(sin((pi/18Y(360*(284+days(j))/365)))));
% Factor B
B(i)=(pi/180)*(360*(days(j)-81)/364);
% Factor E
E(i)=9.87*sin(2*B(i))-7.35*cos(B(i))-b*sin(B(i));
% Local solar time, hour
Ist(i)=t(i)+((4*(0-5.5))+E(i))/60;

% Hour angle, radian

Thermal modelling and control of domestic hot watark Page 85 of 94



h_angle(i)=(pi/180)*(15*abs(12-Ist(r)))
% Solar elevation angle, radian
sol_elv(i)=asin((cos(lat))*(cos(h_an@p*(cos(d_declin(i)))+(sin(lat))*sin(d_declin());
% Solar azimuth angle, radian
sol_azim(i)=acos(((sin(lat))*(cos(h_&9))*(cos(d_declin(i)))-
(cos(lat))*(sin(d_declin(i))))/cos(sol_elv(i)));

% Direct component of Solar radiation, kJ/hr-sgq. m

|_dir(i)=(direct_solar(i+(j-

1)*24))*((cos(sol_elv(i)))*(cos(sol_azim(i)))*(coslt(k)))+(sin(sol_elv(i)))*sin(tilt(k)));

% Diffuse component of solar radiation, kJ/hr-sg. m
|_diff(i)=(diffuse_solar(i+(j-1)*24))*{+sin(tilt(k)))/2;
% Diffuse component solar radiation from groundhk$g. m
|_ground(i)=rho*((direct_solar(i+(j-124))+(diffuse_solar(i+(j-1)*24)))*(1-sin(tilt(k))2;
% Total solar radiation on flat plate collector/Htdsg. m
|_tot(i)=I_dir(i)+_diff(i)+I_ground(i)
% As the data for total solar radiation in kJ/hr4s a factor is multiplied to convert in it
% W/sg.m. So the value of heat is in W.

heat_rate(i) =(1000/3600)*area*Frr*¢@t(i))*tau*alpha-u*(30-(temp_amb(i+(j-1)*24))));
% This part of code makes the negative value of toezero
% and convert the heat rate in to energy, Q in J.

if (heat_rate(i)<=0)

Q_tot(i)=0;
else
% Multiplication factor of 1000 will convert the @t(i)
% in to KWh
Q_tot(i)=(heat_rate(i))/1000;

end

QQ(i+(j-1)*24)=Q_tot(i);
t_col(i+(-1)*24)=(3.6e6)*(QQ(i+(j-1)®)/(mc*3600*cp)+10;

end
Q_tot2(j)=sum(Q_tot);
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end
Q_totl(k)=sum(Q_tot2);
end
% Variable to be used in simulink
Q=[(1:1:8760); QQJ’;
t co=[(1:1:8760); (t_col)];

% Some parameters to understand the estimate egairgyhrough solar

% panel

Q_jan=sum(Q(265:265+23,2));
Q_april=sum(Q(2425:2425+23,2));
Q_july=sum(Q(4585:4585+23,2));
Q_oct=sum(Q(6817:6817+23,2));
Q_average=sum(Q(1:8760,2))/365;
Q_total=sum(Q(1:8760,2));

t mean_plate=mean(t_col);

% Calculation of monthly average for a year
fori=1:1:1
Q_month_(i)=mean(Q(1:744,2));
Q_month_(i+1)=mean(Q(744:1416,2));
Q_month_(i+2)=mean(Q(1416:2160,2));
Q_month_(i+3)=mean(Q(2160:2880,2));
Q_month_(i+4)=mean(Q(2880:3624,2));
Q_month_(i+5)=mean(Q(3624:4344,2));
Q_month_(i+6)=mean(Q(4344:5088,2));
Q_month_(i+7)=mean(Q(5088:5832,2));
Q_month_(i+8)=mean(Q(5832:6552,2));
Q_month_(i+9)=mean(Q(6552:7296,2));
Q_month_(i+10)=mean(Q(7296:8016,2));
Q_month_(i+11)=mean(Q(7296:8760,2));
end

% plot(Q_month_, 'LineWidth',3)

% xlabel('Time, month');ylabel('Q, kWh');
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% title({'Heat Recovered from Solar Panel','basednonthly average'});

% xlim([1 12]);

%% This block caluclate the incident radiation be flate plate collector for optimum tilt angle
% %To fit the tilt angle and the total solar ratiatreceived on flat plate collector, fitting abaci
polynomial and finally finding out the

% %maximum value of the total solar radiation atipalar tilt angle.

% z=polyfit(tilt, Q_tot1,3);

% zz=polyval(z,tilt);

% plot(tilt,zz,'ro',tilt,Q_tot1,".b")

% h=legend('cal','interpolated’,'Location’,'Soutsifayrid on;

% title(Appendix A:Plot of Recovered energy froml& Panel and interpolated values');

% xlabel('Tilt angle, radian’);ylabel('Annual Engr@, kWh");

% %To minimize the function, the actual functiorpig as -f(x) to calculate minimum.

% f= @(p)(-z(1)*p"3-z(2)*p"2-2(3)*Pp-z(4));

% [tilt_max,fval,exitflag,output] = fminsearch(f,1);

% %This block is used to verify the calculated amdrpolated between the curves visually.
% fclose(‘all’);

% return;

Thermal modelling and control of domestic hot watark Page 88 of 94



Appendix C: Temperature profiles for all the Case<Considered in

Analysis

CASE-1: Temperature profiles for the SDHW configima with Twin Cylinders
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Case-2: Temperature profiles for SDHW configuratioth single cylinder
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Appendix D: Best Possible Arrangement of the SolaCollector Panel

in Multiple Rows

The following graph[“] suggests the best possible arrangement for maredhe panel in row
based on angle of altitude for particular loca@onl inclination angle of the panel.
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Appendix E: MATLAB Code for Heat Recovered Predicton by

Neural Network

functionnet = fitwithnet(p,t)

%FITWITHNET Creates and trains a neural networkttmput/target data.
%

% [NET,PS,TS] = FITWITHNET(P,T) takes:

% P - RxQ matrix of Q R-element input samples

% T - SxQ matrix of Q S-element associated tasgmples

% arranged as columns, and returns these results:

% NET - The trained neural network

% PS - Settings for preprocessing network inputis MAPMINMAX.
% TS - Settings for postprocessing network otgtpuith MAPMINMAX.
%

% For example, to create an network with this fiomc

%

% load housing

% net = fitwithnet(p,t);

%

% To test the network on the original or new data:

%

% y=sim(net,p); % Apply network

% e=t-y; % Compare targets and outputs

%

% To reproduce the results you obtained in NFTOOL:

%

% net = fitwithnet(vij',output’);

% Create Network

numHiddenNeurons = 100% Adjust as desired
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net = newff(p,t,numHiddenNeurons);

% Division of Samples

% (Delete these lines to use default settings@&f@2 and 0.2.)
net.divideParam.trainRatio = 0.80% Adjust as desired
net.divideParam.valRatio = 0.10) Adjust as desired

net.divideParam.testRatio = 0.1 Adust as desired

% Random Seed for Reproducing NFTool Results
% (Delete these lines to get different results @anh this function is called.)
rand(seed1148498720.000000)

net = init(net);

% Train Network

[net,tr] = train(net,p,t);

% Simulate Network

[trainOutput,Pf,Af,E trainPerf] = sim(net,p(:,tatnind),[],[],t(:,tr.trainind));
[valOutput,Pf,Af,E,valPerf] = sim(net,p(:,tr.vallnf,[],t(;,tr.valind));
[testOutput,Pf,Af, E,testPerf] = sim(net,p(:,tr.tas),[],[],t(;,tr.testind));

% Display Performance

fprintf(‘Train vector MSE: %f\rtrainPerf);
fprintf("Validation vector MSE: %f\rvalPerf);
fprintf('Test vector MSE: %f\itestPerf);

% Plot Regression

figure
postreg({trainOutput,valOutput,testOutput}, {t(:ttainind),t(:,tr.valind),t(:,tr.testind)});
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