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ABSTRACT

The thesis contains mainly two parts: 1) the saaergy resource assessment through
measurements and comparison of solar irradianceelmoand analysis of atmospheric
turbidity factors; 2) Sensitivity analysis of solayoling system, monitoring on solar cooling
system and pre-design of a solar cooling systetrites Politecnico di Torino.

Firstly, the solar energy resource assessmentsedban the measurements of solar beam
normal irradiance and solar global horizontal iraade in Turin during the whole 2010 with
available data from end of January until end of édaloer except two thirds of August when
the Politecnico di Torino was closed since the cagrpwas carried on inside the department
of Energy. Measured data have been compared watir-sky models and the atmospheric
turbidity factors have been calculated and comparigt that in 1975-6 to evaluate the air-
quality variation during the last three decades.

Secondly, a series of sensitivity analysis on sotaling system with various configurations
has been undertaken through simulation softwargsBol Field data of solar cooling system
in IPLA (Istituto per le Piante da Legno e ’Ambtejphave been monitored and analyzed.
The main conclusions are: The ASHRAE clear-sky mauestly fits the solar beam normal
irradiance while it has been found that the soiffusk radiation factor ‘C’ (C=G/Gyn)
actually not constant but varies all through the itlea typical way; The turbidity factors are
lower in 2010 during winter time due to usage aacler fuels and district heating while
during summer they increase due to heavier trafficlar factor (SF) increases as solar
collector area is larger, but its increasing radidecreasing and SF decreases as volume size
of storage tank is bigger after the demand sidsaissfied; the three-week monitoring
campaign has shown a satisfactory performance isfdablar cooling system in PUEEL,

although the solar installation appears oversized.
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CHAPTER 1 INTRODUCTION

1.1 Background of solar heating and cooling

1.1.1 Solar thermal energy

This thesis is focus on solar thermal energy, amglstarted from the energy structure.

The International Energy Agency (IEA), founded BV 3/4 in response to oil crisis, including
28 member countries, is an autonomous body whiatksMm ensure reliable, affordable and
clean energy within the framework of the Organmatifor Economic Co-operation and
Development (OECD). CERT is IEA Committee on Endrpsearch and Technology.

CERT includes four working parties: working partyy @nergy end use technologies,
renewable energy technologies, fossil fuels ansbfugower co-coordinating committee.

Both working parties on energy end use and renewabérgy technologies are related to
solar thermal energy shown as follows. In the Eynengd-use working party, the buildings
sector includes District heating and cooling, Eyerconservation in buildings and
community systems and Energy conservation throunghgy storage. While in the working
party of Renewable energy, there is Solar heatmagcaoling systems (SHC).

SHC is Solar Heating & Cooling Implementing Agreemevhich was established in 1976,
and its mission is to facilitate an environmentalstainable future through the greater use of
solar design and technologies.

In Europe, the status of installed solar drivertays until 2007 is: there are about 100-120
systems, around 8-9 MW cooling capacity. The ctllearea is approximately 20000°.m
The technologies can be divided as: 60% of absworpfi2% of adsorption, 25% of desiccant
solid, and 4% of desiccant liquid.

Solar thermal energy (STE) is a technology for Basing solar energy for thermal energy,
namely heat.

Classified by the United States Energy Informataministration, Solar thermal collectors
are with low-, medium-, or high-temperature. Lownfeerature collectors are flat plates
generally used to heat swimming pools; medium-teatpee collectors are also usually flat
plates but are used for heating water or air ferdential and commercial use, and high-
temperature collectors concentrate sunlight usiirgons or lenses and are generally used for
electric power production. STE is different frondamuch more efficient than photovoltaic,
which converts solar energy directly into electyici

1.1.2 Air-conditioning worldwide

Global Industry Analysts (GIA) announces that thebgl air conditioning systems market
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will reach 78.8 million units by 2015. Growth inettshort to medium term period will be
driven by factors such as focus on energy effic@ntconditioners, growing replacement
needs and increasing demand for developing markets.

1.1.3 Solar thermal for air-conditioning

Around thirty years ago, there was much developnadnsolar energy systems for air
conditioning applications particularly in UnitedaBts and Japan, such as the components and
systems. Those activities were terminated mainabse of economic reasons. Nowadays,
solar cooling has been prevalent in Europe for manfiile, while it is just become more
common in the United States.

Research and demonstration projects are carriedirounany countries and also in
international framework of the SHC-IEA (Solar Hegtiand Cooling Programme of the
International Energy Agency). Particularly the depenent of the market of high efficient
solar thermal collectors, which are nowadays preduon a semi-industrial or industrial
level, provides a good starting point for new atbésr)

Solar assisted cooling is most promising for labgeldings with central air-conditioning
systems. However, the growing demand for air-camai#d homes and small office buildings
is opening new sectors for this technology. In meggions of the world, air-conditioning
represents the dominant share of electricity comsgiom in buildings, and will only to
continue to grow. The current technology, electiycdriven chillers, unfortunately do not
offer a solution as they create high electricitalpéoads even if the system has a relatively
high energy efficiency standard.

Also, from the environment point of view, solar tng systems have advantages over
conventional air-conditioning ones which use profdéc coolants (CFCs), furthermore, less
CO, emissions from solar cooling systems.

1.2 Potential of Solar heating and cooling

Since 1990 there has been a favorable developmetitei solar thermal market in many
countries, mainly in China and Europe (Energy anch@unications 2007). In this thesis, the
potential of solar cooling is focus on Europe amin@ markets.

The worldwide installed capacity of solar heatimgl @ooling systems in total have increased
four-fold from 2000 to 2008, with the global indrysgrowing an average of 20.1% annually.
The trend of growth has been significant fluctuasiédrom year to year. (Roselund s.d.)

The solar thermal collector capacity in operati@mridwide equaled 171 GWcorresponding

to 244 million square meters at the end of 2008n&lalone accounted for more than half
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global capacity, with 101 GW Other countries with a large number of collectars
operation are the United States (unglazed collsit@ermany and Turkey. With respect to
the capacity installed per 1000 inhabitants, thelileg countries are Cyprus (651 YW
Israel (499 kW) and Austria (651 k\\) (Renewable Energy Essentials: Solar Heating and
Cooling s.d.).

Solar thermal energy for domestic hot water is camrall over the world and the so-called
solar combi-systems for combined hot water and esgaEating show a rapidly growing
market in European countries. In Germany and Aaistnie predominant share of the annual
installed collector area is already for combi-systeLarge-scale (producing 1MW or more)
solar systems for district heating show considerafpowth rates in the Scandinavian
countries, Germany and Austria. While new applarai for low temperature process heat,
air-conditioning and cooling, as well as desalimatiare now entering the market. Low
temperature solar collectors for water and spaedirigeare very efficient. High temperature
solar collectors for refrigeration, industrial pess heat and electricity generation, require
improvements. Heat storage (both seasonal and agmpegpresents a key technological
challenge. (Renewable Energy Essentials: Solaritteahd Cooling s.d.)

China boasts the largest installed capacity ofrduating and cooling systems in the world,
furthermore, it has been expanding to take up a&m eyeater share of the market. China
possesses 57.6% of the world’s recorded solarrigeatid cooling capacity with 125 million
square meters of collector area until 2008, antbtal 2008, there were 21.7 GWth of new

installations which makes up 74.6% of the solatihgaand cooling market.

Central + South America
1.7%

Asia
1.7%

Middle East
0.8%

Australia + MNew Zealand
0.8%

United States + Canada
0.6%
Japan
0.5%
Africa
0.3%

Figure 1Solar heating and cooling market in 2008

1.2.1 Solar thermal market in Europe



European market is the most important secondarkehat 14.5% of the market for glazed
and evacuated tube collectors, with Germany agatigest European national market. Until
2008, there are around 200 systems including iasitats of solar cooling with small
capacity in Europe. However German demand has \@atile, and in 2009 slipped by 23%
to 1.61 million square meters of collectors soééhding to an overall decrease of 10% for the
European industry in 2009. Fortunately for Europgaoducers, a number of secondary
markets are emerging, led by Italy, which instalf&0,000 square meters of collectors in
2009 and which is showing much more stable mani@tith (Roselund s.d.).

kW Solar Thermal Capacity in Operation (per 1000 Capita) m?
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Figure 2thermal capacity in operation until 2011Euirope
Feed-in tariffs in European nations do not applydtar heating and cooling, and globally
these technologies do not have the policy supgwt PV and other renewable energy
technologies do. This means that a stable marketotsguaranteed by strong policies
(Roselund s.d.).

Figure 3Solar cooling installation examples in Epeo
(Henning s.d.)
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It is important to have reliable market data, arffiTE is dedicated to consolidating its
expertise in this field. ESTIF is the voice of gw@ar thermal industry, actively promoting the
use of solar thermal technology for renewable hgaéind cooling in Europe. With around
100 members from 19 European countries, ESTIF septs the entire supply chain.

Shares of the European Solar Thermal Market (Newly Installed Capacity)

M DE 31%
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B DK 2%

B OTHERS 8%
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Figure 4Shares of European solar thermal markez0a0
The 2008 financial crisis and the subsequent ecanoetession have effected on solar
thermal fully in 2010, particularly in the consttian sector.
The second consecutive decrease of nearly 13%wioigpa 10% drop in 2009 dealt a severe
blow since companies had adjusted their produdapacities to the peak sales of the decade
in 2008. In 2010, companies have implemented strartufacturing capacity reduction; there
was even a concentration in the industry in somatees and, for the first time in a decade,
there have been redundancies.
In 2010, the European solar thermal market tot&886 MW, (3694940n7) of newly
installed capacity, decreasing by an estimated B&6mparison with 2009. Although there
is a drop during 2008-2010, the whole level id atlove that before 2007.
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kW Solar Thermal Market in EU 27 and Switzerland m?
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Figure 5Newly installed capacity (glazed collecyavgsolar thermal market in EU 27 and
Switzerland (ESTIF, European Solar Thermal InduBtgeration. s.d.)

From 2010, for better analysis, the European siblarmal markets are divided into three
categories according to size, and these threea@gscare: 50 to 200,000%above 200,000
to 500,000 rfy and above 500,000%mf newly installed capacity of glazed collectors.

It is interesting to note that some markets wigtich group presented similar features.

W, Solar Tharma Maket in EU 27 and Switzerard (Glazed Collectorsi me
3 500 000 & 00 300
1 000000 4000 109
£ J00000
2 000000 3000 000
1 500000 2 000 400
1 oD
1 000 000
SO0 —
{ 1]
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B Germany Top & countries except Germany (Austra, France, Greese. [kaly, Spain)
B Cther 21 EU counines and Switzarland & ESTIF 2011

Figure 6European solar thermal markets by categorie
The overall European market reliance on Germanyliminishing. The largest market
represents now only one third of the total Europeaarket. The dramatic changes in the
German market have contributed strongly to thetdiaitons in the EU solar thermal market.
The relative share of Austria, France, Greecey lsad Spain is also decreasing. Opposite
trends are emerging with Spain facing strong madestrease and Italy consolidating its

level.
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German market dropped by almost 29% in 2010. Thiehse, combined with the 23%
downturn in 2009, brings the market almost backs®007 level, with 805 M\ of newly
installed capacity (1,150,000%m

During 2010, the Italian, Spanish, Austrian, Freraihd Greek markets behaved very
differently. While the Italian market confirmed 2009 level (around 500,000 the
Spanish market continued to decline, increasing gap between the second and third
European markets in terms of newly installed capat previous years, Austria managed to
successfully overcome the market downturn but 8 fadlowing the trend set by its northern
neighbor, with a significant decrease of 21%. Feaatso experiences a second year of
decline, though more modest than Spain (-3.4%xallinthe Greek market recovered after a

bad performance in 2009, in spite of the difficittiation faced by the country.

kw Development of Main Markets - Newly Installed Capacity per 1000 Capita m?
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Figure 7Development of main newly installed capewsiarkets in Europe
Overall, markets below 200,000°rand above 50,000 frgrew by 8.8%. Their combined
increase of 40,000 hdoes not quite compensate for the decrease retordarger markets.
However, it illustrates a different dynamic, trigge by new support schemes in some cases
or possibly an increased awareness of solar ther(@&TIF, Solar thermal markets in
Europe: Trends and market statistics 2010 2011)
Solar Certification Fund is to finance projectsgaeineral interests for solar standardization,
quality as well as the promotion of the Solar Kegkrand its acceptance.
The Solar Keymark, the main quality label for sothermal, is a voluntary third-party
certification mark for solar thermal products, demsiating to end-users that a product
conforms to the relevant European standards afitlsfaldditional requirements.
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Before 2003, it was very complicated and expengvaell collectors to different countries in
Europe as it was needed for the collectors to w@wuleeveral different tests and gain
additional certificates and approvals.

In 2003, the European Solar Thermal Industry angbm@sting institutes formulated the
Solar Keymark Scheme rules whose major goal isettuge the wild growth of testing
requirements and certificates in order to reduaddrbarriers and open the European market
for solar thermal products.

All national subsidy schemes and regulations inEbleaccept the Solar Keymark with a few
exceptions where some additional requirements npplya Also the Solar Keymark is
increasingly recognized worldwide.

The Solar Keymark is a CEN/CENELEC European mahese, and is dedicated especially
to:

1. Solar thermal collectors (based on European stdratares EN 12975)

2. Factory made solar thermal systems (based on Eamagiandard series EN 12976)
The Solar Keymark (Solar Keymark brochure s.d.) wasgeloped by the European Solar
Thermal Industry Federation (ESTIF) and CEN (Euasp€ommittee for Standardization) in
close co-operation with leading European test lahd with the support of the European
Commission. It is the main quality label for sothermal products and is widely spread
across the European market and beyond.

On 1 January 2011, over 1200 Solar Keymark licemse granted.
Note that the difference between the Solar Keynaaudk the CE-mark is: The Solar Keymark
is a quality label and the CE-mark just attestd tie product fulfills minimum legal

requirements according to specific European dwvesti
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Figure 8Number of Solar Keymark licenses
The Solar Keymark was created to certify solartamproducts of high quality at European
level. The aim is to reduce trade barriers and ptenthe use of high quality solar thermal
products in the European market and beyond. (&elanark s.d.)
During 2010, the estimated solar yield was 17.3 Tallbwing a contribution of nearly 12
million tons of CQ saved thanks to solar thermal.
The European thermal industry needs to adapt gtestand the way to make solar thermal to
a competition which also comes from other renewahkrgy sources.
There would be a benefit from the a renewable bobetause of the combined
implementation of the binding renewable targets dhd higher energy performance
standards, but this process is only beginning tiéhlast National Renewable Energy Action
Plan (NREAP) delivered in early 2011 and the immatation of the Energy Performance of
Buildings Directive (EPBD) still ongoing.
In 2011, the solar thermal industry needs a strmige at European level, and they focus on
the southern European and Mediterranean markets.

1.3 Example of successful installations

1.3.1 Sun-Moon Mansion in China Solar Valley in Ddmwu, China

15



Figure 9 Sun-Moon Mansion in China Solar Valleypiazhou, Shandong Province,
China

At the center of China Solar Valley in Dezhou, Skarg Province, is the Sun-Moon
Mansion, the headquarters of Himin Solar Energyébin 1995 by Ming Huang, ISES Vice
President for Solar Industry, who received the Rigivelihood Award 2011 (ISES
Membership newsletter 2011 (No.6)) ‘for his outsliag success in the development and
mass-deployment of cutting-edge technologies fondssing solar energy, thereby showing
how dynamic emerging economies can contribute ®olveng the global crisis o f
anthropogenic climate change.’

Until 2009, the Sun-Moon Mansion was the large&rsstructure in the world. It provided
the main conference hall for the fourth Internagloibolar Cities Conference in 2010.
Covering an area of 750,000, the building uses solar technologies for hot watepply,
space heating and cooling, PV power generation, fetcthe utilization of displays, research
and development, work, meetings, education, haotelracreation.

1.3.2 Air-conditioning of a factory

The site is in Inofita Viotias (approximately 50 Kar from Athens from northeast direction).
The air conditioning of the production facilities for a cosmetics factory. It used to be the
largest system until 2007.

The flat plat collector field is 2700 inThere are two adsorption chillers with 350 kW

cooling capacity each, and three compression chiah 350 kW capacity each.

Figure 10A cosmetics factory using solar coolingtegn near Athens
1.3.3 Wine store cooling
In Banyuls, south France, there is one of the oldekar cooling systems in a wine store

which has operated this system for more than 18sye#hout problems.
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The evacuated tube collector area is 130and there is the single-effect absorption chiller
with 52 kW cooling capacity without any back-upteys.

In the wine store, there are about 3 million bettieeded to be cooled with three air handling
units (25,000 rth air flow).

Figure 11Wine store cooling in Banyuls, France
The solar cooling system is solar autonomous aedetlis no buffer storage, hence the
storage is on load side.
1.3.4 Air-conditioning of a seminar room
The seminar room and the cafeteria are in the iogjldf the chamber for trade & commerce
in Freiburg, Germany.
The solar air collector, with an area of 100 m2his only heat source, and there is no back-
up system or storage tank.

Figure 12A solar desiccant cooling system in Fregh@Germany
It is a simple solar system because there is osliyngle integration into the air-conditioning
plant. Nevertheless, it is a promising concepthioitdings with a high similarity of cooling
loads and solar heat gains.
1.3.5 Hotel air-conditioning
The site is in Dalaman, long the Mediterranean tcourkey. The solar thermal collector is
parabolic trough collector which produces heat8t IC, with an aperture area of 180 m2.
There is a double effect absorption chiller witlolany capacity of 116 kW, 4 bar saturated
steam, and the COP reaches higher than 1.2. Thalea a LPG-fired back-up steam boiler

as an auxiliary system.
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Figure 13Air-conditioning of a hotel with parabolimugh collector in Turkey
This system is the first one using double effediaxh The whole installation has high overall
conversion efficiency, which can be an interestingcept for locations with high solar beam

radiation. (H.-M. Henning, Solar air-conditioningdarefrigeration-Introduction 2007)

1.4 Motivation

1.4.1 Renewable target for 2020 in Europe

The EU Renewable Directive is a unique creationciwhaddresses two of the biggest
challenges of our time, energy security and clinetange. The 20% renewable target for
2020 is now firmly embedded in the psyche of Eut®pecision makers.

In Europe, within only a few years, more than dmedtof the power from renewable sources
of electricity is needed to be generated and afgignt part of heating and transport should
be based on renewable fuels. Huge practical andretminitiatives involving society as a
whole are needed.

The National Renewable Energy Action Plans (NREA®)ich was delivered in early 2011,
makes the bridge between ambition and reality. Hin@pean Commission is determined that
these plans should be coherent, comprehensive fiective. These plans will take the
Europe towards a new era of energy security if doakt, while Europe will be paying the
price for generations to come if not.

Europe’s industry and particularly the renewablergy industry, including many small and
medium companies, are major players in the polididsmately, the renewable targets will
be delivered by them. Hence, to generate the laWwecarevolution and to create jobs, skills,
and prosperity in Europe, the key is to make aeclmslaboration between the EU, Member
States and business. In this thesis, the Heliosshpiroject between Politecnico di Torino and

two companies.
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183 Analysis of 2020 targets for solar thermal in Europe
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Figure 14Analysis of 2020 targets for solar thernmaEurope
In June 2009, the European Parliament and Coudojptad the Directive on the promotion
of the use of energy from Renewable Energy SoufiR&sS), which provides the necessary
legislative framework to ensure that the targe2@¥ renewable energy in Europe becomes a
reality by making it mandatory that by 2020 eachmber state incorporates a share of
renewable in its energy mix. Only the overall renblg target is legally binding. This
Directive closes a legislative gap, for the fiiste¢, heating and cooling accounting for half of
the final energy demand will be covered by a Euaopdirective promoting renewable
energies.
To create a positive climate for the long-term depment of solar thermal technologies in
Europe is expected. The Directive 2009/28/EC reguieach Member State to adopt a
National Renewable Energy Action Plan, in whichrebtember States’ national targets for
the share of energy from renewable sources consumgdnsport, electricity and heating
and cooling in 2020 and adequate measures to &cliwse targets should be set out. By
February 2011, all the 27 Member States had subtnittNational Renewable Energy Action
Plan (NREAP). In the figure below, the capacityoeration and target for each country is

shown.
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Figure 15Capacity in operation and targets for eacuntry in EU 2010/2020
1.4.2 Energy Performance of Buildings Directive (EBD)
EPBD'’s objective is to improve energy efficiencydareduce carbon emissions as part of the
government’s strategy to achieve a sustainable@mvient and meet climate change targets
agreed under the Kyoto Protocol.
The EPBD introduced higher standards of energy eroasion for new and refurbished
buildings from April 2006 and will require energgnformance certification for all buildings
when sold or leased. In addition it will introducegular inspections for larger air
conditioning systems and advice on more efficienkep operation for commercial property.
To expect a benefit from a renewable boom becalifeeaccombined implementation of the
binding renewable targets and the higher energfopeance standards and prospects for
solar thermal according to these national acti@angl it is meaningful to do research and
practice on solar cooling.
1.4.3 Italian National Renewable Energy Action Plan
In line with the provisions of Directive 2009/28/E4abd Commission Decision of 30 June
2009, Iltalian National Renewable Energy Action Pdgpears on 30 June 2010 taken out by
Italian ministry for economic development.
The development of renewable energy sources hasdreeof the priorities of Italy’s energy

policy for some time, together with the promotidreaergy efficiency.
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The objectives of such a policy are: energy sugagurity, reduction in energy costs for
businesses and individual citizens, promotion afoiative technology, environmental
protection (reduction in polluting and greenhouss gmissions), and therefore, ultimately,
sustainable development.

In the medium to long term, Italy aims to redrdss balance of its energy mix, which is
currently too dependent on imported fossil fuelsisTprocess will also involve significant
measures to re-launch the use of new-generatidearysower.

Italy’s primary objective is to make an extraordynaommitment to increasing energy
efficiency and reducing energy consumption. Thiategy will also be a determining factor
in reaching the targets for reductions in greenb@es emissions and the proportion of total
energy consumption to be covered by renewable ssurc

The recent Italian Law No 99/2009 provided for publication of an Extraordinary Plan for
Energy Saving and Efficiency. This will involve vaus methods: promotion of distributed
cogeneration, measures aimed at encouraging snwaingdium enterprises to produce their
own energy, strengthening the energy efficiencylitcsescheme, promoting new buildings
with significant energy-saving measures and enesgpfits of existing buildings, providing
incentives for energy service companies, and primmatf new high-efficiency products.
About the Italy’s gross final energy consumption2d20, there are some different ways to
predict it. European Commission has taken the PR3MBodel as a reference point.
According to the baseline trend scenario of thisleholtaly’s gross final energy consumption
in 2020 could reach a value of 166.5@Q Mcompared with the value of 134.6%.,Mecorded

in 2005. The 2009 update to the PRIMES model, whisb takes into account the effect of
the financial crisis, estimates Italy’s 2020 gréeal energy consumption at 145.6M1In a
more efficient scenario, which takes into accounterenergy efficiency measures than the
baseline scenario, Italy’s gross final consumpiro020 could remain within a maximum of
133.0 Mee

According to Directive 2009/28/EC, 17% of ltaly’'sndl energy consumption must be
covered by renewable sources. Taking the efficseshario as a reference point, this means
that in 2020 the final consumption of renewablergpenust be 22.62 M.

In order to reach the objectives, there must bersistent increase in the mobilization of
resources available within Italy, and particulathe use of renewable energy sources for
heating and cooling and the use of bio-fuels intthesport sector.

Therefore, solar cooling systems combined with dcifmehot water (DHW) and space

heating is a great option for this target in Italy.
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1.5 Objective of study

This thesis consists of several parts: solar ensrggurce assessment, atmospheric turbidity
calculation, solar cooling test rig and one casgotdr cooling under monitoring.

First of all, the solar energy resource assessmeagdrried on through several steps. After a
period of trial of the measurement of solar irrad@with Pyrheliometer and Pyranometer, a
one-year measurement of solar beam normal irradiand solar total horizontal irradiance is
carried on the roof of the department of Energfalitecnico di Torino from end of January
until end of December in 2010.

Models of clear-sky irradiance are calculated aoohmared with the measurement data to
evaluate the classic models’ adaption in Torino tlee area with similar climate or
atmospheric quality.

Linke turbidity factor is defined and atmospheuchidity factors are calculated by using the
measured solar irradiance in 2010 and a comparssperformed with the turbidity factors
measurements during 1975-1976 which were carrieblotim in center of Torino and in Pino
Torinese (10 km far from the center and 380 m albgeenter).

Furthermore, the air quality is analyzed by spécivaluating the S©concentration during
the last three decades in Torino which shows thiatian of polluting situation in the city.

The second main part of the work is on solar cgoéimulations with software Polysun.
Helios-HP is a project of solar cooling test rigtive department of Energy in Politecnico di
Torino and the work includes the pre-design ofgbkar cooling installation and simulation
with Polysun to predict the performance of the sotaling system.

A solar cooling case in IPLA (Istituto per le Piamta Legno e ’Ambiente) is monitored from
2011 to obtain the related parameters to evalli#edlar cooling system efficiency. And, a
simulation of the same scheme as the real installat IPLA with Polysun is performed to

establish a comparison.

22



CHAPTER 2 RESOURCE ASSESSMENT

2.1 Extraterrestrial solar radiation

2.1.1 Solar system and fusion of Sun

The Solar System consists (Selfe 2006) of the Suhadll objects such as the planets and
associated satellites, the asteroids, the Kuipér@gects (KBOs) and the comets that orbit
the Sun in the far off Oort Cloud. All these obgeate gravitationally bound to the Sun.

The Solar System was formed approximately fivadsillyears ago when a cloud of dust and
gas was disturbed and coalesced to form the Semléimets and a handful of dwarf planets.
The light and heat that reach the Earth is essdiotighe human being’s survival and the
survival for every creature on the planet.

2.1.2 Solar spectra with zero atmosphere

For calculating the turbidity factor, it is necegs&o know the spectral distribution of the
extraterrestrial radiation, which is the radiattbat would be received without atmosphere.
There are several data of solar spectra with zemass, and the two main standard ones are
2000 ASTM Standard Extraterrestrial Spectrum RefsgeE-490-00 (ASTM E-490) and
1985 Wehrli Standard Extraterrestrial Solar Irrad@aSpectrum.

The ASTM E-490 was developed for use by the aemspgmmmunity in 2000 by the
American Society for Testing and Materials (ASTMd the solar spectral irradiance is
based on data from satellites, space shuttle misslagh-altitude aircraft, rocket soundings,
ground-based solar telescopes, and modeled specdihnce. As for the integrated spectral
irradiance, it has been made to conform to ther smlastant value, 1366 \W/nf, which is
accepted by the space community.

The 1985 Wehrli Standard Extraterrestrial Solaradiance Spectrum (also called
WMO/WRDC Wehrli Air Mass Zero solar spectral irradce) was constructed in 1985, and
the curve has often been cited for the use of ®xtestrial solar spectral irradiance
distribution.

To evaluate the two standard spectra, a plot otwloestandard spectra was done, and there
are slightly small differences between ASTM E496 &vehrli 1985.
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Linear Plot ASTM E-490 vs. Wehrli 1985
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Figure 16Linear plot of wavelength and spectrakmlition for ASTM E490 and Wehrli
1985 on top of the atmosphere for a mean Sun-Ehstance

(htt)
Solarconstant Gs) is the energy from the sun per unit time receiwed unit area of surface
perpendicular to the direction of propagation o tladiation at mean earth-sun distance
outside the atmosphere.
In the calculation, the ASTM E-490 is used as thlarsextraterrestrial irradiance source, and
the solar constant can be found by summing up ralliycts of delta waveleng 24 )and

spectral irradiance:
400

Gse = Z AL X Gy = 1367.6 W /m?
1=0.1195
A:um
Ay =Ny, — A i=1,2,-,1696

In the reference book of ‘Solar Engineering of thak progress’ (John A. Duffie s.d.),
Gs=1367 W/n.
2.1.3 The Sun-Earth geometry
The geometrical relationship between the Sun amthEdfects the solar radiation reaching
on the Earth and the Earth’s climates.

(2) Variation of Sun-Earth distance
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The Sun, with a diameter of 1.880° m (about 109 times that of Earth), is aroundx1®* m
from the Earth. As observed from the Earth, the @tates on its axis about once every four
weeks. The Sun does not rotate as a solid bodyedbator takes around 27 days, while the

Polar Regions take around 30 days.

sun
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Figure 17The Sun-Earth geometry relationship
a. Celestial sphere
The celestiabphere is a very practical tool for positional astmy. It is an imaginary sphere
of arbitrarily large radius, concentric with the rthaand rotating upon the same axis.
Projected upward from the Earth’s equator and paleghe celestial equator and the celestial
poles (Wiki:Celestial sphere s.d.).
b. Ecliptic
The ecliptic is the plane of the Earth’s orbit arxduhe Sun. More accurately speaking, it is
the intersection of the celestisphhere with the ecliptic plane, which is the georogilane
containing the mean orbit of the Earth around thhe.She name ecliptic arises because
eclipses occur when the full or new Moon is veysel to this path of the Sun (Wiki: Ecliptic
s.d.).
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Figure 18Ecliptic

The term ecliptic describes the ce-line of Zodiac, which extendsome eight degres
above and below the ecliptic. In other words, tloeliZc is a belt 1° wide centered on tr
ecliptic (Ennis s.d.).

C. Perihelion and Aphelior

The Earth's orbit around the Sun is alr-circular elliptic aml the Sun is at the focal point
this ellipse. The Earth moves closer towards amthén away from the Sun as it orbits si
the Sun is not at the center of the elliptical bribhe closest point to the Sun in the Eal
orbit is called perihelion wibh occurs in early January (on Janua™), while the furthes
point is called aphelion which occurs in early J@y July 7). The terms 'perihelion’ ar
‘aphelion’ came from Greek, as 'helios' mean wm' ‘'means near, and 'apo’ means &
from. The distance from Earth to the Sun is aboutmillion kmwhen Earth is at perihelio
152 million km at aphelion, and the average distance of the Eanh the Sun over a or
year period is 15@illion km(Perihelion and Aphelion s.d.).

The variation of Surearth distance does influence the amount of theatextestrial sola
radiation intercepted by the Earth, approximatalyiracrease of 6.9% of at perihelion
related to aphelion. Nevertheless, seasons are ha@aused by the variation of distar
between Sun and Earth. The truth is that the Hadbes fastest at perihelion and slowes
aphelion, and for example, in January the Ear#eshies perihelion when it is winter. T
cause of seasons is the tilt le of Earth's axis which will be explained in thaldwing
section.

(2) Earth Revolution

The two principle movements of the Earth are retotuand rotation. Earth rotates on

axis as it revolves around the S
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Revolution is the movement of the Earth in an &ltgd orbit around the Sun whose average
distance is 15@nillion kmaway.

The elliptical orbit causes the Earth’s distan@arfrthe Sun to vary at different times of the
year. The Earth revolves around the Sun every 38 é&nd 6 hours which define the
astronomical year and also the calendar year. Quhis time there are 365.25 rotations of
the EarthDue to that extra one quarter day that it takesHerEarth to complete its journey,
the calendar of 365 days is corrected once evenmyyears with an additional day to February
when the so-called Leayear arrives.

a. Inclination of the Earth’s axis

The Earth’s polar axis is not perpendicular to kene of the ecliptic, but inclined at a fixed
angle of about 23°5rom the perpendicular to the ecliptic.

As the Earth revolves about the Sun, the anglaediniation of the earth’s axis in relation to
the plane of the ecliptic is constant, and thisnewn as the parallelism of the axis (currently
toward Polaris, the North Star). However, the re¢aposition of the Earth’s axis to the Sun
(The direction of solar irradiance and the diretttbe Earth’s axis leaning towards) does
change during this cycle which causes seasons aydedgths of day due to the change of
the height of Sun above the horizon annually.

The Earth’s axis is tilted relative to the perpenthrs to the ecliptic plane by an angle of
23.5, which causes the circle of the ecliptic to betilrelative to the celestial equator again
by the same angle, which as a result is callebbiiguity of the ecliptic. In fact, the tilt of
the Earth changes slightly, with a dominant cyolerg 41,000 years (Movements of the
Earth s.d.)

The change in angle of inclination is only 1 dedreen the present tilt, from 2350 24.5.
However, Earth’s tilt is a critical factor in clineresulting in very large differences in solar
radiation. Changes in Earth’s angle with respeth&Sun often go by the name ‘obliquity’.

b. Seasons, Solstice and Equinox

The circumstance of tilt angle of the Earth's axiso causes seasons by controlling the
intensity and duration of sunlight the local pasitireceives on the Earth. Without the
inclination of the Earth there would be no seasons.

Seasonal time (solstice and equinox) is based emgd¢ometry of the Earth in relation to the
Sun during its yearly revolution. Solstice refeosthe date when the Sun stands directly
overhead of the N-S migration of the location iresfion, 23.3N on June 21 or 22 (the

summer solstice) and 23% on December 21 or 22 (the winter solstice), weidgiinox,
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refers to the date of equal night and day period #ws occurs when the Sun at noon is
directly overhead at the equator on March 21 (Mezgainox in the northern hemisphere) or

on September 23 (autumnal equinox in the northemisphere).
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Figure 19The tilt angle of Earth's axis remains liaeged as season changes
At the times of the solstices, the circle of illuration cuts all parallels except the equator
unequally, so that days and nights are unequatngth except at latitude 0. For example,
during summer solstice in the northern hemisphaltdpcations North of the equator have
day lengths greater than twelve hours, while athtmns South of the equator have day
lengths less than twelve hours.
At the times of the two equinoxes, the Sun’s n@ysare vertical at the equator, the circle of
illumination cuts all parallels in half, so thatydaand nights are equal (12 hours) over the
whole Earth.
The steepest point on the sinusoidal curves is\duhie equinoxes in March and September.
3) Earth Rotation
The EarthRotation refers to the spinning movement of thetean its imaginary axis (North
and South Pole). One rotation takes 24 hours, wiicialled a mean (average) solar day and
this is why there is a day and night in each 24&igaarth-Sun Geometry s.d.).
The direction of Earth rotation is counterclockwigleen viewed from above the North Pole,
namely, Earth rotates from West to East which erpléhat the Sun rises in the East and sets
in the West apparently.
The rotation produces night and day, and due tdilthengle of Earth, the lengths of day and
night change all through the year. The height ef$lun throughout the year changes. During
winter, the Sun has lower height at its highesthpowhile in summer, the Sun reaches its
highest point at the sky for the Northern Hemisgher
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Apparently, the Sun rises in the East and setsan/est, and for a whole year, the Sun rises
in the northeast horizon for half of the year, &umlitheast for the remainder. This is because
the Earth’s rotation and the increasing deviatromfthe eastern horizon with latitude.

In a word, the geometry of Sun-Earth (Revolutioayafelism, tilt angle of Earth, Earth
Rotation, oblate spherical shape of Earth, ectodpces an unequal distribution of solar
energy over the Earth and responsible for lengtimsght and day, and changes of seasons.
2.1.4 Extraterrestrial solar radiation reaching on Earth

The solar radiation at normal incidence receivethatsurface of the atmosphere of the Earth
changes due to the variation of extraterrestridiateon which is inflected by variation in the
radiation emitted by the Sun and the one of theBanth distance. For engineering purposes,
the energy emitted by the Sun can be considerbd fxed in a view of the uncertainties and
variability of atmospheric transmission, while thgiation of the Sun-Earth distance leads to
the variation of extraterrestrial radiation fluxthre range of £3.3%.

Gon is the extraterrestrial radiation incident on giene normal to the radiation on th day

of the year. There are two main equations for datmg G,

A simple equation (John A. Duffie s.d.) with acayaadequate for most engineering

calculations is given as:

360n
Gon = Gsc(1 + 0.033 cos 360 )

And a more accurate equation (£0.01%) is given figrSer (1971) and cited by Igbal (1983)
as:
Gon = Gsc(1.000110 + 0.034221cosB + 0.001280sinB + 0.000719cos2B
+ 0.000077sin2B)

Where B is the fractional year in radians (Decimats.d.), and given by
2n

B =%(n—1)

Or
360
B = (n—l)ﬁ

And n is then™ day of the whole year.

29



Comparison between simple equation and more accurat e
equation of extraterrestrial solar radiation all th rough the year

1440
1420

—— ]
1400 _\\\\5§\\\
1380 A/’/'

£
52 1360 AN
© 1340 N
1320
1300
1 51 101 151 201 251 301 351

nth day of year

=—Gon_Simple equation —— Gon_More accurate

Figure 20Variation of extraterrestrial solar radian all through the year

2.2 Earth’s atmosphere and solar radiation onthe g  round

The atmosphere is a mixture of 21% oxygen, 78%ogén, and approximately 1% other
trace gases. It is divided into layers (Atmosphetke), which are the troposphere (including
the planetary boundary layer as lowest layer)tatphere (including the ozone layer),
mesosphere, thermosphere, exosphere, and the rosgnete.Most of the weather and
clouds are found in the troposphere layer whereetlguarters of the atmosphere lies, and the
depth of this layer varies between Wm at the equator and kin at the poles above the sea
level. High above the planet, the atmosphere besdhener until it gradually reaches space.
The Karman line, which locates within the thermamghat an altitude of 10@m is
commonly used to define the boundary between timhBatmosphere and outer space even
though the exosphere can extend from 500 up todkK®@&bove the surface.

The atmosphere is vital for making Earth livablestly, the oxygen is essential for life;
secondly, the atmosphere traps heat to make theetatare on Earth comfortable for life,
and finally, it blocks some dangerous rays fromchéag the surface of Earth (Earth's
Atmosphere s.d.). Nevertheless, over several decapteenhouse gases and air pollutants
released into the atmosphere have been causinghhitgges such as global warming, ozone
holes and acid rain.

2.2.1 Scattering and absorption
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After solar radiation enters through the top of ttenosphere, the various atmospheric
processes operate to change the spectral distbuti

(2) Atmospheric scattering by air molecules, watapor and droplets, dust, and other
aerosol particles inside the atmosphere;

(2) Absorption by atmospheric gases (ozone, wateC8,) and particulates.

Slanting solar rays deliver less energy at theh&agurface than vertical rays, both because
their energy is spread over a larger surface, aeduse they pass through a thicker layers of
reflecting and absorbing atmosphere.

As the solar radiation traverses the atmospheeeintieraction between the radiation and air
molecules, water, and dust causes scattering. Theber of these particles and the size
relative to wavelength of radiation determine tlegrée to which the scattering occurs and
these particles depend on the quantities of dudtranisture present in the atmosphere at
different time and location in question and alse #ir mass which describes the path length
of the radiation through air molecules. From thewvipoint of photon, scattering can be
explained as the processes in which the photonsgehdirection after an interaction with the
light passing through the atmosphere.

Comparing with the wavelength of the solar radmtithe air molecules are very small in
size. As a result, the scattering is in accordamite Rayleigh scattering theory (Rayleigh
scattering, named after the British physicist LBalyleigh, is the elastic scattering of light or
other electromagnetic radiation by particles muctalter than the wavelength of the light.)
which only has significant effect on atmospheriangmittance relative to the short
wavelength band only (belodv= 0.6um).

Due to water molecules’ aggregation and the wateosdensation on dust particles of
various sizes, the dust and water inside the athewsphave larger particle sizes. Moreover,
the nature and extent of dust and moisture pastite highly variable depending on different
location and time. Hence, it is more difficult teat with these scattering effects caused by
dust and water than those of Rayleigh scatteringibynolecules. There are two approaches
used for dealing with this problem: Moon (1940) akapstrom’s turbidity equation. Moon
developed different transmission coefficients whatle functions of wavelength for water,
dust and air molecules, and the overall transnudastue to scattering is the product of the
three transmittances. While Angstrom’s turbidityiation estimates the effects of scattering
by dust and water, absorption is caused mainly atexwapor and carbon dioxide in several

strong bands in the infrared region, and by highuale atmospheric ozone in the ultraviolet
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region. When the photons are removed from a bealighifand their energy is converted to

an excitation of atoms or molecules, the absorptiours (Bason s.d.).
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Figure 21Effects of scattering and atmospheric apson on the spectral distribution of
beam irradiance (Introduction to Solar Radiatiod.$.

Scattering by air molecules, water vapour molecueder droplets, and dust particles causes
6% of solar radiation to be returned to space; 20%olar radiation reaches the surface of the
Earth as diffuse radiation. Air molecules scattieredight the most and red light the least.
This makes the sky blue and the setting sun realte8mg by large particles (water droplets
and dust particles) is independent of wavelengiimsst and haze look white.

Above 40km absorption is mainly by ozone)Qhis absorbs 3% of solar radiation. At lower
levels water vapour absorbs about 14%, mainly éennsar infrared. Clouds absorb very little
solar radiation, which is why clouds do not evapardheir effect on solar radiation is by
scattering and reflection. The albedo of the Eartlarface is the fraction of solar radiation
reflected. It depends on the colour of the surfasamples of albedos with the sun overhead

are given in Table.

Table 1Albedos of different surfaces

Type of Surface Normal irradiance Albedo
Vegetation 0.2
Light soll 0.3
Dark soll 0.1
Water 0.1
Clouds 0.5-0.9
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It should be noticed that when the Sun is low i $ky the albedo of water is much greater
than 0.1.
2.2.2 Rayleigh atmosphere
According to Bouguer-Lambert Law (1760) (variouklyow as Bouguer’'s law, Lambert’'s
law, or Beer’s law), the incident solar beam ireamie which is transmitted directly by a
plane-parallel and horizontal homogeneous atmospdaar be calculated as:

Gpn = Gone 7500
WhereGy, and G, are the solar beam irradiance reaching the gramadthe extraterrestrial
solar irradiance, respectively;
T is the optical thickness of the atmosphere medsuarthe local zenith direction;
0, is the solar zenith angle.

For an arbitrary height z, the optical thicknesshef whole atmosphere above it is defined as:
T(4,2) =f B(A,z)dz
Z

WhereB (4, z) is the attenuation coefficient which is a functafrbothA andz.
Since the attenuation effect is produced by séageand absorption, botB andt include
two parts:

B =B + B,

T=Ts+ T,
Where the subscripts indicate scattering and abisarpespectively.
To evaluate the atmospheric turbidity in real atphase, it is convenient to discuss for the
case of a clear atmosphere by separating the exed scattering and absorption, even
though in the real atmosphere the effects of stadteand gaseous absorption can not be
separated easily.
Rayleigh atmosphere is the simplest atmosphericeinatich contains scattering particles
all with a size much smaller than the wavelengtamely, a non-absorbing medium. In
principle, this Rayleigh atmosphere applies to rmalles of the atmospheric gases, and the
volume scattering coefficient of a Rayleigh atmaaphs:
3213 (n — 1)?
314 N
Wheren is the relative index of refraction of the medium,;

BR(}) =

N is the number density of particles.
Lord Rayleigh (1842-1919) firstly derived this riden in early 1870s in connection with his

famous explanation of the color and polarizatiotheflight from the sunlit sky. According to
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Rayleigh’s function, the efficiency of the scattgyiattenuation in the ideal atmosphere
depends or-1* critically, also combining with the spectral seiviiiy of human eyes and the
spectral distribution of sunlight, this theory eadpk for the blue color of the clear sky.
If the distribution of the gases in atmosphere \ititude is known, it is possible to compute
BR(1) as a function of altitude. And the Rayleigh optittacknesst? of the air above any
selected level in atmosphere can be calculatedebipnmning the integration function of the
attenuation coefficien®(4,z) which is a function of both andz.
2.2.3 Linke turbidity factor theory
Even in the clearest natural atmosphere, thereagm@e numbers of dust, haze, and other
types of non-Rayleigh particles producing importaadiation effects. For instance, the
significant aerosol effects up to altitudes ofeatdt 24.4m (Eddy, 1961).
The total optical thicknesg1) may be composed of several components (B. A. 2919

(1) = RQ) + Q) + 18(Q)
wheretR () is the Rayleigh optical thickness;
@(1) is aerosol optical thickness;
8(A) is the optical thickness due to absorption by gaseh a®s, NO, andH-0.
The calculation of Linke turbidity factor will beedcribed in detail in section 2.6.
2.2.4 Definition of solar radiation quantities
The knowledge of the local solar radiation is esakfor the proper design of solar cooling
for buildings. The best database would be the kemgr measured data at the site of the
proposed solar system. As the beam component {diradiance) is important in designing
systems employing solar energy, emphasis is ofti€omp modeling the beam component.
There are two categories of solar radiation modasilable in the literature (L.T.Wong
2001), that predict the beam component or sky compobased on other more readily
measured quantities: Parametric models and Decatiggosiodels.
Beam radiation, which is often referred to as dirsmlar radiation, is the solar radiation
received from the Sun without having been scattesethe atmosphere. To avoid confusion
between subscripts for direct and diffuse, the teeam radiation is used in this thesis.
Beam normal irradiancé&y, is the beam radiation per unit time received am#é area of
surface perpendicular to the direction of propaygnati
Diffuse radiation is the solar radiation receivedni the Sun after its direction has been
changed by scattering by the atmosphere. In sonteomoéogical literature, diffuse radiation
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is referred to as sky radiation or solar sky radmatThe definition used here will distinguish
the diffuse radiation from infrared radiation emdttby the atmosphere.
Diffuse horizontal irradianceGdh is the diffuse radiation per unit time received an
horizontal surface.
Total solar radiatioms the sum of the beam and diffuse solar radiatio@a surface. The most
common measurements of solar radiation are totihtian on a horizontal surface, which is
often referred to as globeddiation on the surface.
Irradiance, with unite ofV/nf, is the rate at which radiant energy is incidemfisurface per
unit area of surface. The symlgslis used for solar irradiance, with appropriatessuipts for
beam, diffuse, or spectral radiation.
Irradiation or RadianExposure, with unit ofi/n?, is the incident energy per unit area on a
surface, found by integration of irradiance ovespecified time, usually an hour or a day.
Insolation is a term applying specifically to sodarergy irradiation. The symbblis used for
insolation for a day. The symboblis used for insolation for an hour (or other périb
specified). The symbdll andl can represent beam, diffuse, or total and cambsudaces of
any orientation.
Subscripts or5, H, andl are as followso refers to radiation above the Earth’s atmosphere,
referred to as extraterrestrial radiatitnandd refer to beam and diffuse radiatiohandn
refer to radiation on a tilted plane and on a plaganal to the direction of propagation. If
neitherT or n appears, the radiation is on a horizontal plane.
2.2.5 Solar time and angles
In all of the Sun-angle relationships, solar timeused. Solar time is the time based on the
apparent angular motion of the Sun across thewil, solar noon which is the time when
the Sun crosses the meridian of the observer.
Solar time does not coincide with local clock tirae,it is necessary to convert local standard
time to solar time by applying two corrections.sily, there is a constant correction for the
difference in longitude between the observer’'s dian (longitude) and the meridian on
which the local standard time is based. Apparethity Sun takes around 24 hours to rotate
around the Earth, namely, the Sun takes 4 minotésansverse °1of longitude. Secondly,
there is a correction from the equation of time thuéhe perturbations in the Earth’s rate of
rotation which affect the time when the Sun croskesobserver's meridian. The difference
in minutes between solar time and standard time is:

Solar time — standard time = 4¢(k L) + E
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whereLg is the standard meridian for the local time zdng,is the longitude of the location
in question, and longitudes are in degree west,i$h& < L <36C. The parametekE is the
eqguation of time (in minutes) given by Spencer ()9@s cited by Igbal (1983):
E =229.2 x (0.000075 + 0.001868cosB — 0.032077sinB — 0.014615cos2B
— 0.04089sin2B)

Equation of time
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=15
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1 27 53 79 105 131 157 183 209 235 261 287 313 339 365
nth day of year

Figure 22Equation of time varies through a year

It is necessary to note that the equation of time displacement from the standard meridian
are both in minutes. Moreover, there is a 60-miifecBnce between daylight saving time
(DST) and local standard time. Time is usually gpegtin hours and minutes.

Air mass (m) is the ratio of the mass of atmospliereugh which beam radiation passes to
the one it would pass through if the sun were atzémith. It is a measure of how far the light
travels through the earth’s atmosphere. One aisroa#®\M1 is the thickness of the earth’s
atmosphere. Air mass zero (AMO) describes the sokatiance in space which is unaffected
by the atmosphere. The solar irradiance of AM1.&risund 1000//nf, while the one of

AMO is considered to be the solar constagt G
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Figure 23Air mass
(Solarlux s.d.)
For zenith anglé, from (° to 70 at sea level, to a close approximation:
1
- cosl,

An empirical relationship from Kasten and Young&2Pfor air mass that works for zenith

angles approaching 90s:

e(—0.0001184h)
M = C0s0, + 0.5057 x (96.080 — 6,)~ 163+
Whereh is the site altitude in unit oh.

The geometric relationships between a plane ofpanjcular orientation relative to the Earth
at any time (whether that plane is fixed or movietative to the Earth) and the incoming
beam solar radiation, that is, the position of $lum relative to that plane, can be described in
terms of several angles (Benford and Bock, 1938né& of the angles are indicated. The

angles and a set of consistent sign conventionasafellows:

) Latitude, the angular location north or south ok tequator, north positive;
-90° < < 90
1) Declination, the angular position of the Sun daisooon (i.e., when the Sun is on the

local meridian) with respect to the plane of thaaqr, north positive-23.5° < § < 23.5°.

W Hour angle {), the angular displacement of the Sun east or ofeste local meridian

due to rotation of the Earth on its axis at p&r hour; morning negative, afternoon positive.

o

@ = 24hrs

X (ST — 12) = 15 X (ST — 12)

ST Standard Time.
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4 Surface azimuth angle, the deviation of the ptajacon a horizontal plane of the
normal to the surface from the local meridian, widro due south, east negative, and west
positive-180° < y < 180°.

0 Angle of incidence, the angle between the beanatiad on a surface and the normal
to that surface.

Additional angles are defined that describe thetjposof the Sun in the sky:

0, Zenith angle, the angle between the vertical &edihe to the Sun, that is, the angle

of incidence of beam radiation on a horizontal acef

zenith

Sun

east

west azimuth

south

Figure 24Zenith angle and azimuth angle
ag Solar altitude angle, the angle between the hotaéand the line to the Sun, that is,
the complement of the zenith angle.
Vs Solar azimuth angle, the angular displacement fsonth of the projection of beam
radiation on the horizontal plane. Displacementt easouth are negative and west of south
are positive.
Declination angled which may be -calculated, for engineering purposksm the

approximate equation of Cooper (1969):

§ = 23.45 X si <360><284+n)
= . Sin 365
Or from the more accurate equation (error < 0°2p®Bom Spencer (1971), as cited by Igbal

(1983)]:
8§ = 0.006918 — 0.399912c0sB + 0.070257sinB — 0.006758c0s2B + 0.000907sin2B
— 0.002679c0s3B + 0.00148sin3B
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Comparison of equations of declination angle
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Figure 25Comparison of equations of declinationlang

As the variation in Sun-Earth distance, the equatd time E, and declination are all
continuously varying functions of time of yearjdtcustomary to express the time of year in
terms of n, the day of the year, and thus as amgént between 1 and 365, for many
computational purposes. Note that the maximum e&tehange of declination is about 0.4°
per day. The use of integer valuesnah™ day of the year) is adequate for most engineering
calculations.

There is a set of useful relationships among tlagges. Equations relating the angle of

incidence of beam radiation on a surfa&gep the other angles are:

cosB = sindsin@Pcosf — sindcosPsinfcosy 4+ cosdcosPcoscosw
+ cosdsin@sinfcosycosw + cosdsinfBsinysinw
And
cosB = cosp,cosP + sing,sinPcos (y, —Y)
When the Sun is behind the surface, the afgleay exceed 90°. Also, when using the first
equation, it is necessary to ensure that the Barttot blocking the Sun (i.e., that the hour
angle is between sunrise and sunset). There aegat@ommonly occurring cases for which
the first equation is simplified.
For horizontal surfaces, the angle of incidencéhés zenith angle of the Sy, Its value
must be between 0 and 90 when the sun is abovieotiwon. For this situatior§ = 0, and

the first equation becomes:
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cos@, = cosPcosbcosw + sin@sind
The equation above can be solved for the sunsetdnglewg, whenf, = 90°:

sin@sind
cosw, = — —
S cos@cosd

The sunrise hour angle is the negative of the $umger angle. It also follows that the

number of daylight hours is given by

2
N = T cos~(—tan@tand)

A convenient nomogram for determining day lengts baen devised by Whillier (1965).
Information on latitude and declination for eitheemisphere leads directly to times of

sunrise and sunset and day length.

Day lengths in different locations
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Figure 26Day lengths all through the year in locais with different latitudes
The Figure above shows how the sunlight hours lerafianges depending on several cities
latitude. Helsinki is just South of the Arctic, wiSingapore is just North of the Equator.
Hemisphere tilts toward the Sun has longer daylad beam sunlight, while the other
hemisphere which tilts away has shorter ones. Ardteas near the equator experience little
difference in day length and seasonal temperatures.

cosB, = cosPcosdcosw + sinPsind

2.3 Models of clear-sky solar irradiance

Due to the change of the atmospheric conditionsaanthass, the effects of the atmosphere

in scattering and absorbing radiation are variabith time. Therefore, it is necessary to
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define a standard clear sky and under standarditcomsl it is possible to calculate the
instantaneous irradiance (WArand hourly radiation which are expected to beirezl on a
horizontal surface.

2.3.1 ASHRAE Clear-sky model

The American Society of Heating, Refrigeration @dConditioning Engineers, ASHRAE
publishes a model for estimating solar beam irracha solar diffuse irradiance and solar
global irradiance at locations in the Northern Hgphiere. This model represents the solar
irradiance at the Earth’s surface and under cleacsnditions (Moon 1940).

Beam normal solar irradian€s,,,

B
Gpn = A X e(_cosez)
WhereA:
B: Atmospheric extinction coefficient

Apparent solar constant

0,: Zenith angle (the angle between the verticalthiedine to the sun, that is, the
angle of incidence of beam radiation on a horiZsudace).
Diffuse solar irradiance on horizontal surfé&g
Gap = C X Gpp
WhereC is the diffuse radiation coefficient.
In handbook of ASHRAE (Fundamental) (Chapter 27eS@ation 1985), there are related
parameters of ASHRAE clear-sky model on the™ 2if each month and also the

corresponding Extraterrestrial solar irradianceyd&mpn of time and Declination angle.

Table 2Related parameters of ASHRAE clear sky ahagiel on the 21st day of each month

Month G, Equation of| Declination A B C
time angle
Winr min ° Wint - -
Jan 1416 -11.2 -20 1229 0.142 0.058
Feb 1404 -13.9 -10.8 1213 0.144 0.06
Mar 1383 -7.5 0 1185 0.156 0.071
Apr 1360 11 11.6 1134 0.18 0.097
May 1339 3.3 20 1103 0.196 0.121
Jun 1330 -1.4 23.45 1087 0.205 0.134
Jul 1328 -6.2 20.6 1084 0.207 0.136
Aug 1343 -2.4 12.3 1106 0.201 0.122
Sep 1364 7.5 0 1150 0.177 0.092
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Oct 1386 154 -10.5 1191 0.16 0.073
Nov 1408 13.8 -19.8 1220 0.149 0.063
Dec 1417 1.6 -23.45 1232 0.142 0.057

Curve fitting:
Through the process of constructing a curve andhemaatical function, for the whole year,
coefficients A, B and C can be shown as curves hwviiave a good fit to the series of

coefficients A, B and C given by ASHRAE (shown iigires as follows):

Curve fitting of Coefficient A of ASHRAE Clear-sky
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Figure 27Curve fitting of coefficient A of ASHRAE&-sky model

Curve fitting of Coefficient B of ASHRAE Clear-sky model
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Figure 28Curve fitting of coefficient B of ASHRAE&-sky model
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Curve fitting of Coefficient C of ASHRAE Clear-sky model
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Figure 29Curve fitting of coefficient C of ASHRAE#-sky model
The ASHRAE coefficients A, B and C are functionstioé n” day of year. As shown from
the figures above, generally, the curves fit anddach day of year, the coefficients are
constants respectively.

Also the curve fitting method created functionsa®ws:

_ 268+ n
A=1158—73><sm(27r 365 )
] 268+ n
B =0.17 + 0.035 X sin (27t 365 )
) 268 +n
C = 0.095 + 0.04 X sin (Zn 365 )
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Apparent extraterrestrial solar irradiance: A
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Figure 30Apparent extraterrestrial solar irradianéeas function of day of year

Extinction coefficient B and Diffuse radiation factor C
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Figure 31Extinction coefficient B and diffuse ratba factor C as function of day of year
With the daily values of A, B and C, it is possiliéecalculate beam normal solar irradiance
Gpn and diffuse solar irradiance on horizontal surf@gefor each day of the year with Sun at
different solar zenith angles.

2.3.2 Hottel clear sky model

In 1976, Hottel presented his method to estimatebktam radiation under clear atmospheric
conditions (Hottel 1976).

The atmospheric transmittance for beam radiatjon

-k

Gon —
= = Qay + aq X ecosez

Ty =

on
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To calculate the constarag, a; andk for the standard atmosphere with 8 visibility, the

. a a k . .
correction factors, = a—° = a—1 and r, = — are needed to allow for changes in climate
1

: k*
types.

Table 3Correction factors for different climate &g

Climate type To Ty Tk
Tropical 0.95 0.98 1.02
Mid-latitude summer 0.97 0.99 1.02
Subarctic summer 0.99 0.99 1.01
Mid-latitude winter 1.03 1.01 1

a; = 0.4237 — 0.00821 x (6 — A)?

a; = 0.5055 + 0.00595 X (6.5 — A)?

k* = 0.2711 4 0.01858 x (2.5 — A)?
WhereA is the altitude of the observer up to Rrh
Then the clear-sky beam normal irradiance can loeleded:

Gpn = Tp X Gop

As 1, is always bigger tham,, which is a positive value, the clear-sky beamnrair
irradiance G,,, calculated from Hottel model is always positiveeevduring sunrise and

sunset.

2.4 Measurements of solar beam and global horizonta | irradiance

Measuring direct normal solar irradiance is of gremportance in the development of
concentrating solar power plants. For technologitéization of solar energy, study of solar
radiation under cloudless skies is very importgmdrticularly for solar systems using
concentrators. Maximum insolation is obtained when skies are absolutely clean and dry,
and relatively less radiation is received when s@are also present. (A.Louche s.d.)
Accurate direct normal solar irradiance measuresduce uncertainty in predicting plant
performance, thus lowering the perceived risk afestiment in such projects, facilitating
more rapid acceptance and growth of the industry aghole. However, accurate direct
normal solar irradiance measurements are costlgh bo terms of equipment and
maintenance (T. S. al s.d.).

2.4.1 Measurement process
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The measurements of solar beam and global horizorddiance were carried on through
2010 continuously with a Normal Incidence Pyrhelen and a Horizontal Pyranometer
respectively.

There are several purposes for the measurementeai band global horizontal solar
radiation. Firstly, it is useful in simulation oblar cooling processes, while secondly the data
show comparison with those data thirty-five yeage 61975-1976) in Torino to indicate the
optical quality of its atmospheric change which \gesatly influenced by the implementation
of district heating system.

The instruments applied are shown as follows:

Figure 33Pyranometer

The Pyranometer is used to measure the globaldraaksolar irradiance.
2.4.2 Processing of measured solar beam irradiandata
Clear-sky measurements @f as a function of zenith angg, and plotted agG (1) versus
secB,, should yield a straight line with sloper(1) and intercepiGy(extrapolated back to
secf, = 0). An excellent example, along with a discussiontto§ process, is shown by
Stephens (1994) in his Fig. 6.1 (B. A. al 1999).
With Pyrheliometer and Pyranometer, the signal @atarecorded every 10 minutes as an
interval and the original data of solar beam iraade were in unit of voltage, hence, the
transform of unit is needed:

Gpn [W/m?] = ((G pn[V] + 0.01) X 2 x 1000) / 7.97
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The same for solar global horizontal irradiance:
Gen [W/m?] = ((G (1[V] + 0.09) x 2 x 1000) / 15

2.5 Data analysis and validation of clear sky theor  etical models

Direct normal solar irradiance data have been eyaplado validate some widely spread
atmospheric models both for the calculation ofcireormal irradiance and for splitting total
horizontal radiation into its direct and diffusemmonents.

Starting from the measured beam and total horizaméaliance, there are two main goals:
Firstly, to verify the well-known ASHRAE model (AS¥AE, 1985) for clear sky beam
normal irradiance Gbn, and ASHRAE model for diffigizontal irradiance Gdh; Secondly,
to verify total horizontal irradianceg@mplicitly.

2.5.1 Validation of clear sky models of solar beamormal irradiance

The ASHRAE clear sky model was originally develog®ed Moon (1940), and was later
modified by Threlkeld and Jordan (1958) and Stepben(1967). The ASHRAE model is
still widely used, especially for engineering cddtions, and may be described as follows:

Beam normal solar irradian€&,,

Gpp = A X e(_ﬁ)

WhereA: Apparent solar constant

B: Atmospheric extinction coefficient

0,: Zenith angle (the angle between the verticalthiedine to the sun, that is, the
angle of incidence of beam radiation on a horiZosugace).
Diffuse solar irradiance on horizontal surf&e

Gap = C X Gpp

Where C is the diffuse radiation coefficient.
The apparent solar constant (A, Wjmthe extinction coefficient (B) and the diffuse
coefficient (C) vary during the year, as reportgdASHRAE (1985).

As an example, both the measured and calculatedrei March 6 have been reported.
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Measured and calculated (ASHRAE model) solar irradiance on March 6, 2010
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Figure 34Measured and calculated (ASHRAE mode§rsaoladiances on March 6, 2010
The example above shows that the measured andateltuG, values look quite similar,

except for some shading of both the pyrheliometer the pyranometer in the morning time.

On the other hand, theyGralues calculated by the ASHRAE model are in gageeement

with data measured at the Department, but thdyss&im slightly underestimated.

G,,,_Measured VS G,,_ ASHRAE on 5 April 2010
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Figure 35Comparison of Gbn between measured dadaA8HRAE model on 5 April 2010
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Figure 36Comparison of Gbn between measured dada®8HRAE model on 21 October

For the solar beam normal irradiance Gbn only,abeve two examples on clear sky days

2010

can show that the ASHRAE clear-sky model mostlytlite solar beam normal irradiance.
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Gp,, Comparison between Measured data and ASHRAE model
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Figure 37Measured and calculated (ASHRAE model) Gitmes
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The figure above shows the comparison between mesund calculated values ofGor

the 18 clear sky days. A regression coefficie.@6 and a slight overestimate (7.8%) are an
evidence of the substantial acceptability of theHRB\E model for most engineering
purposes. The refinement of the method is beyordstope of this thesis, also due to the
modest quality level of measurements performednduthis campaign. Main sources of
errors were morning shading from buildings, limitadration of the measurement campaign,

and non regular calibration of the instrument.
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Figure 38Measured and calculated (Hottel mode)) @&lues
Other models, like Hottel (1976), provided a leaisactory correlation fr= 0.73), but a
similar — in absolute terms - error on the estin{fe@el1%). Its main drawback is the fact that
the atmospheric transmittance is never zero, asddads to a minimum value of around 200
W/m?, even for very high zenith angles.
2.5.2 Validation of clear sky models of solar diffse horizontal irradiance
Similarly, the diffuse horizontal irradiance valugg, have been calculated froGy, andGpn,

measurements as follows:
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Gdh = Gth - GanOSHZ
Ggn values have been compared to those predicted ®yABHRAE model of diffuse
horizontal irradiance not in absolute terms, bubtigh its ratio to beam irradiance (namely,

constant C in the ASHRAE model). The first compamied to the results shown as follows:
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Figure 39Measured and calculated (ASHRAE moddi)skf horizontal irradiance &g
The figure above is self commented: the large sbreéfathe data (very low regression
coefficient) and the systematic error (50% underede from theory) are immediately

visible.
Similar - although slightly better - results werstained by the Liu-Jordan model (1960),

shown in next figure.
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Figure 40Measured and calculated (Threlkeld 1958ude horizontal irradiance g
Additionally, the hourlyEg, comparison between measured data and ASHRAE nwdel
chosen set of clear-sky days in 2010 are also jakaih the measured data taken from the

department of Energy and the data from metecostati Politecnico di Torino.
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Hourly E;, Comparison between Measured data and ASHRAE model
on chosen set of Clear-sky days in 2010
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Figure 41Hourly B, comparison between measured data and ASHRAE roond#losen set
of clear-sky days in 2010

Hourly E4, Comparison between Measured data Modified by
MeteoPoli and ASHRAE model on chosen set of Clear-sky day in 2010
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Figure 42Hourly B, comparison between measured data in MeteoPoliABIdRAE model
on chosen set of clear-sky days in 2010

The ratio of solar diffuse horizontal irradiance golar beam normal irradiance (namely,
constant C in the ASHRAE model) is calculated. Bew measure@gy, and calculatedby,
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(C, blue lozenges, ASHRAE model), or between meak@g, and measure®y,, (C’, purple
squares).
As an example, the daily variations of C for theneaday on March, 6 2010 and on April 9

are shown in next two figures.
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Figure 43Daily variation of diffuse horizontal te&m normal ratio for March, 6 2010
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When G, ASHRAE values almost coincide with measured val@and C’ almost coincide
as on March 6, while this does not happen on April

The experimental C and C’ values are in the averagk above the C predicted by the
ASHRAE model, as it could be expected from the lteshown in figure of ‘Measured and
calculated (ASHRAE model) diffuse horizontal irradceG ;.

The most interesting finding is however that aydadgular oscillation of experimental C
values, symmetrical to noon time, occurs, with vieigh values at the extremities of the day
and at noon.

The last findings may be explained by the limitstloé isotropy assumption implicit in the
ASHRAE model: as the sun rises, circumsolar skyiatamh increases in altitude, and
therefore its vertical component tends to becomeemelevant. On the other hand, for very
low altitude angles the vertical componentGgf, in equationG,;, = Gy, — Gpncosf, tends to
decrease faster th&yy,, producing an asymptotical increase of C ratidaign infinite value
for 6, = 90°.

The author has no clear explanation of the relatheximum at noon. But the regular
symmetrical trend is still visible, and with furtheets of data could lead to a satisfying

explanation and maybe to a new “clear sky diffussdiance” model.

2.6  Atmospheric turbidity measurements in 2010 and comparison with
data in 1975-1976

2.6.1 Background introduction

Torino is a large industrial city located in Nortbstern Italy. It is the seat of the largest
Italian car factory, although recently most produeiplants have been moved to other sites.
In the last 35 years coal and heavy oil-fuelledtingasystems have been progressively
replaced by district heating and natural gas itetahs. Private and public transportation on
the other hand has hugely increased, althoughpthefee pollutant emissions in terms of CO,
NOy, SQ, and particulates have been dramatically reducédl eviforcing of more and more
stringent euro limits. A comparison between nowadayd 1975 situation under the chemical
and health points of view can be easily made becaascentrations of the main pollutants
are regularly monitored since a long time. Howeit@s, interesting to evaluate how changing
emission patterns have affected the optical quefithe atmosphere, namely its turbidity.

In order to make this comparison, direct normalasoiradiance has been continuously

measured during year 2010 at the Polytechnic sifEorino city centre and its values have
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been compared to those measured by one of therauthdng the period September 1975 —
July 1976.
2.6.2 Definition of turbidity
The intensity of a monochromatic beam of solaratain crossing a homogeneous plane-
parallel atmospheric layer is given by the so caBeuguer-Lambert Law:
GA — GOAe—T,lseCGZ
Where
G, is monochromatic solar irradiance at the ground,
Go, is monochromatic extra-atmospheric solar irracganc
7 is optical thickness of the atmospheric layers,
8, is Zenith angle of the Sun (angle between the s@dam and the local Zenith).
An ideal atmosphere in which only molecular scattefrom nitrogen and oxygen occurs
would have an optical thickness which has beenraed by Rayleigh in his fundamental
works in the early 1870’s giving an explanationtioe blue colour of the sky.
He showed that the optical thickness of this idgaiosphere, called “Rayleigh atmosphere”
can be determined as a function of wavelength anghh above sea level by the following
formula (Fracastoro, Attenuazione della radiazisoare diretta ad opera di un’atmosfera
industriale 1976):
32n3(n — 1)2H0
tmad = T30y,

Where
n is refraction index of the air (function of waveggh),
Ho is thickness of the homogeneous atmospheric layers
No is number of molecules per unit volume.
Introducing the values fdtlo, TandNo one obtains:
T = 1.04410°(n — 1)217*
From the above one may obtain the value of thel ideam irradiance through a Rayleigh
atmosphere, once the values of monochromatic extnaspheric irradianc€o. are known
(Coulson 1975).

co

GR — Goe—fmsecez — f Goﬂe(—rmlsecez) da
0
For a real atmosphere in clear sky conditions dllewWing applies:
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Where S takes into account the yearly variatiothefsolar constar®, andT is the number
of Rayleigh atmospheres producing the same beamnati@ad extinction as the real
atmosphere, and is called “Linke turbidity factol. spite of its limits, namely its slight
variation with air mass due to wavelength-dependeater-vapour and aerosol absorption,
the Linke turbidity factor is useful for comparisohatmospheric conditions under different

conditions (Coulson, 1975).

2.6.3 Atmospheric turbidity measurements in 1975-76Torino and Pino Torinese)

Starting from October 1975 until July 1976 a measwant campaign (Fracastoro, Misure di
radiazione diretta a Pino Torinese e a Torino, 1937 beam solar radiation was
simultaneously carried on in Torino (1.17 milliomhabitants, 240 m above sea level) and
Pino Torinese (about 5,000 inhabitants, 620 m)aBwo Kipp & Zonen Moll thermopiles
previously calibrated at the “Colonnetti” Metrologl Institute were used. One was placed on
top of the main Politecnico building (Torino), wiithe other was placed at the Astronomical

Observatory of Torino, located in Pino Torinese.

Pino Torinese is a small location on the hills alddukm East of Torino centre, 380 m above
the city. Its atmosphere tends to be unaffectedypical pollution problems which used to
characterize the industrial city of Torino.

The summary of these results is shown in figur8@f variation during three decades.
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Figure 45Turbidity values in Torino and Pino Torgeeduring1975-1976
As it could be expected, turbidity data in Pino ilese were always lower than in Torino.
However, while in the late spring and summer morilies difference was “physiological”
(less than 5%), i.e., justified by the differenickmess of the atmospheric layers, during the
heating season (from October to April) the differerbetween the two locations was much
higher than in the rest of the year (up to 100%November 20). This different seasonal
behaviour may be explained with the heavy pollutoghbustion appliances (heavy oil and

coal) used for heating and industrial premisefiasé years in Torino.

2.6.4 Comparison of atmospheric turbidity data in 875 and 2010

From February 2010 to December 2010 solar beanatradiwas regularly measured every
day at Torino, exactly at the same location as 975176 measurement campaign. The
measurement instrument was an Eppley Pyrheliom@tkrsolar tracker. Unfortunately, this
time no beam radiation data were available at Himonese, a useful reference for the new

data.

In 1975 Torino was still the seat of both the hegudlters and the productive plants of the
largest Italian carmaker. Population was reachitsg peak value (around 1.2 million
inhabitants), and private transportation was bogmiine main energy sources for industries,
and residential and commercial buildings were @a heavy oil. Moreover, the specific

climatic conditions of the Torino area, with vergwl winds and frequent winter thermal
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inversions, are rather unfavourable to pollutamg¢petsion. As a result, air quality was very
poor, and would absolutely be considered unacckptathder the present, both legal and

socio-environmental, points of view.

During the period 1975 to 2010, the city of Toriegperienced a profound change in its
socio-economical situation: the largest Italianncaker left only a few productive premises
and its headquarters in its birthplace, and movedtrof its plants to Southern Italy and
abroad (Brazil, Poland, etc.). The population ia ftrn decreased by about 250,000
inhabitants (from 1.15 to 0.9 million). On the athand, mobility increased by about 30%
(from 415,000 to 545,000 private cars in the samr@ogd), reaching more than 600 private

cars every 1000 inhabitants.

Moreover, Torino energy structure radically changedhile mobility increase was

compensated by more and more stringent pollutamgséom limits, the switch to natural gas
and district heating (nowadays, 410,000 Torino lnifaats are district-heated) led to
consistent reduction of pollutant emissions. Aerample, the SO2 time history is shown in

figure below (Comune di Torino s.d.).
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Figure 46SQ Concentration time history in Torino
While SQ concentration is now just 1% of 35 years ago kviile air quality in Torino is

still poor, compared to other Italian and Europezties, with higher than acceptable
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frequency of days in which pollution levels are tag threshold, especially in terms of NO

and particulate matter.

For instance, Particulate Matter decreased onlw ligctor four from 19(ptg/m3 in 1974 to
values around 40-50g/m® in these last years.

A comparison of the measurements in Torino and Pi8@5-6) and Torino (February 2010-
December 2010) is shown in figure below. Eighteaitycsets of data were chosen from this

measurement campaign as examples of clear sky days.

Comparison of Turbidity Factors between 1975-6 and 2010 in Torino
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Figure 47Turbidity factors in 1975-6 and in 2010Tiarino
The conclusion which may be drawn is that turbidigfa have not radically changed during
the last 35 years. They appear slightly below tliedata during the heating season, while
they seem somehow higher during the rest of the §fgaril 15 to October 15, or days 105-
288).

2.6.5 Conclusions

Turbidity measurements carried out 35 years agevetia strong seasonal variation, with
higher values during the heating season. Torindidity values are two Rayleigh
atmospheres above those of the reference station {®rinese) during winter time, while

they are just a few percentage points above tleeeete in the late spring and summer.
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The new measurements performed during 2010 hawerskialues comparable to those of
1975-76, but without an apparent seasonal variatioe optical quality of the atmosphere

seems to have improved in the winter time, and needsthe same during the rest of the year.
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CHAPTER 3 COMPONENTS AND PERFORMANCE OF SOLAR
COOLING SYSTEM

3.1 Holistic view

The use of solar energy comprises a wide rangses.First of all, there is the conversion of
energy from solar rays into thermal (heat) enefidys thermal energy can be used for many
different purposes: for the production of electrieaergy (by means of thermoelectric solar
power stations), as process heat for industrial iasehe generation of cold (for example by
means of absorption cooling) or for domestic udais Thesis is concerned primarily with
domestic use, therefore the production of heat for

* hot water (DHW)

* space heating and

» space cooling (air conditioning).

Solar assisted domestic hot water (DHW) and spaedéiniy technologies use solar radiation
to produce usable heat for water directly. Solaistéesd domestic hot water demand can be
met all through the year whenever there is sunligimile space heating is required during
winter season. During summer, the demand for aiditmning for residential buildings,
offices, hotels, public offices, etc., is considdea As solar radiation is maximum in summer
time, when there is the greatest need for air-¢dmrdng, therefore the interest in solar
cooling is growing. The study in this thesis isatglg to the whole instead of a separation
into parts, hence, it is called the holistic poaftview. When a solar thermal system is
designed, the demand for domestic hot water, speagng and cooling are all considered so
as to make full use of the solar radiation all tlyio the year, instead of letting the solar
thermal collectors useless during winter or sumniéis is also for the best use of the

investment of solar thermal installation.
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Figure 48A typical solar cooling system
Solar cooling systems are comprised of three kagest mainly: solar thermal collector
circuit, cooling process and chilled water or ancuit. A typical solar cooling installation
consists of solar collector, pipes and pumps, gworank, control unit, a thermal driven
cooling machine.
To collect the most possible energy coming fromasoays, collectors are oriented at an
optimum angle with respect to the sun. Solar ramhais converted into heat by means of a
highly absorbent layer (absorber) inside of thelectbr. A glass covering prevents the
thermal energy from being dispersed into the emvirent. The absorber is passed through by
a liquid, which transmits the heat directly to tiser, or to a storage tank.
From the periods of sunshine which rarely coincidés those of hot water consumption,
thermal energy is temporarily stored in a tank. Tiermal tank used is possibly sized in a
way that allows the satisfaction of hot water dethéenergy demand) of 2-4 days. In this
way it is possible to easily make it through evesslsunny summer periods. In the winter
season it is necessary in many cases to employi@uienergy sources, such as oil, gas, or
wood. If a system is well designed, it allows fooger functioning with the least possible use

of additional energy.

3.2 Solar thermal collectors

3.2.1 Typologies of solar thermal collector

There are some ways to classify solar thermal ctolis. According to the temperature of
fluid inside of the collector produced, solar thatroollectors are classified by the United
States Energy Information Administration as lowedium-, or high-temperature collectors.
Low-temperature collectors are flat plates gengnadled to heat swimming pools. Medium-
temperature collectors are also usually flat pldtesare used for heating water or air for
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residential and commercial use. High-temperaturbecors concentrate sunlight using
mirrors or lenses and are generally used for ebegwer production.

Low temperature solar collector produce fluid of-3C, including flat plate (glazed,
unglazed), and vacuum tube. Average temperatueg sollector produce fluid of 60-250°C,
including vacuum tubes heat pipes Compound Pa@l@sncentration (CPC). While high
temperature solar collectors can produce workiogl flvith temperature higher than 250°C,
and those collectors are for concentration towentf@al receiver) systems or they are liner or
trough-type Concentrators.

For small scale of solar heating and cooling systehe temperature of fluid inside the solar
collectors is usually not that high as 250°C. Ardading to the type of collectors, there are
unglazed collectors, glazed collectors, and vactube collectors. Among different types of
collectors, the most suitable one depends on esgia

Unglazed collectors uncovered flat-plate collector type. Unglazedlexibrs are ideal for
heating pools and for certain uses of pre-heatimigwater. In regions where strong winds
prevail, there are greater convective losses. @rother hand, unglazed collectors are low in
cost and do not cause reflection.

Glass-covered flat-plate collectorsare the most widely used collectors. They ar¢abie
for pre-heating water, for the production of hottevaand for space heating. They are a
somewhat more expensive than uncovered collectdmnks to their good thermal
insulation, they are suitable for integration inddes.

Figure 49Schematic drawing of a glazed flat-platéector
In this figure above, the heat transfer fluid flothsough the thin longitudinal pipes.
Vacuum tube collectors are especially ideal for the production of hottevaor where
external temperatures are generally low (or whearsiderable part of solar irradiation takes
place in winter). This is based on the idea that dbsorber in a vacuum tube only loses

energy for thermal irradiation. In addition, thdleetive behavior of light and the geometry
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of the tube in glass contributes to making thequigly falling light arrive more efficiently to
the absorber compared to what happens in flat-glalectors. Overall, tube collectors are
the most expensive though, and for certain usesnatealways as suitable as flat-plate
collectors.

Figure 50Schematic drawing of a vacuum tube cadle@@olysun user manual s.d.)
In the figure above, the heat transfer fluid fladwsough the thin longitudinal pipes.
Type of fluid
There are several types of fluid flowing inside Hwar thermal collectors. According to the
state, they are divided into liquid, Freons, amd ai
The liquid fluid includes water or water plus argdze (glycol ethylene or propylene). The
specific heat is high, so there is a good heasteanbut this kind of fluid causes corrosion,
viscosity variations, and thermal expansion.
It is dangerous to have freezing in winter. Considethe external temperature can reach
below zero, an anti-freeze product would be usednally glycol. The higher the quantity of
glycol, the lower the thermal capacity of the flulethylene glycol is normally used at a
concentration of 33% (propylene glycol at 38%). aAsesult, the fluid will only freezes like
gelatin, without causing explosive effects inside tollector (Polysun user manual s.d.).
Freons (HCFC) is used in heat pipe installatiortsclvhas an excellent efficiency, but it also
causes corrosion.
Air is usually used inside the solar-wall. There aeveral advantages such as: lower cost,
lower weight, no corrosion, no heat exchangerssimice heating, and the heat transfer
process is quick. While there are also problemsefample, the ductwork is large, the heat
transfer effect is bad, and there is the dust partation, etc.
The liquid fluid of water plus antifreeze is quitemmon for small scale solar heating and
cooling system.

3.2.2 Thermal balance of solar collectors
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The solar irradiation values naturally cannot b&rely utilized by a collector. The thermal
performance of a solar thermal collector is detaadibased on its optical properties and its
insulating capacity. When solar radiation fallstba solar thermal collector, there are optical
losses, such as the reflection and absorptioneigldzing, and the reflections in the absorber;
also between the glazing and the absorber, therenaitiple reflexes. The remaining solar
radiation is absorbed in the absorber, from whieeehieat is transferred mainly through heat
conduction and convection, to the heat transfed fhaedium. Thereafter, the heated liquid is
pumped to a heat storage tank. There are alsolb&sds from absorber, mainly through
convection and radiation, but also due to condadtigat losses. To reduce the heat losses, it

is very important to build good insulation of bakie collector and the piping (Gajbert 2008).
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Figure 51Heat transfer in the solar thermal collect
There are various factors which contribute to caose part of the energy not to be
transmitted to the heat transfer fluid.
1) The partial reflection on the cover glass (appr8%), except for uncovered
collectors,
2) The partial absorption by the collector, dependinghe coating: minus 4-10%,
3) The incomplete cooling of the absorber, the scedaffactor F': minus 3-10%,
4) The emission of heat by thermal radiation, depemdom the coating and the
temperature,
5) The loss of heat by means of thermal conductioncamdection, losses depending on

temperature.
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The efficiency of a collector greatly depends om ttifference between the average
temperature of the collector and the external teatpee. If this difference is substantial (i.e.
80°C), there are great losses because of therrd@tian and convection. In case of small
temperature differences, the efficiency can reactowapprox. 90%. When the temperature of
the collector, due to cold fluid, is less than suerounding ambient temperature, efficiency
could result even greater than 100%. In this cheehtat transfer fluid becomes heated not
only by the sun, but also by the heat from theaurding environment.
From the energy balance point of view, for a flate, the conservation law states:

QU = Qs - QL - Qs
Where
Qy is net enthalpy flow of the collectds]
Qs is net solar irradiatiory/
0, is the heat los$y
Q. is heat storage in the collectd¥,
In many cases, the thermal capacity of the coltastemall, or the transients are moderate. In
these cases the last term drops out. In steady-atelyses, the last term is zero, and the rest
of the terms are assumed to be quasi-invarianttmité (Lior 1990).

Qu = 1icy (T, = T)

Qs = TaAG = SA

QL =ULA(T, — To)
Where
T; andT, are inlet and outlet temperature of the fldid,
Ais the collector arean?,
G is the solar total irradianct/ /m?,
U, is collector overall heat loss coefficieft,/m?,
T is transmission coefficient of glazing,
« is absorption coefficient of plate,

T, is mean fluid temperature:

T,is outdoor temperaturé.

The efficiency of collector can be calculated is:
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As seen from the equation above, the efficiencyraebses with increasing operating

temperature.
It is somewhat inconvenient to use the equatiomv@albecause of the difficulty in defining
the collector average temperature. It is convertiemlefine the collector heat removal factor
Fr which relates the actual useful energy gain obléector to the useful gain if the whole
collector surface is at the fluid inlet temperature
_ (T =T

A(Gtra — UL (T; — Ty))

So, the actual useful energy gain is found by mplyitng the collector heat removal factor by

Fg

the maximum possible useful energy gain:
Qu = FrA(Gra — U (T; — Ty))
This equation is a widely used relationship for sugang collector energy gain and generally
known as the Hottel-Whillier-Bliss equation (Strac&nn 2008).
Thus, the instantaneous thermal efficiency of éectdr can be written as:

T, — Ta>
G
3.2.3 Collector efficiency according to European ahdards (EN)

n= FRTCZ - FRUL <

The efficiency of a collector is represented bysbecalled efficiency curve.
The difference in temperature, between the averaljector temperaturé,, and the outdoor
temperaturdy,, is divided by the total solar irradianGe
x=(Tn—Ta)/G
The trend of the curve can be described by meaagofynomial of the second order, clearly
determined by three parameters, a,and a,. The efficiency is a function of total solar
irradianceG, average temperatufg,, and outdorr temperatufg:
N =1y — a1 x — a,x*G

Where
1o IS conversion factor,
a, anda, are the loss coefficients.
AssumingG = 1000 W /m?, T, = 20°C, a normal glass-covered flat-plate collector Huaes t
parameters as follows:

o = 0.83

a; = 4.23
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a, = 0.012

The efficiency curve of this kind of collector is:

Collector efficiency curve of a normal glass-covered flat-plate
collector
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Figure 52Efficiency curve of a normal glass-coveflatiplate collector
no IS the efficiency rate achieved when the averageperature of the collector and the
outdoor temperature are equal. This value shoulcdidédigh as possibler; and a, are
combinations of different loss factors. In a welulated collector, these values should be as
low as possible.
The operation of a solar energy system requiresr@io compromises. On one hand, the
collector is needed to work at the highest efficietevel, on the other hand, the generated
hot water should have a temperature of 50-60°Ctt8® means having the collector operate
at these temperatures, and that is why solar ensrgffen used for the pre-heating of water
in large buildings. When cold water is heated fro@iC to 30°C, the collector works at a
high level of efficiency. In terms of energy demaitds of little importance that the water is
heated from 10°C to 30°C or from 30°C to 50°C. Efare, the efficiency rate of collectors
is quite high in pre-heating. These kinds of systeran be profitable already after a few
years (Polysun user manual s.d.).

3.3 Technologies of solar cooling

From a thermodynamic point of view, there are mamgcesses conceivable for the

transformation of solar radiation in cooling. Ske figure as follows:
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Figure 53Physical ways to convert solar radiatiomoi cooling or air-conditioning
In the figure above, the processes marked in degly gre those with market available
technologies for solar cooling or air-conditioninghile the processes marked in light purple
are the technologies in status of pilot projectssgstem testing (H.-M. Henning, Solar
assisted air conditioning of buildings - an ovew2007).
The systems of solar cooling technologies undesicdanation are generally divided into two
main categories: closed and open cycles. Closee dgadhnologies apply thermally driven
chillers to produce chilled water which can be uedany type of cooling equipment. Open
cycles are referred to direct treatment of fresh iai ventilation system such as the
temperature and humidity (H.-M. Henning, Focus péairSolar assisted cooling 2008).
The focus of this thesis is on solar cooling ametanditioning systems in small and medium
size capacity range. Small applications are systeitiisa nominal chilling capacity below 20
kW, while medium size systems may range up to apd00 kW. Systems in small capacity
range are usually consist of thermally driven elilwater systems, where the distribution
medium, chilled water in a closed loop to remove tbads from the building, whereas
medium sized systems may be open cycle desiccapioeative cooling systems, where the

supply air is directly handled in humidity and tesmgiture respectively in an open process.
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Figure 54General type of thermally driven coolingdaair-conditioning technology
In chilled water systems, the central chilled watestribution grid may serve decentralized
cooling units such as fan coils, chilled ceilingslls or floors. It is also possible to make the

chilled water used for supply air cooling in a eahgir handling unit.
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Figure 55Basic scheme of a thermally driven coopngcess
Any thermally driven cooling process operates aedhdifferent temperature levels. The
driving heatQy..: 1S supplied to the process at a temperature lev&);, while the heat is
removed from the cold side producing the usefutl @),;,; at temperature levdl;. Both
amount of heat are rejected @ jecteq at @ medium temperature levig}. The driving heat
Qneqr May be provided by the solar thermal collectonalor in combination with auxiliary
heating system.
A basic parameter to quantify the thermal procassity is the coefficient of performance
COP, which is defined as:
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COP = Qcold

Qheat
COP indicates the amount of heat required for pemduunit of cold, namely per unit of

removed heat from the load side.

The COP and the chilling capacity depends stronglyhe temperature levels Bf, T, and

Ty

In market available products of thermally drivernllehs, the COP range is from 0.5 to 0.8 in
single-effect machines, while it can be up to h.double-effect machines.

3.3.1 Absorption chillers

The dominating technology of thermally driven watkillers is based on absorption.
Absorption chillers are available on the marke& wide range of capacities and designed for
different applications. The majority systems aua#aare in a range above 100 kW of cooling
capacity, while, also a few commercial systemssfaall power, below 30 kW, are available
at present.

There are at least two chemical components fob#isec physical process, refrigerant and the
sorbent. For air-conditioning applications, theapsion chillers mainly use the sorption pair
water-LiBr, where water is the refrigerant and LiBrthe sorbent. The basic construction is
called single effect machine, in which for eachtunass of refrigerant evaporating in the
evaporator, one unit mass of refrigerant has todésorbed from the refrigerant-sorbent

solution in the generator.

hot water
(driving heat) cooling water

| |
L~

GENERATOR CONDENSER

ABSORBER I\”“ - I\—"I EVAPORATOR

cooling water chilled water

Figure 56Scheme of a thermally driven absorptioiierh(SOLAIR 2008)
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Under normal operation conditions, a single effdatorption machine needs driving heat at
temperatures of 80-100 ° C and the COP can achaemend 0.7 (H.-M. Henning, Solar
assisted air conditioning of buildings - an ovew2007).

Chillers using a double effect cycle are also amd. Two generators working at different
temperatures are operated in series, thus the nsadaeat of the refrigerant desorbed from
the first generator is used to heat the secondrgemmeThe COP of a double effect absorption
chiller may achieve a range of 1.1-1.2, with muahér driving temperatures in the range of
140-160°C required. This kind of systems is onlgikable in the range of large capacities.

In recent years, there is a number of new chiltedpcts entering the market in the small and
medium capacity range. These products are desigmeloe operated with low driving
temperatures generally speaking so as to be apjdifar stationary solar thermal collectors.
The lowest chiller capacity available is now 4.5 k®6me examples of small and medium

sized absorption chillers are shown in the figlre®w:

Figure 57Examples of small size absorption chillgvater-LiBr) (Rotartica, Sonnenklima,
EAW s.d.)

3.3.2 Adsorption chillers

Solid sorption materials are used in adsorptiofieziand this kind of materials adsorbs the
refrigerant while it releases the refrigerant unbeat input. A quasi-continuous operation
requires that at least two compartments, the ewapoland the condenser, with sorption

material. The figure below shows the componentnaddsorption chiller.
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Figure 58Scheme of an adsorption chiller

While the sorbent in the first compartment is resggated using hot water from the external
heat source, e.g. solar collector, the sorbenth@a $econd compartment adsorbs the
refrigerant vapor entering from the evaporators tompartment has to be cooled in order to
enable a continuous adsorption. The refrigeranhdensed in the cooled condenser and
transferred into the evaporator, is vaporized uholerpressure in the evaporator. Here, the
useful cooling is produced. Periodically, the compants are switched over in their
functions if the cooling capacity reduces to aaiarvalue due to the loading of the sorbent in
the adsorber, and this is usually done through i&clsveontrol of external located valve
(SOLAIR 2008).

Until now, there are only few manufacturers worldei from Japan, China and from
Germany produce adsorption chillers. Typical CORies of adsorption chillers are 0.5-0.6.

The figure below shows two examples of adsorptiuiiers:

Figure 59Examples of adsorption chillers (Nishiyddapan), SorTech (Germany) s.d.)
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One advantage to use adsorption chillers is tleaethre low driving temperatures, beginning
from 60°C, and the solution pump is not needed witlomparatively noiseless operation.
3.3.3 Desiccant cooling

Open cooling cycles produce directly conditioned any type of thermally driven open
cooling cycle is based on a combination of evapgeatooling with air dehumidification by a
desiccant, for example, a hygroscopic material.

Desiccant cooling processes are divided into twaesy solid sorption and liquid sorption.
Solid sorption uses rotating desiccant wheels, pgmpd either with silica gel or lithium-
chloride as sorption material. All required compatseare standard and have been used in
air-conditioning and air-drying applications foriloings or factories since many years (H.-
M. Henning, Task 38 Solar Air-conditioning and rgération 2010).

System using desiccant wheel System using liquid desiccant

Figure 600pen cycles-desiccant air handling units
The standard solid desiccant cooling cycle usinigsiccant wheel is shown in the figure as

follows:

humidifier

desiccant rotor  heat recovery

Figure 61Schematic of a solar solid desiccant evaipee cooling system (DEC) using
rotating sorption and heat recovery wheels (ISE)s.d
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Figure 62Sketch of a DEC unit (Munters s.d.)

The application of this cycle is limited to temperalimates, because if the ambient air is

with far higher values of humidity, the possiblddmidification is not high enough to enable
evaporative cooling of the supplied air, for exampthe climates like those in the
Mediterranean countries (SOLAIR 2008).

Systems employing liquid sorption have packed bed plate exchanger, using LiCl-
solution. Liquid sorption materials have higher dehumidification at the same driving
temperature and it is possible to have high enefgyage by means of concentrated
hygroscopic solutions. These systems are not yekehavailable but close to the market
introduction. There are several demonstration ptsjecarried out in order to test the
applicability of this solar cooling technology. Agsible general scheme of a liquid desiccant
cooling system is shown in the figure as follows:

Regenerator < Q driving heat

LiCliwater

regeneration air
I T

cohcentrated )
) solution storage
solution

Absorber
= Q, rejected heat

supply air P diluted solution

Figure 63General scheme of a liquid desiccant egpBystem (ISE s.d.)
The supply air is dehumidified in a special confeglispray zone of the absorber, where a
concentrated salt solution is diluted by the hutgidf the supply air. The process efficiency
is increased through heat rejection of the sorphtieat, e.g., by means of indirect evaporative

cooling of the return air and heat recovery. A sgjent evaporative cooling of the supply
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air may be applied, if necessary (heat recoveryeuaporative cooling is not shown in the
figure). In a regenerator, heat e.g. from a saddlector is applied, to concentrate the solution
again. The concentrated and diluted solution maytbeed in high energy storages, thus
allowing a decoupling in time between cooling aeganeration to a certain extent.

In open cycle desiccant cooling systems, the CORuish more difficult to assess, because it
depends more strongly on the system operation.

3.3.4 Ejector cooling

Solar ejector cooling technology is used for ainditoning of trains or large buildings. The
generator temperature is between 85 and 95°C, @fésCeported are in the range of 0.2-
0.33 for a condenser temperature between 28 ar@. 32fere was a report of a much higher
COP of 0.85 for a pilot steam ejector plant, bug ttan only be possible with a heat source
temperature at 200°C. The solar ejector cooling ahgseat advantage which is the simple
construction of the ejector systems, while the Gtdkes it difficult to compete with other
solar driven technologies. It is unlikely that CO®&uld be improved to a competitive level
due to the inevitable energy dissipation in the kiv@y mechanism of conventional ejectors
(D.S.Kim 2008).

3.4 Market available standardized solar cooling kit s in Europe

The solar cooling kits usually include solar therowlectors with attachments, hot water
storage, pump sets, sorption chiller, re-cooleitlethwater storage and a system controller.
The potential for solar cooling in Europe is hugéjle there are only a small number of
companies develop and offer standardized smalegcgl to 30 kW cooling capacity) solar
cooling kits so far. The great challenge is tognée the cooling system into a standard
solution.

The cost of a solar cooling kit is still fairly igSolarNext for example, the market pioneer
in this segment, the specific total costs of thetaled solar cooling systems in Europe have
been between 5000 and 8000 €/kW cooling capacitydapending on the application and
the site, the prices of average system have reafoeitid 4000 to 4500 €/kW. Hence, to
reach a reasonable payback time, an all-seasoof se¢ar energy for domestic hot water,
space heating and solar cooling is indispensabiieshwis also called the holistic point of
view.

The other three main companies are also strivimgdace costs, while sometimes, the cost
of a solar cooling kit does not include the re-enoll he average value of specific collector

surface of listed kits is 4.2 %W cooling capacity. If the solar fraction for thelar cooling
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system is set to be more than 70%, the colleceasashould be supplied with 4.5/kwW or

more. The average value of all installed smalbtgé solar cooling systems in Europe is

increasing. Until year 2006, it was 3/ (Solar cooling kits for Europe s.d.).

Table 4Market available standardized solar coolkiig in Europe

Hot
Cooling Cold Collector
Technology _ buffer
Company _ _ capacity | COP buffer area Recooler
/working pair storage
[kW] storage [l] [m?] .
_ Dry recooler
Adsorption, ,
- 7.5 0.56 - 34 1825 | with water
water/silica gel )
spraying
_ Dry recooler
- Adsorption, _
= _ 10 0.50 - 46 2475 | with water
< water/zeolith )
= spraying
)
0) Absorption, Wet cooling
< ) 12 0.62 1000 52 2825
2 ammonia/water tower
2
S|
= Dry recooler
A Adsorption, y
- 15 0.56 - 68 3650 | with water
water/silica gel )
spraying
Absorption, Wet cooling
. 17.5 0.70 1000 78 4300
water/LiBr tower
=2 Absorption, Wet cooling
o EG , 15 0.71 1000 48 2000
o8 E water/LiBr tower
288
35° Absorption, Wet cooling
20 , 30 0.75 1500 96 4000
=¥ water/LiBr tower
T
Dry recooler
E Adsorption, y
Q) - 7.5 0.56 - 32 1500 | with water
Xx water/silica gel )
c spraying
<
o ©
2 5
s 3 Dry recooler
3 < Adsorption, ,
c - 15 0.56 - 64 3000 | with water
2 water/silica gel .
= spraying
?
Adsorption, 30 n.a - 124 6000 n.a.
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water/silica gel
Absorption, Wet cooling
_ 54 0.75 4000 221 10000

water/LiBr tower

= 5 § Absorption, Wet or dry
x 2 & ¢ _ 10 0.77 - 30 to 40 1000 _

S s O water/LiBr cooling tower
n g O

3.5 Performance of solar cooling system

3.5.1 Solar fractions

In the simulation or pre-design stage, it is nemgs$o define solar fractions to analyze the
system’s behavior and performance. In simulatiofinvese Polysun, to evaluate the
performance of the solar heating and cooling systémee solar fractions are defined as

follows:

solar energy to storage tank

SF; =
' solar energy to storage tank + auxiliary energy to starage tank

SF — solar energy to the system
" solar energy to the system + auxiliary energy to the system

irradiance onto collector area

SF; = - - —
irradiance onto collector area + auxiliary energy

The limits for the calculation of each solar fraatiare shown in the figure below:

———5Fg

SFn
[ = ] T \ '
z { i“ ] - - LLL|
g N
_ ;SRR || vl
e : ne|
"_2_5':;-: [Epaichaf's
3 =
R e NG g s e

Figure 64Limits for the solar fraction calculatigRolysun user manual s.d.)
To calculate the solar fraction for hot water arghting separately, it is only possible for
special system configurations where the heat fatihg and hot water are run and stored
separately.
3.5.2 Fuel and CQ savings
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In most cases, solar heating and cooling systeenssad as support to conventional systems
for the heating of hot water. During the summerilaary heating is most often inactive if
cooling load can be met, while during the wintdoiims the main contribution to heating.
Electric auxiliary heating is often used to lightdre work load of the boiler in summer.
Normally, by installing a solar energy system, tiee of auxiliary electric heating is
canceled.

The use of the solar energy system enables to ecoloit fuel demand and G@missions.
For a solar heating and cooling system, the sawagsbe calculated based on the calorific
value and the annual average efficiency of the geaerator.

For fuel saving calculation, ti#,; solar energy in the tank is divided by the heatialyie of
the fuel and the total yearly boiler efficiency:

Ssol [k]]

Heating valuesye [%] X total yearly boiler ef ficiency

Fuel saving [unit] =

With reference to C@savings the solar yield to the tank is multiplledthe CQ emissions

from the fuel and divided by the yearly boiler eii@ncy:

Sso1 [G]] X CO,emission
total yearly boiler ef ficiency

Impeded CO, =
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CHAPTER 4 SENSITIVITY ANALYSIS WITH POLYSUN

4.1 Polysun simulation software

In this chapter, the simulations are focused orsthall or medium size solar cooling system
with thermally driven sorption chiller, not only ¢euse the solar heating and cooling systems
are increasingly popular among single and multiili@sy but also because this simulation
research is related on the pre-design stage ofg@m@ solar cooling project and the
performance monitoring and evaluation of small siakar cooling system in IPLA, Torino.
The design and dimensioning of a solar coolingesystiepends not only on the maximum
cooling load. Dynamic simulations have shown thatiso depends on the characteristics of
the cooling load distribution all over the year.

The solar fraction of the required solar heatingrgg depends on the collector type and area,
storage tank volume, specific mass flow rate ofdbiéector field, the control of the collector
circuit pump, and the charge and discharge confrtiie storage tank.

On the side of the thermally driven sorption chilleachine, absorption chiller machine for
example, the overall performance of the machirggsificantly influenced by the control of
the cooling temperature at absorber and condendet, ithe required chilled water
temperature and the heating temperature on theaenside (Ursula Eicker 2009).

Also, the building and its location, along with tbentrol strategies, all have influence on the
performance of the solar cooling system.

In the following simulations discussion, the infheéng factors such as collector type, area,
storage tank volume, control strategies, etc., aralyzed with multi simulations using
Polysun, and the performance both from technicdlesmonomical side is evaluated.

Polysun is a software that enables users to effdgtisimulate solar-thermal, photovoltaic
and geothermal systems (Polysun user manual $he)program provides dynamical annual
simulations of solar thermal systems and makesnigdition. The operation is with dynamic
time steps from 1 second to 1 hour, so as to nfaksitnulation more stable and exact. Also,
this software has a graphic-user interface whiagimfs a clear input of all system parameters
required.

The aspects of Polysun are based on physical masleish work without empirical
correlation term. Furthermore, the economic viapiinalysis as well as ecological balance,
which includes emissions from the eight most sigaiit greenhouse gases, can be
performed, hence it is possible to compare theesystworking only with conventional fuel
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and those with solar thermal driven. Polysun wdslated by Gantner, and was found to be
accurate to within 5-10% (M. 2000). Accuracy anficefncy is of paramounimportance
when planning a solar cooling system and Polyssolar cooling module allows users to
reliably predict the performance and energy consiommf every single component through
physics-based simulation, as well as effectivelgudate energy efficiency.

The modular approach and the hydraulics focus ahaneailable components allow the use of
Polysun in the early planning phase and the opétiuna of system components and control
strategies. It has been recognized that a physasgdonumerical treatment with a fully
coupled system of equations is capable of predjdtie system behavior and in principle is
useful for analysis, design and optimization (Selyedsein Rezaei 2009).

In this chapter, simulations of solar cooling aeried on with Polysun combining with
domestic hot water and space heating in some dasdbe sensitivity analyses of solar

cooling installations.

4.2 Template and reference system

4.2.1 Influence of location

The dimensioning of a solar cooling system requitesosing the correct size of the sorption
chiller, but this is not sufficient for the dimeasing of the solar cooling system to achieve a
certain solar fraction. The reason is that diffedemildings have various daily cooling load
characteristics with maximum cooling power demandiifferent timing during the day,
while there is a fixed timely availability of solanergy. To solve the time shifts problem
between maximum cooling load and maximum solaratazh or cloudy days with little solar
radiation available, hot water and chilled waterage tank are introduced into the system.
Hence, the location of the building has a clealuerice on the required cooling load, and
also the performance of the solar cooling systebsofption chiller for example, apart from
the local solar radiation available, the ambientgerature and humidity are the most critical
parameters for the efficiency of the system.

In this thesis, the location is always set to b&atno, Italy, where the pre-design Helios-HP
project and IPLA solar cooling installation aredted.

4.2.2 Template scheme

In Polysun simulation of solar heating and coolaygtem, template 71a - Space heating and
cooling + hot water (absorption chiller, dry reclhas the only proper scheme which can
be used as an initial design structure of a sotalimg system. During the following

simulation analyses, component types, sizes arelagvarameters will be changed.
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Figure 65Schematic of template 71a - Space heatmlcooling + hot water
This solar heating and cooling system combinindhwlibmestic hot water includes flat-plate

collector, a combi master storage tank, a sindiecefsmall size absorption chiller, an

auxiliary gas boiler, fan coils, pumps, etc.

There are some basic parameters which are defefedetthe simulation in the table below.

Table 5Basic parameters of the template 71a

Location

Torino, Italy, Europe

Electric grid voltage [V]

230

Consumers

Hot water and space heating (Without pool or pretesat)

Energy generators

Absorption chiller

Solar thermal system with boiler (oil, gas, wood);

System

Small size

Single field collector

Potable water: Buffer tank with coil/Tank in tank

4.2.3 Denominations and representation of the redsl

To evaluate the simulation results of a solar tlersgstem in Polysun, it is necessary to get

an idea of the denominations and representatidineofesults.

The abbreviations for the energy balances are a\iaged on the same model in Polysun

simulations. For the symbol ‘QparS’, it means teathiransferred from the pump to the solar
loop. Q stands for the energy transferred to tistesy or rather to the hydraulic system, and
‘par’ is for parasitic energy, e.g., the pump. Soisthe circuit, and in solar thermal systems,
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especially for the solar loop. The last index issmg, here S, it is meant to the transferred
heat energy to all loops by all available pumps.

Heat loss to interior space ‘Qint’ means the losgedl the components present indoors, also
including the chemical energy losses in boilerdats than 100% efficiency.

‘Qdem’ is the energy demand, calculated by Polysurich should be possibly covered. In
the case when the ‘Quse’ (effective energy consiomptis lower than the ‘Qdem’, the
energy demand cannot be covered and the corresgpmairning appears. The causes are
sought primarily in the installation height of tkkennections in the boiler or of controller
settings. The availability of hot water and builgliheating are shown in the component
results indicate what percentage of energy densmndvered.

In case of collector, the end energy ‘Esol’ is mefy to the gross collector surface
irradiation. ‘Eaux’ means the chemical energy (kbgthvalue of heat of combustion) of
combustible fuel. In this chapter, the auxiliargegy comes from the gas boiler.

There are usually five letters composing one patairia the results of Polysun. The table

below shows the definitions.

Table 6and representation of the results in Polyth@mmal systems

Letter position | Letter Definition
1 E End energy (fuel and electrical power consuomti
Q Energy to the system or energy withdrawn froegjzstem
S Energy to the tank or energy withdrawn fromttirek
2to4 sol Solar energy
out Energy withdrawn
use Energy consumption
dem Energy demand
aux Auxiliary energy
par Auxiliary or parasitic energy (pumps and fans)
int Energy to indoor room
ext Energy to surroundings
def Energy deficit
xfr Transferred energy
ventil Energy in ventilation of building
trans Energy transmission in building
5 S Solar
A Auxiliary
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Heat transmission

User

<l C| X

Midex (Solar and auxiliary)

- Total of all loops

For some of the letter in position 2 to 4, heresamme additional explanations to demonstrate
the meaning of definitions: e.g. Qsol=Energy sugaplirom collector to fluid; ‘use’ means
amount of energy actually consumed for domestic vater, building, etc; ‘aux’ means
theoretically calculated value referring to the ammioof energy required, for example, to heat
the cold water of the cold water piping to the da$ihot water temperature.

4.2.4 Configuration of reference system

To evaluate the performance of a solar cooling esgstsolar fraction is an important
parameter, while the specification of separaterdoda@tions has no significance for design or
customer service purposes. A much more crucial vale be played by the use of the
reference systems offered as a standard in Polyigus.will enable to elicit the influence of
single system components and to optimize the hgeatid cooling system.

Important values like, e.g. Solar savings (Fra@i@olar savinggss) may only be calculated
with the aid of the definition of a reference syst&olar savings are defined as follows:

(Eaux - Epar)sol
(Eaux - Epar)ref

Fss =1~

Where E,,,, refers to the Auxiliary energy antl,,, refers to the Parasitic energy of the
respective system. ‘sol’ means solar energy sysidrite ‘ref’ means reference system.
This reference system is defined for 4 persons (0@ hot water daily consumption) living

in a low-energy house.

Table 7Parameters for the domestic hot water (Didéfhand

Parameter Value Unit
Temperature 50 °C
Average volume withdrawal per capita 50 I/day/capit
Availability times all year around -

Table 8Parameters for the building (Single famibube, low-energy building)

Parameter Value Unit
Heated/air-conditioned living area 150 mp

Number of people 4 -
Heating set point temperature-day 20 °C
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Heating set point temperature-night 19 °C
Cooling set point temperature-day 23 °C
Cooling set point temperature-night 24 °C

Heating seasons

Jan-Feb-Mar-Apr-Oct-Nov-De

C

Cooling seasons

Jun-Jul-Aug

Table 9Parameters for the collector (Flat-placepdauality)

Parameter

Value

Unit

Collector area

10

m2

Table 10Parameters for the storage tank (Combi erdank)

Parameter

Value

Unit

Storage tank volume

800

4.2.5 Results of reference system simulation
After simulation of the reference system with tla@gmeters setting above, the system results

are shown as follows.

Solar thermal energy to the system [Qsol] kWh

600
560
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LIl
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Bl 506
Fiiligy
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Figure 66Solar thermal energy to the referenceewsior each month of year
Q.; refers to the energy supplied from collector todl
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Heat generator energy to the system (solar thermal energy not included) [Qaux] kKWh
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Figure 67Heat generator energy to the system (sthlarmal energy not included) for each
month of year

In this reference system, the heat generator isilgneie gas boiler as an auxiliary system,

andQ,,, refers to the energy supplied from heat genetattuid.

G50l 4,679 Kk

QUseBuilding 5,105 kWh
Solarthermal energy to the systern

Space heating energy consumption

Gllsewarmiater 3,399 Kivh
Damestic hot water energy consumption

Qloss 47 Kh

Heat loss to surroundings
EAux 12 366 Kivh

Heat generator fuel and electrical energy consumption

Qint 5,270 kih
Heatloss to indoar room

QCool 2,411 Kh

Space cooling energy consumption QReconler B 208 kKh

Recooler rejected heat

EFar 561 Kivh
Fump energy cansumption

Figure 68Energy flow diagram

The energy flow diagram shows clearly the diregtemmount of each energy flow.
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Solar fraction: fraction of solar energy to system [SFn]
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Figure 69Fraction of solar energy to system forleawonth of year
Total fuel andlor electrical energy consumption of the system [Etot]
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Figure 70Total fuel and/or electrical energy congtion of the system for each month of
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ar

For the annual values of the performance of tHsreace system, the table below shows the

main results.

Table 110verview of whole energy system (annualegl

Parameter Value Unit
Total fuel and/or electrical energy
_ 12,776.5 kWh
consumption of the system [Etot]
Total energy consumption [Quse] 11,118.4 kwh
System performance (Quse / Etot) 0.87 -
Comfort demand Energy demand covered -
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Table 120verview of solar thermal system overveamyal values)

Parameter Value Unit
Solar fraction total 33.20 %
Solar fraction hot water [SFnHw] 42.40 %
Solar fraction building [SFnBd] 25.30 %
Total annual field yield 4,823 kwh
Collector field yield relating to gross arep 482 kWh/mz/Year
Max. fuel savings 510.4 m? natural gas
Max. energy savings 5,359.4 kWh
Max. reduction in CO2 emissions 1,241.2 kg

Table 13Table Overview of absorption chiller (anhvaues)

Parameter Value Unit
Seasonal performance factor - Cooling 0.65 -
Total cooling energy yield 2,436.9 kWh
Heat supplied in generator 3,752.2 kwh

4.3  Sensitivity analysis of reference system

For the configuration of the reference system cthitector area is 10 Mlf the basic demand
from the building side can be met, solar colleetiega can be changed to different sizes so as
to get different performances of the solar circaamely, the various contribution of solar
energy to the whole energy consumption needed enrdfierence system with the initial

configuration of components.

Total solar fraction
60

. /
30

10

0 : : : : : : : :
4 6 8 10 12 14 16 18 20
Collector area (m 2)

Figure 71Total solar fraction variation with coller area increasing
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The total solar fraction of the solar system insesaas the collector area is growing,
while, the increasing rate is slowing down whengtze of the collector field is over
sized. And this is also reflected in the variatidrthe total annual field yield in the figure

as follows.

Total annual field yield
8000

7 000 _—

6 000 //./V
5000 /
4 000

3000 /
-~

kwh

2000

1000

4 6 8 10 12 14 16 18 20
Collector area (m 2)

Figure 72Total annual field yield with differentligtor areas
To enlarge the size of solar collector without timinot a rational option, not only because of
the high investment cost, but also can be explayetthe collector yield, which decreases as
the solar collector area is increasing. This isabse, the amount of cold water to be heated
by the solar radiation is becoming much more ifglze of the collector is over designed and
there would be a great heat loss from the collecttine environment.
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Collector yield vs Collector area
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Figure 73Variation of collector yield with increas collector area

4.4  Sensitivity analysis of solar cooling system

To change the solar collector area, and the conalsten buffer storage tank volume, various
configurations of solar heating and cooling systean be established, the through
corresponding various simulations of the wholeeaystand the results of parameters such as
solar fractions, the performance of solar system lea evaluated. This kind of sensitivity
analysis can help to get an idea of pre-desigrptimization for a solar heating and cooling
installation.

4.4.1 Definition of a solar heating and cooling sgéme

As the Polysun solar thermal simulation deals wdtimestic hot water, space heating and
cooling together and there are only schemes focoebi design inside the software, so it is
only possible to apply control strategies to makslar system for cooling during summer
season only. This section is for the sensitivitglgsis of solar cooing system instead of the
solar combi installation design.

To obtain relationship among solar collector astarage tank volume and solar fraction of
cooling, a scheme is needed to be defined. Sineesystem is also for DHW and space
heating, there are control strategies for the amalyf solar cooling.

Most of the components are the same as those inefaeence system defined above. The
system category 71a: Hot water + space heatingagespooling + absorption chiller + solar

thermal + dry recooler + boiler.
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A flat-plate collector is chosen here for the snsaétle solar cooling system. The principle is
to choose different areas for the collector usatitarchoose different storage volumes firstly
to define several cases of configuration, thenukabe each case to obtain SFcooling factor.
For the domestic hot water demand, the set temperas 50 °C, with daily hot water
demand 200I, while the annual demand is not kndfsmhe temperature can reach to the set
point or higher, the DHW demand is assumed to bsfieal.

For the building side, there are several speciboat The building is of Building-Catalog
no.2, which is a single family house with low-enempnsumption. The length and width are
15m and 10m respectively with only one floor. Thew@al demand of this building is not
known, neither. The heating set point temperas20PC during the day.

The solar thermal collector is chosen from the &xtir-Catalog no. 3, which is a good-
guality flat-plate under European test standarce filh angle is 30° with the orientation of
0°S. This kind of solar thermal collector is assdrte create medium solar fraction with the
initial collector absorber area of ¥mwonsisted by 5 number of collectors.

Storage tank is of Storage tank-Catalog no. 57&8wis an 800l combi master tank, because
at the beginning of the design, due to the buildleghand, the tank volume is recommended
to be 750L.

Gas boiler with internal pump is chosen for theilgary heating, which is of Boiler-Catalog
no. 100, with the size of 5 kW.

The design cooling power of the absorption chi(lbsorption chiller-Catalog no.1) is 15
kW, and the design COP of the chiller is 0.71.

4.4.2 Control strategy

Different controllers are available in Polysun. fiédhare solar loop controller, variable speed
pump controller, mixing valve controller, heatingcait controller, temperature controller
with AND/OR Operation, flow rate controller andadiance controller.

Time controller

The ‘time function’ may be used for all controlleise. the user will be able to define
availability times in which the controller shoulé bperating. This function enables to enter

time, day and month in which the controller shdwéd'active’ as required.
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Figure 74Timer controller
Energy demand not covered
A number of controllers, such as temperature aow fiate, allow to set fixed and variable
temperature settings. Sometimes after running alation, the energy demand will be shown
as ‘not covered’. This may happen if the tempersettings or flow rates defined within
controllers and user profiles are not reached.
In all configurations, the energy demand is reglicebe covered. Hence, if the ‘not covered’
happens, it does not mean that Polysun is makimmpgvcalculations or that the hydraulic
system is not correctly working, but that the eetietemperature levels or flow rates may not
be reached.
Main control strategies
To make best use of the gas boiler auxiliary systeaeveral parameters are set in the
auxiliary heating controller 5.
Maximum tank temperature: 140 °C;
Sign of output: normal;
Logic relation temperature sensor 1 and 2: None;
Reference for temperature sensors 1: Fixed value;
Cut-in tank temperature 1: 80 °C;
Cut-off tank temperature 1: 100 °C.
As there is no option in Polysun the scheme foarscboling during summer season only, it
is necessary to apply proper control strategiesdke this system for solar cooling only.
To get rid of the domestic hot water demand, thailability times of the mixing valve
controller 1 (for DHW) is set to be none, which meahe valve controlling the flow of
domestic hot water is closed for sure.
Also, the same control stratagy is applied to thatimg controller 2, with no available times.
For the pump controller in the solar loop, the Elity times are during June, July and
August only.
For the storage tank volume, when to change thenwelfrom smaller size to larger one, in

some level of volume, the type of tank is needebeahanged too, because for the combi
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master tank (which is used as a default type irmmeh71a), there are only volumes of 800l
and 1000l.

4.4.3 Simulations of cases

The figure below shows the main relationship amealar thermal collector area, storage
tank volume, and the solar factor for cooling.

Each point in the figure is a configuration withhaend satisfied.

a0 -,
40 -

30-]

Salar Factor (%)

1500

Storage Tank Molurme ([}

Collector area (m2)

Figure 75Sensitivity analysis among collector areank volume and solar factor for cooling
For the result of simulations, it shows that th&aséactor (SF) increases as solar collector
area is larger, but its increasing ratio is deéngasAs for the storage tank volume, the solar

factor for cooing (SF) decreases as volume sizetamhge tank is bigger after the demand
side is satisfied.
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CHAPTER 5 HELIOS-HP PROJECT

Helios-HP is a Piemonte regional project whichtethfrom 2010 and was planned to be part
of this thesis. Since there were several hindersxgduhe development of this project due to
technical issues, this thesis will contain only giesently available results, such as planning

of working phases and preliminary design of thé rigsand the floor plans.

5.1 Introduction of the project

5.1.1 Background of Helios-HP project

Helios-HP (Heat Pumps), a regional project in Pietapltaly, which aims at solar heating
and cooling, is an industrial research project vakperimental development. The main
partners are SGI (coordinator), DENER DepartmeriEmérgetics (now DENERG — Energy
Dept.) of Polito, Frigoriferi Bava, and Ecojoule.

SGl is a small consultancy company based in Torino.

Refrigerators BAVA, a brand from 1938, deals witbsign, production, installation and
servicing of industrial thermal-fluid-dynamic planstudied and engineered to customer
specification.

Ecojoule was founded in 2005 as a result of thingebf a branch of MG Eco Engineering,
which has been on the market since 1999, offerggigth and consulting in green building,
including renewable energy systems. The compargy lsading company in the renewable
energy sector, and it sells renewable energy systend components for buildings on
national level.

The Helios-HP project is addressed the design agoheering of two kinds of system plants
which may have application in existing buildingsnew construction.

A complete system with function of test bench weht two types of plants:

1) The first consists of solar thermal collectors whilgh performance coupled with a
group of absorption refrigerators driven by heatfrthe solar thermal collectors. The
goal is to develop a “solar kit” for the productiohheat for domestic hot water and
integrated space heating and solar cooling, whicintended to be replicated and
placed on the market.

2) Additional product will be a direct expansion caegsion heat pump, in which the
evaporator consists of a solar collector made abtpl. Also this system will be

implemented through the test bench, following teeallopment of another Kit.
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All the components and systems studied in thisggtagghould be suitable for the use in low-
energy houses and are characterized by a highesitiz of energy transformation and based
on the use of solar energy.

5.1.2 Activities of industrial research and experirental development

The activities that are carried out during the @cocan be summarized in:

1) Scouting: extended research of innovative technesofpr the solar climate control
currently employed on the world market. Identifioat of types of components
suitable for dual purpose design and retrievindgoerance data.

2) Modeling and simulation: evaluation of performareed outcomes expected by
different technological solutions through models a#lculus developed at hoc.
Optimizing design of the various components

3) Design: detail design of equipment, systems andpoonts, for the mechanical
parts, electrical, computer, inherent in the camdion of demonstrators and test
bench systems. Construction: manufacture and Adgeshbomponents

4) Monitoring: data acquisition systems demonstratBssam results: comparison with
theoretical simulations, critical analysis time thmeprovement of systems made,
optimization systems.

5) Collection and production results of labor and liatdual property protection
(patents, etc.)

6) Organization and operational coordination

5.2 Research and experimental working phases

5.2.1 Scouting and technical feasibility

Find detailed information in the literature andtive institutions, bodies, Institutions and
companies actively engaged in applied researchirapdoduction of solar air conditioning
and refrigeration and integrated solar assisted fjn@@ps. This working phase is considered
the preparatory phase for the subsequent activifiles research is aimed at the acquisition
information theoretic and scientific and technicatnmercial, and in particular the operating
data necessary for the realization of dynamic satnhs. The investigation will focus on a
bounty of powers around the 5kWf, suitable fordestial use.

a. Research of techniques for the production of/belat from drying at low temperatures.
There will be suspects both prototypes exist, lbthmachines currently already marketed
and produced a documentary on full collection systeadsorption and absorption, using

ammonia and cycles Lithium bromide, etc; adsorloésilica gel and zeolite, etc. There will
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be investigated the primary fluid and/or employbesemployable for the thermodynamic
cycle, both as a heat transfer fluid in the fingé water plants, for air). The possibility of
integration with the most popular plants in theldfiendustrial and residential will be
evaluated. Dimensions, integrations Engineeringchpasing and maintenance costs will be
studied. The techniques disposal and/or recovehgaf from the condenser will be evaluated
in order to define a component as possible efficeaml silent, for use in residential area. In
particular the subject of discussion is the siZzekVf. (DENER; SGI)

b. Similar theoretical and application techniqueestigation will be carried out as for heat
pumps, solar-assisted, meaning this name both #@s pump evaporator with direct
expansion outside, both heat pumps coupled inlphaveéth collection systems solar, through
a heat accumulator, dedicated to the productiomeat. Of such systems will be studied the
feasibility of a reversible system for the prodantof heat and cold. (DENER; SGI)

c. Particularly in relation to the point b will lievestigated the possibility of using ¢@s a
refrigerating fluid in direct expansion system.particular will be highlighted and suspects
the thermodynamic and mechanical problems relategpérating pressure. (DENER; SGI)

d. Examples of installations will be sought botlotptypes (described in the literature and
implemented at universities or research institigjang. a plant absorption at the Politecnico,
DENER) is functional. (DENER; SGI)

e. Information collected in support of a campaigrcapture data from existing installations,
in particular a small solar cooling plant in thevéee of an office building, powered solely by
solar power and if possible an installation of s@aoling in parallel to a boiler plant (e.qg.
COMO). (DENER; SGI)

f. The potential applications of systems descrilabddve will be evaluated, both in the
construction sector, both in industry and in tramspin fact we think of solar cooling
systems can be inserted both in new buildings atrdfit installations serving residential and
commercial users. (DENER; SGI, EJ, BAVA)

g. A survey of potential market and a regional niagmf potential users should be the tool
for the assessment of economic impacts (for conggamingaged) and environmental
(population) of the massive application of thesdtwlogies. (DENER; SGI)

h. There will be relations of cooperation and exgw®of information through participation in
conferences and seminars, but especially from carapand institutions already engaged in
this area of the market, especially there is a ptarparticipate in the work of the "
International task Energy Agency Solar Heating Redtigeration "and” Polymeric materials
for solar applications ". (DENER; SGI, EJ, BAVA)
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The principal players involved: POLITO and SGI. Atitere are also other two partners
involved: ECOJOULE and BAVA. The expected outputaigeview of the science and
technology system architectures from which flowsslaortlist that will be applied
mathematical simulation models.

5.2.2 Model development for simulation and optimiz&on

Based on the results of Scouting and technicalbdgi&g and with the aim of determining the
plants to accomplish in design and constructionnetallations, DENER will develop, in
close relationship with industrial partners anddexaSGI (which ensures dialogue and
harmonization between the scientific approach dred application of different subjects),
some mathematic models for the simulation of therajon of individual components (e.qg.,
collectors) integrated into system with numericeodnd not main stream with flexibility to
fit experimental developments that will be gotteani the step of monitoring, comparison
and evaluation of operational performance, namgig;commercial analysis (e.g. Matlab,
Simulink, TRNSYS).

In particular, the simulations provide informatioecessary to design realization of solar
collectors optimized for both systems are the slgéthe project.

Simulations will aim to identify the best technojoghoices from the energy point of view,
but the final choice for systems to be built wid based on technical feasibility, availability
of materials, the cost of construction and mainteea The development of simulation
models allows saving time and money by reducindgbyping materials only two systems
most promising results.

Simulations will then validate based on data codlddrom the exercise equipment made and
used in support of the optimization process (esgfigcthe part of adjustment and control
system).

5.2.3 Design and construction of installations

a. Solar cooling plant

Based on the results of the simulations conductanadel development step, There will be
designed a executive level and detailed in alt@siponents, and built a solar plant cooling
system complete collection, solar heat storagaymrefrigerator powered by heat produced
by solar, cold storage, group for heat dissipati@gulating system, monitoring system
performance. The plant will have a cooling capaafyapproximately 5 kWf, and will
powered by an area of about 20 m2 of collectorgs ihtended to identify a situation plant
representative of a classical audience for testabipe continuous, like a real application.

The system architecture will be developed in otddest different system solutions: with and
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without the use of pond, direct from the fridgelasccollectors with power to the fridge
accumulation, with integration from both pellet geators, either through direct the
accumulation. At least two systems of heat disgpatrom the capacitor will be tested: via
convection and evaporation Tower.

Ecojoule develops a solar collector specificallysigeed to feed a cycle absorption
refrigerator (for machines already on the marketgserving high efficiency conversion of
solar radiation into heat. It is intended to inigete the technical feasibility of realizing a
large manifold double size transparent and paytiediver material recyclable. Possess the
know-how to build a solar panel, if such realizedtccompetitive, it would be a good card
for development use solar energy for heating pwpas energy-efficient buildings, both in
redevelopment of existing buildings. Burr is al$ieeted refrigerators to refrigerating unit to
develop a absorption with implant-compatible. Thw#usons adopted are derived from
scouting and model devolopment, which will deternihe choice between systems with
absorption or adsorption, fluids heat transfer wateair.

The main subjects in working phases are: Ecojdolg the components, accomplished the
collector, is responsible for developing the conhsoftware and SGI (designs) the overall
system and the part that simulates the user) Wwéhatlvice of Refrigerators Burr for the part
relating to absorption refrigerating and realizationplantation and DENER regards the
monitoring system and data acquisition.

b: Prototype of solar-assisted PdC

Another technological solution to accomplish iseathpump expansion conducted, in which
the evaporator consists of a solar collector. Toleitn proposed integrates an optimal
exploitation of solar radiation is directed bothdespread uptake system that can be placed
on the roof or facade, with the operation of a Ipesthp for the production of heat for heating
of environments. The obstacles to be overcome fxdethnological point of view regarding
the choice of refrigerant gases (and in particgkas natural is favorable, for example, the
CO,), for example, the development of the evaporatgulator and control of the flow rate
and temperature of the cycle, the optimization pération in the presence of variable and
transient loads of sudden solar side and the suropezation.

There will be investigated the technical and ecacdeasibility for implementation in large
series of a solar collector in plastic (possiblyoaped to other materials), incorporated as an
element of group system heat pump for solar-assditect expansion.

This system will be installed at the test benclpanallel to the solar system cooling and it is

possible to create for user to simulate differemtditions of operation.
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Players involved: SGI (designing the plant) BAVAuibing the facility)-DENER
(supervision and specialist advice).

5.2.4 Operational performance monitoring, comparisa and evaluation of results,
setting up systems (Pre-commercial analysis)

The first part will be devoted to the task of hamzation components, development of
management software of complete systems, on this lohsthe data resulting from the
examination of performance and operational paramelging exercise.

An analysis to verify the cost and feasibility @nemercialization of products developed to
be carried out, having at this point of data avmlily functioning in conditions of full
systems development. Will also be considered datatamarket expectations (not just
regional) investigated during the Scouting.

5.2.5 Collection and production results of labor ad property protection

It is probable and desirable that the prototypesgied to be then placed in production and
price lists of DROOL and EJ, as both componentsi@iegrated into a pre-engineering
system and (possibly) as individual components) &s other applications (such as high-
performance solar collectors can also be useddatirtng or absorption refrigerator group of
small size can find application in the field autdive, etc). It considers that such options
should be considered, both for increase the levekcellence of the undertakings and of the
region in the field of technique, both to providklaional sales markets to industrial products
covered by the studio.

The progress and achievement of objectives willmmitored through the production of
ongoing reports. At the end of the work will produg synthesis document of the scouting
stage technologies and reporting of data collectedther people's systems and examined on
operation of systems and components built.

5.3 Design of test bench

5.3.1 Air-conditioning systems laboratory, helium-asisted functions
The laboratory is designed as a test bench foigesition with absorption/adsorption
powered by solar thermal heat pumps and solartedsis
There are 4 main circuits:
* Solar thermal circuit
 Heat supply circuit
* User load circuit

* Dissipation circuit
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The whole installation is planned to be in Poliieordi Torino.
For the main components and their dimensions al@pnarily designed.
Solar thermal collector has a radiation capturingase of 20 My, which is provided on two
parallel rows of modules, each of about (10x2) taced on easels ballast, with variable
inclination.
A group of steam compression refrigeration, airledp nominal cooling capacity yield
37kW, will be placed on the terrace, in the vigirof hoardings.
Three storage tanks are needed, all located imwtnkshop of the 2° floor, and the volumes
of these tanks are:

* Solar tank 750 | (850 kg)

* Chilled water storage 500 | (560 kg)

» Hot water storage tank 500 | (560 kg)
To solve the problem of lift of the floor will beopitioned on the axis of the beam between
the pillar and mainstay and/or appropriate allarastructures, according to the indications
of the technical department. The facility is desigrto test the operation of heat pumps,
absorption/adsorption of size 3-9 kW refrigeratétdypical machine dimensions and weight
are: (1.3 * 0.8) m * 1.7 m (height); the weight 804kg. Weight distribution structures will
be used, according to the indications of the tesdirdepartment.
The circuits are made with insulated pipes arrarggeoh the terrace with suitable substrates
that allow thermal expansion, or in the lab clampepillar during the descent and floor or
suspended on support structures. The lab requiP€s @nd a connection to the network.
All the Spaces needed are: for the terrace, apmately 30 rf for positioning the solar
collector with related links, and a group of disdipn fridge; while for the lab, an area of 55
m? in floor 2 of laboratories for all other componeig needed.
Major electric utilities are:

* Electric heater of integration in the solar tdagprox. 10kW)

* Electric heater for heat load simulation (apprit3kW)

» Compression refrigerating circuit for electriagdibsipation positioned on the roof

(about 16kw)

» Heat pump test solar-assisted (about 5kW)

» Absorption chiller in test (< 200W)

* Pumping test circuits (3kW)

» Power control systems

5.3.2 All norms consulted for the project
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During the pre-design stage, it is important to rall the available standards relating to
solar cooling system. Here are the norms which wensulted during this process.

UNI 8477-1:1983 Energia solare. Calcolo degli apporti per appimaz in edilizia.
Valutazione dell' energia raggiante ricevuta.

UNI 8477-2:1985 Energia solare. Calcolo degli apporti per appimaz in edilizia.
Valutazione degli apporti ottenibili mediante sistettivi 0 passivi.

UNI EN 12975-1:2006 Impianti termici solari e loro componenti - Collait solari -
Requisiti generali.

Thermal solar systems and components - Solar ¢oikee Part 1: General requirements

UNI EN 12975-2:2006 Impianti solari termici e loro componenti - Calt&i solari -
Parte 2: Metodi di prova.

Thermal solar systems and components - Solar ¢totkee Part 2: Test methods.

UNI CEN/TS 12977-2:2010impianti solari termici e loro componenti - Impiaassemblati
su specifica - Parte 2: Metodi di prova per calietsolari ad acqua e sistemi combinati.
Thermal solar systems and components - Custom $ystems - Part 2: Test methods for
solar water heaters and combi-systems.

UNI CEN/TS 12977-4:2010impianti solari termici e loro componenti - Impiaassemblati
su specifica - Parte 4: Metodi di prova per le faasni di accumuli solari combinati.
Thermal solar systems and components - Custom $yslems - Part 4: Performance test
methods for solar combistores.

UNI CEN/TS 12977-5:2010Impianti solari termici e loro componenti - Impiaassemblati
su specifica - Parte 5: Metodi di prova per le f@@sni dei sistemi di regolazione.

Thermal solar systems and components - Custom $yslems - Part 5: Performance test
methods for control equipment.

5.3.3 Design of the test bench

The design of this solar cooling system is showfobews.

The whole system includes the solar thermal caleaitcuit, the chilled water circuit and the

hot water circuit and the heat rejection.
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Figure 76Test bench design of Helios-HP project

5.4 Floor plans

The components of this solar cooling system aranged in part on the flat roof of
laboratories (solar thermal collector and refrig@rdor dissipation circuit) and part 2° floor
in Energy Department in Politecnico di Torino. Atieé following are the preliminary floor

plans for this installation.
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Figure 77Floorplans of solar thermal collector irekbs-HP
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Figure 78Floorplans of sorption chiller and tankskelios-HP
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CHAPTER 6 IPLA SOLAR COOLING SYSTEM CASE"

Solar cooling for small size buildings represent®gy interesting trend, while it is still under
developed and there are a wide range of unceegairttioth on the technological and
economical sides. Only a small number of plantsehaeen actually installed and measured
so far. Actually, the use of solar thermal collestéor cooling purposes — coupled with
winter ambient heating, would widen their applioatbeyond traditional domestic hot water
systems.

The small size ready-to-market absorption or adswrpchillers are significantly more
expensive than the technically mature compressn@s,calso the solar thermal collectors are
costly, thus, the solar cooling system combininigrscollector with sorption chiller turns out
unaffordable for a small size project, and the rsotling system itself requires a thorough
design stage to be optimized properly.

A monitoring campaign has been carried on in a bailding PUEEL Prototipo Uffici ad
Elevata Efficienza in Legndiigh Efficiency Wooden Office Prototype) in IPLIA Torino,
Italy.

6.1 PUEEL building with solar cooling systemin IPL A

The building has a wooden highly insulated envelapatrolled mechanical ventilation with
thermodynamic heat recovery, radiant heating/cgolfksolar thermal collector field (upper
solar collector in the figure below) is integrated the building roof used both for the
building heating and cooling demand. The adsomnptiailler in the solar cooling system has
a cooling capacity of 9 kW. There are also phottarolcollectors on the lower part of the
building roof slope.

! The following material has been collected duringstay at Politecnico, although | was only pariativolved
in this research activity, thanks to the availapitif Prof. Fracastoro, and the other persons irain Helios-
HP project.

106



Figure 79Solar thermal collectors and PV collectorsthe roof of PUEEL building
The solar cooling system of PUEEL building at IPlo&titute in Turin, Italy, is the first of
this kind in the nearly 1-million-inhabitant citgnd one of the few cases of entire Italy.
The solar collector circuit and the dry recoolex sinown in the figures below.

\ I

Figure 80Solar collector circuit in PUEEL
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Figure 81Dry recooler in PUEEL

6.2 Monitoring of solar cooling system in PUEEL

6.2.1 Scheme of the plant

The PUEEL building solar cooling system is basedacsimple scheme. The 28 molar
collector field supplies heat to a 4°water storage tank. The storage tank is fitted it
thermostatically controlled auxiliary heat soureée¢trical resistance). A 9 kW peak power
chiller, based on an adsorption cycle with zeolgejriven by the heat flow coming from the
hot water storage tank and refrigerates the bgldig mean of a radiant panel cooling
system. A chilled water storage tank with voluméd nt is installed in the cooling circuit.
Heat rejection from the chiller is based on a femesh dry recooler.

During the design stage, an adsorption chiller waittow nominal driven temperature value
(70°C) has been selected and coupled with wat@eblyouble-glazed solar collectors. Due
to budget reasons, during the construction phaseygpe of collector has been replaced with
single glazed one.
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Figure 82Scheme of the solar cooling system in FUEikIding
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6.2.2 Parameters monitored

For the performance evaluation of the solar coadiygiem in PUEEL, several meteorological
parameters are monitored with hourly samples, sgdne solar global horizontal irradiance,
the outdoor air temperature, humidity, wind speed @irection.

As for the solar cooling installation itself, theaee several related parameters for evaluation

were monitored, shown in the table below.

Table 14Parameters monitored in the solar coolipstsm in PUEEL building

Circuit Variable Unit Precision
Water return temperature [°C] +0.5
Solar collector circuit Water supply temperature [°C] +0.5
Flow rate [m*/n] +0.01
Water return temperature [°C] +0.5
Hot water storage tank Water supply temperature [°C] +0.5
Flow rate [m*/h] +0.01
Water return temperature [°C] +0.5
Radiant cooling panels Water supply temperature [°C] +0.5
Flow rate [m?/h] +0.01
Water return temperature [°C] +0.5
Dry recooler heat rejection Water supply temperature [°C] +0.5
Flow rate [m*/n] +0.01

6.3 Performance evaluation of the solar cooling sys  tem

6.3.1 Global efficiency of solar cooling system

During the monitoring time the auxiliary electricaéater was set off, all thermal power
coming from solar energy.

The global efficiency of the solar cooling syst€®P,,; and the efficiency of the adsorption
chiller COP,, (L. Schnabel 2010) are two main indicators forleang the performance of
this solar cooling system.

The global efficiency of the solar cooling systdiap;,,;, is defined as:

Qc

COPo1 = CxA

Where
Q¢ is the cooling energy produced, kWh,
G is solar global irradiance on the collector plad&h/n?,

A is the net aperture area of collector field, m
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The efficiency of the adsorption chillEOP,, is defined as:

COP,, = 3—‘;
t

Where
Qu, is the thermal energy from the hot water storage tto the adsorption chiller, kWh

(F.Agyenim 2010).
COP,,; and COP,, have been derived from daily monitored parameters shown in the

figure as follows.
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Figure 83Daily COPsol and COPch of solar coolingtsyn in PUEEL during August 21 and
September 23, 2011

The COP., presents a wide spread of values, from 0.1 tovihile COPg,, is within a range of

0.1-0.4, with an average value of nearly 0.14.
In terms of power profile, the day of August 26; éxample, is shown in figure below.
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Figure 84Hourly measured thermal power in PUEELAugust 26, 2011
The figure above shows how the hot water storagle was charged from 10 to 14 during the
day 26 August 2011, while it was used as heat soducing the afternoon. Its sizing should
take into account the eventual shift of thermal oWrom peak solar radiation to peak
cooling demand times.
The thermally driven temperature and the chilledewaemperature were also monitored,

which are shown in the figure below.
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Figure 85Hourly measured temperature in driving tvatter circuit and radiant panel
cooling circuit (both at constant flow rate) on Aigg 26, 2011

This figure above reports typical range of opergbdf the system, in term of temperatures
on the two sides of the chiller, tank to chillercaiit, and radiant cooling panels circuit. The
inlet temperature to the chiller, coming from therage, is around 80°C, while its nominal
value is 70 °C. During the evening, when solar poleeers down, the temperature of the
storage decreases too, and this will lead to al@®&.,,value than nominal one.

The daily solar energy collected and heat to théechis illustrated in Figure below. The
difference between these data includes both tasgekand tank internal energy variations. In
the long term they account only for tank losses.
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Figure 86Energy balance of the system: solar eneadfgcted compared to heat used by the
chiller

The following figure reports the net daily balarmween solar energy collected and heat to

the chiller and its cumulated value, compared & dimulated daily cooling energy of the

system.
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Figure 87Energy balance of the system: daily batamuimulate curve of daily balance
compared to cumulated cooling energy (to be comsdleith negative sign)

The overall tank losses equal the cooling enefgys indicating an over sizing of the solar

collector circuit.
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The figure above also suggests that the systerniesfliy is significantly low, since tank
losses are of the same order of magnitude of tiidibbg cooling energy.

Assuming that (as far as the auxiliary heaterfis of

COPso1 = Npos X Neou X COPpy

Wherenggs is the balance of system efficiency, it is possiti calculate this efficiency,
which takes into account overall thermal lossethefsystem, excluding the solar circuit.

To do so, it is necessary to evaluate the effigiepicsolar collectors. The measured mean
value ofn.,; (solar collector efficiency) is 0.45, while thelwa calculated from catalogue
performance data, using as input the x-parametieuleted through the measured water

temperature and weather data, is 0.52.
Figure below shows the 19 days of daily average@dsmedn.,; values compared to

expected ones.
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Figure 88Daily mean solar collector efficiency @intral hours of the days 21 August - 8
September

Considering these values, the mean efficiency ef sistemn,,, is 0.82, meaning that

almost 20% of the collected solar energy is lost.

6.4 Comments on monitored results
The monitoring campaign has helped to evaluat@énmrmance of the solar cooling system

in PUEEL, and there are some key points to mention.
The thermal storage plays a very important role asddesign size should consider the

expected shift of solar irradiation and cooling @ieh profiles.
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The averaged daily values 6DP,;, present a wide spread, likely due to a too lowsag
frequency of the monitoring system. Mean values ao@etheless, on the same order of the
credited official values. Adsorption chiller presennsteady performance, for its own nature
of intermittent cyclic system. The assessment efdhiller instantaneous performance needs
a sampling time-step lower than one minute.

The solar thermal system efficiency presents sois&apancies with catalogue values, but
average values are only slightly lower than expeotges.

The averaged daily values ©0P;,, is about 0.14. This value, considering the mednegof
COP,, and ofn.,;;, is due to an unexpected low value of BOS efficierA significant part

of the collected solar energy is lost. This cangssy an oversizing of the solar collector
system related to the cooling demand in the mosit@eriod.

In a word, this three-week monitoring campaign $laswn a satisfactory performance of this

solar cooling system in PUEEL, although the salatallation appears oversized.
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CHAPTER 7 CONCLUSIONS AND OUTLOOK

7.1 Clear-sky Models of solar irradiance in Torino

From the comparison between measured solar beamaharradiance and solar global
horizontal irradiance, the results shown that tIf®HRAE clear-sky model mostly fits the
solar beam normal irradiance while the experime@tahd C’ values are in the average well
above the C predicted by the ASHRAE model.

The most interesting finding is however that aydadgular oscillation of experimental C
values, symmetrical to noon time, occurs, with vieigh values at the extremities of the day
and at noon. These findings may be explained bylithgés of the isotropy assumption
implicit in the ASHRAE model: as the sun rises,camsolar sky radiation increases in
altitude, and therefore its vertical component setw become more relevant. On the other
hand, for very low altitude angles the vertical gament ofGy, in equationG,, = G, —
GpncosB, tends to decrease faster th@g, producing an asymptotical increase of C ratio up
to an infinite value fof, = 90°. The regular symmetrical trend is visiblalhclear sky days,

and further sets of data could lead to a new “cd&grdiffuse irradiance” model.

7.2  Atmospheric turbidity factors in 2010 in Torino and comparison
with that during 1975-1976

Turbidity measurements carried out 35 years agevetia strong seasonal variation, with
higher values during the heating season. Torinbidiy values used to be two Rayleigh
atmospheres above those of the reference station {®rinese) during winter time, while

they are just a few percentage points above tleeeete in the late spring and summer.

The new measurements performed during 2010 hawerskialues comparable to those of
1975-76, but without an apparent seasonal variatios optical quality of the atmosphere
seems to have improved in the winter time due sgewf cleaner fuels and district heating,

and remained the same during the rest of the year.

7.3  Sensitivity analyses of solar cooling with Poly sun

The sensitivity analyses are based on the solalingpgsystem category 71a in Polysun,
namely, space heating and cooling system with alisorchiller. Through control strategies,

the solar system only works for space cooling dusammer, in June, July and August.

116



The principle is to choose different areas for todlector used and to choose different

storage volumes firstly to define several casesooifiguration, then, simulate each case to
obtain SFcooling factor.

After various change of the collector area andaater storage tank volume, the result of

simulations shows that the solar factor (SF) ineeeaas solar collector area is larger, but its
increasing ratio is decreasing, as expected. Aghiostorage tank volume, the solar factor for
cooing (SF) decreases as volume size of storade isabigger after the demand side is

satisfied.

7.4  Field data monitoring of solar cooling system i n IPLA

The monitoring campaign has helped to evaluat@énrmance of the solar cooling system
in PUEEL.

The thermal storage plays a very important role asddesign size should consider the
expected shift of solar irradiation and cooling @ich profiles.

The averaged daily values 6DP,;, present a wide spread, likely due to a too lowsag
frequency of the monitoring system. Mean values ao@etheless, on the same order of the
credited official values. Adsorption chiller presennsteady performance, for its own nature
of intermittent cyclic system. The assessment efdhiller instantaneous performance needs
a sampling time-step lower than one minute.

The solar thermal system efficiency presents sois&apancies with catalogue values, but
average values are only slightly lower than expeotges.

The averaged daily values 60P;, can suggest an oversizing of the solar collecgsetesn
related to the cooling demand in the monitoredqakri

In a word, this three-week monitoring campaign $taswn a rather satisfactory performance
of this solar cooling system in PUEEL, and a camuns monitoring in future for better

working of the solar system is recommended.
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