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Background, current situation and relevance of thavork

Europe 2020 is the EU's growth ambitious strategythe coming decade. Each
Member State has national targets to reach inlthmate and energy sector. This calls for in-
depth research and analysis addressing energynaitdranent sectors.

Energy consumption of the building sector accotmtsiearly half of the total Latvian
energy end-use consumption. Therefore, energy iaffty actions and integration of
renewable energy sources in this sector are usgeetdded.

Energy use for air conditioning of buildings isnstantly increasing, even in northern
countries like Latvia. Reduction of primary enexpnsumption for cooling should be based
both on the energy efficiency measures and thenusing renewable energy sources.
However, comprehensive study for selecting enerffjgiency improvement measures to
minimise cooling load and use of renewable eneagyces to cover building cooling load are
missing in Latvia.

Solar cooling systems are an attractive technotogyover cooling loads. However, in
Latvia these systems are not known and generatlomsidered feasible. The operation of
solar cooling system under Latvian climatic cormti has not been sufficiently assessed and
evaluated in depth.

The accurate determination of building cooling losdan important factor for
selecting the most suitable type and capacity lafrsmoling system. First of all it is essential
to evaluate and model the fluctuations of cooliogd in building, which include non-
stationary heat exchange processes; then to selpovper solar cooling system, which is
technically and economically feasible with a mininmapact on the environment.

Aim and objectives of the work

The aim of this thesis has been the developmeatoéthod for: (1) the determination
of time-varying cooling load in buildings and (the sizing of solar cooling system and the
evaluation of system performance to cover buildoopling load under Latvian climate
conditions.

The following tasks have been set in order to aghtbe defined aim:

1. Development and validation of a building dynamicd®lofor accurate determination
of cooling load. The model is named “CoolL".

2. Analysis of the impact of energy efficiency measumn the cooling load. This
analysis has been verified on a real case study thg aim to minimise building
cooling load and cooling load duration curve.

3. Experimental analysis on solar collectors installgith reflectors with aim to increase
performance and energy output in Latvian climatedéions.

4. Parameter identification of solar cooling systemcéwer building cooling load and
development of a simulation model for a solar amplsystem under Latvian climate
conditions in the transient system simulation {fBRNSYS.



5. Analysis of the energy performance and assessniestamomic and environmental
impact of the simulated solar cooling system urderian climate and boundaries
conditions.

Methodology of the research

The research methodology is based on system dyrmsimidation and experimental
analysis.

For the determination of building cooling load amsl fluctuation the author has
developed a calculation model named “CooL”. Witls timodel the analysis of the impact of
energy efficiency measures on the cooling load seased out.

For covering cooling load with solar energy driv@rstem, an experimental analysis
on vacuum tube solar collectors installed witheetibrs was conducted. Statistical time-series
processing techniques were used for processingiexgeal data.

Then, solar thermal energy driven absorption cgolinit was simulated in TRNSYS,

which is a flexible software environment used towdate the behavior of transient systems,
for parameter identification to cover building dogl load.

The environmental and economic aspects were eealuadsed on the simulation
results for Latvian climate and boundary conditions

Scientific significance

The main scientific significance of this thesisth® comprehensive study on use of
solar thermal energy in cooling of buildings fortkian climate and boundary conditions. It
includes development of a calculation model, anslyd energy efficiency measures on
cooling load and simulation of solar cooling syst@&ased on these analyses, environmental
impact and economic aspects are evaluated.

Practical significance

This work has a high practical significance. Thisr@ broad target audience for the

developed work, while the application of the wodpdnds on the objectives of the user.

The study can be used by:

e State institutions: The Ministry of Environmentalroection and Regional
Development and The Ministry of Economics — theultssfrom this thesis are
useful for the development of action plans and giesof support schemes
addressing energy efficiency and renewable energy.

e The commercial sector: consultant, design companiegestors and private
persons:

0 to plan energy efficiency measures and determimeinfiuence of
these measures on of cooling loads.

v



o to size and select solar cooling system and to uatal the
implementation and maintenance of such a systertydimg technical
barriers and environmental and economic analysis.

Approbation

The results of the thesis have been reported awdissed in:

1.

The 51st International RTU Scientific Conferencehvithe paper “Small Scale Solar
Cooling Unit in Climate Conditions of Latvia: Engmmental and Economical
Aspects” in Riga, Latvia, 12-13 October, 2010.

The 50th International RTU Scientific Conferencethwihe paper “Influence of
Thermo-dynamic Properties and Thermal Inertia efBhilding Envelope on Building
Cooling Load’in Riga, Latvia, 14-16 October, 2009.

The 3rd International Conference “Solar Air-Conahing” with the paper
“Applications of Solar Cooling Technologies in Biigs in Latvian (North-eastern
Europe) Climate Conditions” in Palermo, Italy, S8ptember — 2 October, 2009.

The International Scientific Conference “CISBAT(020Renewables in Changing
Climate — From Nano to Urban Scale” with the papbkrtegration of Renewables to
Cover Cooling Load of Building. Feasibility and Amation” in Lausanne,
Switzerland, 2-3 September, 2009.

The Regional Conference “Environment and Energyidzeme region” with the
paper “Estimate of renewable energy resourcesrukatvia up to 2020” in Valmiera,
Latvia, 15th of May, 20009.

The 49th International RTU Scientific Conferenceéhathe paper “Development and
Verification of Method for Building Cooling Load @alation for Latvian Climate
Conditions” in Riga, Latvia, 11-13 October, 2008.

The 11" International Conference “Solar Energy at Highituaes” with the paper
"Trigeneration Heat, Power and Cooling” in Rigaf\ia, 30 May — 1 June, 2007.

The 48th International RTU Scientific Conferencethwithe paper “Analysis of
Trigeneration Heat, Power and Cooling Loads” ingRigatvia, 11-13 October, 2007.
International Scientific Conference “Pulp and Papaiustry Of Russia — Future
View” with the paper “Simulation Model and ControAlgorithm of Solar
Combisystem”, in St. Petersburg, Russia, 26 Oct{@f6.

10.The 47th International RTU Scientific Conferenceghnihe paper “Development of

1.

Solar Combisystem Control Algorithm and SimulatModel” in Riga, Latvia, 12-14
October, 2006.

Publications

Jaunzems D., Veidenbergs |., Zandeckis A., Rochagdh@ use of reflectors for
increasing the energy performance of solar theromdllector in Latvian climate
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conditions// Latvian Journal of Physics and Techhfciences. — Riga: 2011. Vol. 5.
—-7p.

. Jaunzems D., Veidenbergs |. Small Scale Solar @gdlinit in Climate Conditions of
Latvia: Environmental and Economical Aspects// 51titernational Scientific
Conference on Environmental and Climate TechnokgieRiga: RTU, 2010. — pp.
47-53.

. Jaunzems D., Veidenbergs I. Influence of Thermaadyic Properties and Thermal
Inertia of the Building Envelope on Building CodjinLoad// 50th International
Scientific Conference on Environmental and Climbéehnologies. — Riga: Scientific
Journal of Riga Technical University, 2009. — pp-#D.

. Jaunzems D., Veidenbergs I. Applications of Solaolidg Technologies in Buildings
in Latvian (North-eastern Europe) Climate Condisidr8nd International Conference
on Solar Air-Conditioning. — Palermo: Book of Predengs, 2009. — pp. 44454.

. Jaunzems D., Veidenbergs |. Integration of Renesgabd Cover Cooling Load of
Building. Feasibility and Application// Internatiah Scientific Conference CISBAT
2009 Renewables in Changing Climate — From Nanbrtman Scale. — Lausanne:
Book of Abstracts, 2009. — p. 109.

. Jaunzems D., Veidenbergs I. Development and Vatifin of Method for Building
Cooling Load Calculation for Latvian Climate Conalits/ 50th International
Scientific Conference Environmental and Climate Hireogies. — Riga: RTU, 2008.
— pp. 126127.

. Joo S., Stoia V., Baeva D., Georgallis P., JaunzBm®evelopment of Cost and
Market Potential for Solar Panels Under Considenatf Learning Curve Effect//
Summer Course “Energy&Environment” — Dresden: DR008. — pp. 922.

. Torio H., Jaunzems D. How is the Thermal Stratifara of Solar Heating Systems
Influenced by Thermal Stratification in the TankS®@INet Ph.D. course: Thermal
stratification in solar storage tanks. — Copenha@apartment of Civil Engineering,
2007. — pp. 211.

. Jaunzems D., Veidenbergs |. Analysis of TrigenematHeat, Power and Cooling
Loads// The 48th International Scientific Conferenon Power and Electrical
Engineering. — Riga: RTU, 2007. — pp-283.

10.Jaunzems D., Veidenbergs |. Trigeneration Heat, éPoand Cooling// 11th

International Conference on Solar Energy at Higtitudes. — Riga: RTU, 2007. — p.
70.

11.Jaunzems D., Rochas C. Simulation Model and Conglgorithm of Solar

Combisystem// International Scientific Conferendeutp and Paper Industry Of
Russia — Future View” — St. Petersburg: St. Petegslstate Technical University
VPO RP, 2006. — p. 12832.

12.Jaunzems D., Rochas C. Development of Solar Comstieisy Control Algorithm and

Simulation Model// 47th International Scientific ©ference Power and Electrical
Engineering. — Riga: RTU, 2006. — pp. 1334.



Thesis outline

The doctoral thesis is written in the Latvian laage and consists of an introduction,
five chapters, conclusions, two annexes and adgtdphy. It contains 149 pages, 67 figures,
21 tables and a bibliography containing 97 litemtsources. The summary does not include
literature review.

1. Building dynamic cooling load calculation model

An accurate building cooling load and cooling egempnsumption forecast is
essential for choosing a building cooling systend aptimal operation parameters. It is
necessary to apply a dynamic calculation modeinmilsite building cooling load which takes
into account all non-stationary heat exchange @msE®that occur simultaneously.

A calculation model “CooL” has been developed iis thapter. The model is largely
based on the Standard ISO EN 15255:2007 “Thermdbnmeance of buildings - Sensible
room cooling load calculation - General criteriadawmalidation procedures” and the
methodology for building cooling load calculationesdribed in the Standard. The
methodology allows determination of:

1) Building hourly cooling load;

2) Building indoor temperature fluctuation profile.

The dynamic cooling load calculation model is seppénted by author with various
options for processing and analysing the resulisadiows for the simulation of:

a) The geometrical, optical, stationary, and dynanaiameters of the building envelope
and the influence of various energy efficiency nueas on the building cooling load;

b) The influence of the building’s indoor microclimatkictuations on the building
cooling load;

c) The influence of changes in tenants’ behaviour halits on the building cooling
load.

Developed calculation model network is based orstasce and capacitance pattern.

The network nodes of the building’s dynamic caltola model “CoolL” and developed
networks are shown in the figure 1.1.
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Fig. 1.1. Network nodes of the building dynamic lowpload calculation model “CoolL”

The symbols shown in figure 1.1.:

a) tsuppry — temperature of the air supplied to the ventilagystem, °C;

b) t.m» — ambient air temperature, °C;

c) t; — building indoor temperature, °C;

d) t,, —temperature of the building envelope thermalan&s;

e) t, — building envelope surface temperature, °C;

f)  Quent — ventilation produced heat loss factor, W/K;

9) Qugne — lightweight transparent and non-transparentimgl construction heat
loss factor, W/K;

h) Qneawy — heat loss factor between ambient air and heaghwebuilding
envelope, W/K;

1) Qmy — heat loss factor between heavyweight buildingetope and inner
surface of the building envelope, W/K;

i) 0., —heavyweight building envelope heat loss fadtéiK;

K) Q,, — heat loss factor between inner surface of thidibg envelope and
indoor air, W/K;

l) C,,—thermal mass factor of the building envelope; J/K

m) E,, — building mass area equivalent; m

n) @4qns — total heat flow from inner heat sources of théding, W;

0) &, — total heat flow in the building from solar racie, W,

p) @; — heat flow in interior temperature network negav;

q) @&, — heat flow in surface temperature network nQdew,

r &, — heat flow in building envelope thermal mass terapure network node
tm, W,

S) Q. — building cooling load, kW.

11



1.1. Validation procedure

Validation procedures were based on the Standa@ ESI 15255:2007 “Thermal
performance of buildings - Sensible room coolingdaocalculation - General criteria and
validation procedures”.

Results of validation shows that the deviationha tesult from building cooling load
calculation model ,CoolL” varies 5% and precisioomplies with A-level since average
relative building cooling loadQ, = 0,042. This means that the developed calculation model
can be practically applied. The results of thedatlon are summarized in table 1.1

Table 1.1.
The results of the building dynamic calculation mloghlidation

Test | Reference building cooling load Modelled building cooling Relative building cooling
nr. Qarers W load Q,, W load rQ,

1. 1683 1755 0,041

2. 1431 1435 0,003

15. 1967 2005 0,019

16. 2218 2270 0,023

Average relative building cooling load,, 0,042

2. Research on building cooling load fluctuations

Developed calculation model “CooL” has been appmdbaon the research target
building in this chapter. It includes an analydishe influence of energy efficiency measures
on the building cooling load and cooling load dimat

2.1. Research target building

The research target building is a typical threeestobuilding in Latvia with a
relatively small proportion of transparent buildiagvelope (~11%) and simple architecture.
It is an office building with a ceiling height of@eters. The total usable floor area is ~ 772
m?, where the cooling load is required only for 524 ffhe amount of air in the building is
equal to 1262 rith, and the air exchange rate is 0.545 h

The walls are made of silicate and clay bricks mnwdtar, cement and lime plastering.
The floor and cellar ceiling are made of concred@gls and a sand and slag mixture. The
building has not been insulated.

Average building heat gain is 6 WinThe building’s internal heat gains consist of:

a) Heat gained from lighting: 720 W,

b) Heat gained from electronics and electrical appksn 1532 W;
c) Heat gained from humans (metabolism): 900 W;

d) Heat gained from hot water circuit: 10 W.

12



Figure 2.1 shows simulated cooling loads and ambierftuaituationsfor the researc
targetbuilding throughout the year considering that setindoor temperature of the buildi
in summe is less or eque24 °C and heat ge is equal to 6 W/r.

[= 2] e s Y] E;

Builcling cooling

Fig. 2.1.The research target buildi's simulated cooling load and ambient temperature
fluctuations throughout the ye

The ®oling season for the research target builcruns from the end of March to tF
beginning of OctobelThe maximur cooling load of te research target buildirQ. ,q IS
178 kW, its specific cooling consumptioQ,. is 697 kWh/n? per year, and buildin
cooling load duratioit, is 676 h/per yeaThe dirationof the building coolindoadt, allows
evaluation otheoperation tim for the coolingunit.

The research target building is classified as awglght construction according to t
thermal mass classification. This means that thestcoction has a low therminertia and
heat transfer betweethe interior spaces of the building and ambient enwviment is
reasonabl fast and ncsignifican time offset between ambient air and inside tempeg:
maximums and minimums is observ

2.2.Influence of internal heat cains on the building cooling loac

Practical experience and data obtained during enargiit: indicates that theotal
average values of the buildfs interna heat gains vary fror2 to 50 W/n?. These value
depend on the type of the building, applion and load modeWhile heatgains inprivate
house normally do not exceed 10 W?, in dffice building internalheat gains can reach—
30 W/n?,

13



Fig. 22. Daily fluctuationsof theresearch target buildi’'s simulated cooling loac
ambient air tempeture and solar radiation in Ji

Figure 22 showsthat if a constant temperature is secured in research targ
building, the building cooling load is constantly influenced interna heat gains and on
periodically by solar radiation intensity anmbient temperature. Moreover, solar radia
intensity only significantly influencesthe cooling load of a building if heat gains ¢
considerably low (up to 10 W/A). If heat gain increas, the influence of solar radiatio
intensity and ambient tempeure onthe building cooling load decreases @he building’s
internalheat gains become domnt.

2.3 Influence of thermophysical and opticaparameters of the building envelope
2.3.1.Influence of the building envelope heat transfertia

The building’s specific cooling load and cooling load duration fluctuatiaepending
on the building envelope hetransfervalueshave modelle«. The quantitativ experimer has
been carried o for sixteen regime. Results ofthe quantitative experimer (see Fiure 2.3.
has showecthat there is nccorrelation between the buildi's specific cooling energ
consumption and the buildi’s cooling load duration considering different builgianvelope
heattransfervalues. It can be explaineby nor-stationar heat &change processes in t
building and building envelog
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Building specific cold comsumption
@

Fig. 2.%. The lilding’'s specificcooling consumption and building cooling lo.
duration depending cthe modeof the quantitativ experimer

Figure 2.3 shows theuilding’s specific cooling enigy consumption and cooling loi
duration fluctuations depending on the wall heatsfer ratio

Fig.2.3. Changes of building specific cooling cangtion and building cooling load durati
depending on building envelope heat transfer

When the wall heat transfer ratio increasethe building's specific cooling energ
consumption decreaswhile cooling load duration increases. This is explaiby heat flow
increase betweethe interior and ambient environment, which facilitatestural cooling f
the building if the ambient temperature is lowearththe actual temperature inside
building.

In caseswherebuilding heat gains are larger than 10 \, in summer low building
envelope heat transfer ratio values can signiflgantluencethe building’s cooling energ)
consumption and load durat. Snce natural heat exchange processes and heat
between the buildir's interior and environment are restricted, building is not naturally
cooling, for example, in nigh

15



2.3.2.Influence of the specific surface area of the buildir's transparent envelop

The glaze( surface area of the building envelope n importan parameter fo
building description.The nfluence of this factol is significantbecause of the increasi
influence o'solar rdiation heat flowon building heat gair

Figure 2.4 show thai increas of transparent surface a leads to an increase in
building cooling loadand a decrease in 1 thermal mass ratio. This means that
fluctuationsin the buildin¢'s interior tenperature are influencemore by the solar radiatio
and ambient air temperat. It can be expected tt increasecinner temperature fluctuatio
range will negative effectthe interior microclimate and comfort level in the lalirig.
Moreover, itwill be mae complicated to providnecessal temperaturelevel inside the
building. Thereforethecooling load peak will increasover th¢ 24 hour perioc

[&d]

Building thermal mass ratio

Fig.2.4. Changes of building cooling load ratio &ndding thermal mass ratio depending
the specific weight ofthe surface area cthebuilding's transparent constructic

By increasincthe building envelope transparent surface , the proportior of natural
illumination is increase. Howeve, the influence of the transparent constructiond heai
resstance during wintemust als: be considerec

2.3.3.Influence of building insulation

The aim of building insulation is to improve hea&tantior, which is especiall
importan in the winter season when ambient temperatureslcave Insulation allowsa
reduction i1 the building's heat losses without significant changn the buildin¢s thermal
mass. At the same timthe influence of building insulation on the build’'s cooling load is
not evaluate in Latvia.
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Fig. 2.5. Changes of building spdc cooling consumption and building cooling lo
duration depending on thickness of heating insufalye

The researchtarget building is insulated with 5 cm s, widely available hea
insulation material with heat conduction ri 2=0,4 W(mK), density ofp=16 kg/n® and
specific thermal capacity «,=1000 kJ/(kgK])

Figure 2.5 showthatif heat insulation thickness is increasthe building's specific
cooling load increasewhile building cooling load duratic is reduced. This can be explair
by a reduction in the influence solar radiation and ambient air tempera.

The huilding cooling load increase is related to changes inhigat flow from the
building's interior to the environmentThe peal building cooling load increasewhile the
building cooling load duratiodecrease. This means that in order to provide the neces
temperature level in the building, it is necesstryuse cooling equipment with a higl
capacity for a shorter period of tin

2.3.4.Dynamic parameters of the buildin

The huilding's thermal inertia factors shothe influence of the buildin’s thermal
mass fluctuations considerinthe dynamic nature of the buildi’'s interior temperatur
fluctuations. The ceneral building thernal inertia factor fluctuations related to the w
insulation work are shown in the figure belc

17
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Fig. 2.6. Schematic graph decremer factor fand timelag ¢ of maximum and minimur

external air and internal temperature for buildemyelope with and without heatil
insulation layer applie

The huilding’s interior temperature fluctuaticorange as well as offset of maxims
and minimums depen on the ambient air temperature and thephysical and geometric
characteristics of the buildinBuilding insulation can help tredu@ the building’s interior
temperature fluctuation range and redthe influence of the ambierair temperature on tf
changs in the buildin’s microclimate

Fig. 2.7. Changes of temperature fluctuation amgédecremer factol f depending ol
thickness of research target building \

Figure 2.7. shows changin the temperature fluctuation range decrement faf
depending on thwall thickness of tr researcharget building. These changes are not lin
demonstratin thar asthe building thermal mass incres, the building thermal inertiealso
increasesTherefors, a reduction in the fluctuation range of building’'s interior temperatur
can biobservd, meaninghatthe 24hour indoor temperature in the building be: to align.

18



3. Experimental study of the solar collector

An experimental study of the solar thermal systeas werformed from August 43

2010 to September 172010. The following parameters were measureddafitied in the
experiment:

1) Intensity of solar radiatios,,;, W/n?;

2) Ambient air temperaturg,,,,;, °C;

3) Return temperature of the solar collector heafieery,, ;,, °C;

4) Supply temperature of the solar collector heati@alrf,; o, °C;

5) Heat capacity of the solar collect@y,;, kW,

6) Produced heat energy,,;, kWh,;

7) Heat medium flow,,;, m’/h;

8) Volume of the heat carriet,,;, m;

9) Operational life of the solar collectqy,, h.

The experimental study of the solar collector wadgrmed in two modes:
a) Without reflectors;
b) With reflectors.

The solar heat system operational parameters vedireed for each of the modes, thus
allowing a comparison of energy performance in botdes. The system for the vacuum tube
collector experimental study is shown in figure.3.1

Fig. 3.1. Experimental study system for vacuum tsiiar collector

The solar thermal system consists of a vacuum 8ddar collector, control unit,
measurement devices, circulation pump, expansi@sele circulation pump measurement
device, pipe circuit, security, counter-pressuamding valve and dearerator.

The vacuum tube solar collector was oriented pedci® the South at an angle of 39°
against horizontal. The solar collector system wagalled in the village of &nuli, Vaive
Municipality, Cesu Region, Latvia (GPS coordinates: 57.21155N, 12B033E).

The vacuum tube solar collector energy efficienagameters are shown in table 3.1.

Table 3.1.
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Parameters of vacuum tube solar collector

Optical coefficient of performance of vacuum tulo&as collector no = 0,717
Heat transfer coefficient a, = 1,52 W/(mK)
Temperature-dependant heat transfer coefficient » = B0085 W/(rfK?)

A water and propylene glycol mixture in the ratio3oto 1 is used as a heat medium.

The pump is used for circulating the heat mediwquitl. The control unit is connected to the
supply and ambient temperature sensors and regutateoperation of the circulation pump.
A diagram of the vacuum tube solar collector expental study prototype is shown in figure

3.2.

Flow meter

Fig. 3.2. Diagram of vacuum tube solar collectgreximental study system

The following equipment and measurement tools wased to perform the

experimental research:

1)
2)
3)
4)
5)
6)
7
8)
9)

Pyranometer;

Temperature sensors;

Heat meter with flow sensor and meter;
Circulation pump;

Expansion vessel;

Security valve;

Dearerator;

Flooding valve;

Solar collector circuit circulation pump controliun

Uncertainty analysis of the solar collector capasieasurements showed that in order

to reduce solar collector capacity measurementrtaiogy, it is important to pay attention to
the definition of solar radiation. As analysis tietuncertainty balance shows that solar
radiation measurements contribute the largest i(fu6-99.96 %) to total uncertainty.
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3.1. Analysis of the influence of reflectors on sat collector performance

Reflectors increase the intensity of solar radiafalling on the solar collector, thus
improving the energy efficiency of the existingaotollector. Considering Latvian climatic
conditions and operational aspects of the solalir@paystem, optimal use of reflectors can
improve the energy performance of the solar calleahd improve economic performance.

Fig. 3.3. Diagram of vacuum tube solar collectathweflectors and reflectors’ location

Figure 3.3 shows a diagram of a vacuum tube salleator with reflectors. The
optimal reflector angle to the horizontal is assdne be 25° according to literature data.
Accordingly, the geometrical sizes of the reflestarere determined in accordance with the
angles to the horizon of both reflectors and thdectwr and based on the geometrical
parameters of the solar collector.

Based on an evaluation of the solar collector'si@cperformance ratio fluctuation
(see fig. 3.4), it can be concluded that the sotdiector coefficient of performance can be
improved by using reflectors. A solar collectorhwieflectors can produce up to 7-10% more
heat energy per received solar radiation energytian a solar collector without reflectors.
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Fig. 34. Solar collectoperformancecoefficient with and without reector:

Althougt reflectorsrequire additional investments arinvolve certaintechnical anc
aesthetic limitations, they can improthe performance and production indicators of s
collectors. Reflectors canalso beconsidere as a technically aneconomially feasible
solution forimproving solar collector energy efficiency, especiefor relatively large solal
heat systess (F,,; > 20 nf).

3.2.Time series data processir

The dtained serial data andmeasureme resultsare based on the solethermal
systemexperimentastudy. The system was installed and operated from August 12240
till September 19tl 2010. Measuremen were taken atten minute interves. The mair
measureme parameters were soleaadiation intensity, heat mediun input and outpu
temperature frorthesolar collector and ambient air temperat:

The following two time periods were sctedin accordance wii the objectives of th
experimente study andfor more effectivedataprocessing

1) 15th—17th August, 201(solartherma system installed without reflect);
2) 12th—14th September, 2010 (sothermalsystem installed with refleors).

Three time series statistical data processing ndsthe@re usec

1) Multiplicative and additive model of time seriexcdenposition methg;

2) Time series datemoving average method with or without centring tmoving
average

3) Singlestage andouble-stageexponential smoothing meth:

Time series data processing was performed the widely-usedstatistical progran
MINITAB . Three precision paramet were used fc all time series data metho
1. Mean Absolute Percentage Error (MA
2. Mean Absolute Deviion (MAD);
3. Mean Squared Deviation (MS.
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The three dynamic time series data processing rdegrecision parameters are
summarized in the table 3.2.

Table 3.2.
Accuracy measures of processing of dynamic timeselata

Time series decomposition Time series data moving average Exponential smoothing
Precision method method method
parameter Multrl]i)cl;;::we A:]C:)ISZ? With centring | Without centring | Single-stage| Double-stage
MAPE 226.57 204.46 318.25 210 177.33 185.0
MAN 47.0 34.07 34.3 23.73 18.94 20.48
MSD 7200.20 4027.04 5563.28 2894.45 3081.74 340726

The single-stage exponential smoothing method aedi¢he most precise parameter
indicators. This means that this method most atelyrdescribes solar collector heat capacity
fluctuations. Analysis of real and obtained timaeseprocessing data is shown in figure 3.5.

Analyses of solar collector measured and simulated data
Single-stage exponential smoothing time series data procesing method

6001

500+ g

400

300+

200

y = 5,5740,957x
100- R2=0,91
[ ]

Measured solar collector heat capacity (W/m2)

T T T T T T T
0 100 200 300 400 500 600
Simulated solar collector heat capacity (W/m2)

Fig. 3.5. Analyses of the measured and simulatéal afssolar collector heat capacity

Based on analysis of the three time series dat@epsing methods that were
performed, the single-stage exponential adjustmesthod and its relationships can be used
for describing solar collector heat capacity inia climatic conditions.

Qcol,modln = C’—'Qcoll,,1 +@+ a)Qcol,modl_l =

)+4,02>+(1+a)-

T + Teor T, + Tooning_, |
. (Fkol 51_17’]0 —a, (Tambl_l _ col,out;_q col,ml_l) —a, (Tambl_l _ col,out;_4 - col,ml_1> l) ) (3.1')

2
whercholln — solar collector heat capacity in pomnbf the time series, W;

Tcol,inn

=a (0,53S,n +2,11 (Tambn -

a — smoothing constant;
§;,, — solar radiation in point of the time series, W/m
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Tamp, — ambient air temperature in point n of the tireges, °C;

Tcou,in, — SOlar collector inlet temperature in point rifoé time series, °C;
TeoL0ut,, — SOlar collector outlet temperature in pdirt 1 of the time series,
°C.

Solar collector heat capacity fluctuations are deleat on ambient temperature, solar
radiation intensity, solar collector optical anénmophysical parameters (see equation 3.1.).

Considering the fact that each subsequent simulzdector heating capacity value
depends on the preceding one, general solar amileapacity fluctuations can be shown as
following the single-stage exponential smoothinghmod:

Qkol,modln = anolln +(1+ a)Qcol,modl_n' (3.2.)

wheren — point of the time series;
Qcol,mod,_, — Simulated solar collector heat capacity in lainp of the time
series, W/rA

The obtained empirical relationships (3.1) and )(@2n be used to define the solar
collector’s heating capacity and component pararseter Latvian climatic conditions
depending on solar intensity, ambient temperaturé #he solar collector's optical and
thermophysical parameters.

4. Simulation of a solar cooling system

Simulations of solar cooling system for researaigeat building in Latvian climate
conditions have done in this chapter.

Simulation of the solar cooling system is basedtlom selected research target
building, where maximum cooling loa@, ,,,,, is 17.8 kW, cooling load duratiorn, is 692
h/year and specific building cooling energy constiomQ; . is 6.97 kWl/m? per year where
the defined indoor temperature of the buildigg equals 24 °C. Figure 4.1 shows a diagram
of the solar cooling system.
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Fig. 4.1. Diagram of simulated solar cooling system

Based on the literature review, in order to cover ¢ooling load of the building an
absorption type cooling system available in thekatwith nominal cooling load of 20 kW
was selected. Solar collector array was plannecbt@r 80% of total heat consumption of
heat driven absorption cooling unit.

4.1. Solar cooling system model in TRNSYS

The TRNSYS simulation program was used to simula¢esolar cooling system and
evaluate its operation. This simulation program hamodular structure which makes it
possible to divide the existing system into mutualbnnected components (solar collector,
cooling unit, etc.). Each component is simulatedasately using mathematical relations
available in the TRNSYS data base or which candweldped using different data processing
programs or programming languages e.g. MS Excelldidar C++.

A -0

Typ65b : Typ65a TypeSa»Sf'FTya_z Type28a
1y A

A -

| |
[

:“J ”””””

Weather

Fig. 4.2. Diagram of simulated solar cooling systarthe environment of TRNSYS
simulation program

Solar collector have simulated with component TypelHeat driven absorption

cooling unit have simulated with Type 107. Buildimgpdel has been integrated as outsource
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component using component Type 62 from TRYNSYS detse. The calculation moc
“CooL” has used for input file for component Typ2. @& diagran of the solar thermal syste
and the modein the TRNSYS environmer are shown in figure 4..

4.2.Analysis of solar cooling system simulation result

The rominal heating capacitrequiredfor cooling equipment depends on the cool
load of the building,the nominal capacity otthe respective coolincequipmer and the
nominal performance ratio of the cooling equipmeThe farametersof the cooling
equipment are provided in ttechnica specification or other supporting documei

In order to provide the statefraction of 80% of solar energy in Latviaclimatic
conditions, the specific aea of theinstalled solar collectovaries from 3 to 5 #kWcoig
depending on the type thecollector.

Thusthe capacity othe solar accumulation tank depends on the stherma system
and varies from 40 to 75 |2 Heatmediumflow is providec by acirculation pump (ma:
flow is 200 kg/h)

The ®lar energyfractior describes how much of the heat with a definite emature
level requiredfor the cooling equipment can be provicby the solatherma system. Thegag
heat energymust be provided by an additional heat source.demonstrated by tl solar
system simulatiorresults showin figure 4.3, the solar energyfractior depends orthe type
and area cthe solar collector installe

Fig. 4.3. Changes in solar energy supplyending on solar collector type and nominal

In order to provide solar enercfractior of 80%, cooling equipment with 20 k'
nominal capacitrequiresa 45 n? vacuun tube solar collectc
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Fig. 4.4.Requiredchanges in heating load of cooling devand supply temperatu
of solar collector (area 45?)

Figure 4.4 showthe temperature and cooling equipment heat load fluictns of a
simulated solar collector with 452 area. If the olar therma systemhad a smalle heat
collector area or flat scr collectors were used, an additional heating sowauld have to b
used tcensurehenecessary temperatievel for the cooling equipme

The results of the experiment and the performedilsition (see fig. 4.3) prove th
vacuumtube solar collectcs are more efficient ansuitable for operatng in a higher hee
mediun temperatur mode and are able to provithe require heat energy level with le:
installed area. Moreovethis type of collectors has highel stagnation temperatuilevel
(>18C-200 °C).

A solartherma system witta 45 nf vacuumtubesolar collector is able to provithe
requirectemperature gradient for the cooling equipment@naer almost 4200 kW i.e. 80%
of all the heat enercrequirec for the cooling equipmen

4.3.Analysis of solar cooling system environmental aneconomic parameters
4.3.1.Reduction ofCO,

One of the moscommonly applie parameters folevaluatng the environnental
impact of a technologyis CC, emission reduction, which descril the CQ reduction
patential ofthe selected equipment considerithe CO, factor of the reduced or substitut
energy.

In light of the above mentioned fa, four feasible C(, reduction scenarios have be
analysd:

1) Scenaric A: CO, reduction applying thermal cooling equignt at an averag
traditional cooling equipment performance r 7.,.4,4=2.5;

2) Scenario B: CO, reduction applying thermal cooling equipment at mmam
traditional cooling equipment performance ra;,.q;=4.5;
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3) ScenarioC: CQ reduction applying solatherma systemand thermal cooling
equipmer at an avera( traditional cooling equipment performance ra;,q,q=2.5;

4) ScenarioD: CQO, reduction applying solatherma system and thermal coolir
equipment ¢ maximum traditional cooling equipment performana&om,,,,=4.5.

The following CC, emisson factor values were usedtheanalysis:
a) For solar enerc: 0.264 kgco,/KWhi,;
b) For electricity: 0.397kgco,/KWhe.

It was assumecin all of the scenarios thi#he solar energypart is 80% ancthe
performanceatio of the thermal cooling equipmenn.=0.6.

Fig. 4.5. C( reduction depending on cooling energy consum

Figure4.5 shows that C, reduction at the assumed performance ratio oflthemal
cooling equipmet n, and fractior values for the solar enercdepends on cooling ener

consumpion.

In a situaion whee the solar cooling system is operated with a higher , the
expected Ck, reduction increas. The aerageCO, reductior whenapplying solar coolin:
systemrand considering calculation assumptions varies 1.088 to 0511 kg¢o,/KWh.
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Figure 4.6 shows thdy usin¢ a solar cooling system instead of traditional aop
equipmer, the CO, emission volumeis reducedb 10-30%. Thus, it can be concluded t
solar coolini systems have high ( reduction potential anthey can beusec for CO,
emission reductioand toachiee the se goalsfor theenergy sectol

4.3.2.Annuity method

In accordance witlthe economicanalysiswhich isbased orthe annuity metho, all
morey flows related to installation of the solar caglisystem are converted into equi
divided yearlycos flow A, which is obtained bcalculatng currentnet payment value i
different time periods andiscountin¢all the payments to the beginning of the pert = 0).

Prices of cooling equipment and sotherma systems are based on the litera:
review and rarket analysisThe gecific initial investmentsin the solar cooling systerange
from 1,700 to 3,500 LVL/kW .. In comparison withthe specific initial investmentsfor
traditional cooling equipmer—which range fror 45 tdl000 LVL/kW,, these costare high
andarenot attractiveto potential userwithoutfinancial support mechanisms or subsidi

According to Bank of Latv data,the everage inflation rate in Latvia in 2010 w
3.7%.A discountrate of 4% wawused According to the producer’s informatii the operatinc
life for absorptiol type cooling equipment is 25 yeaThe cperatinglife N for all solar
cooling systers is considered to be 20 ye

In orderto define yearlycost: A, the currennetvalue is multiplied by the revious
value recovery fact r¢, which isobtaine(from thediscoun rated and system operating |

N.

d(1+d)N

A= CNVTf(N,d) = PNVm,

(4.1.)

whereCNV —current net valy, LVL;
¢ —previous value recovery fac;
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d —disccunt rate, %;
N —operating lif¢, years.

In order to compare solar cooling syss with traditional cooling supply solution
normalsedcooling energy costs are applitNormaised coolinc energy costs are expres:
as a relation of yearly co: A and cooling energconsumptio Q.,;4-

Fig. 4.7.Cooling energycostsdepending on annual consumption of cooling er

Figure 4." shows that tt economii benefis of theanalysd solar cooling system a
influenced by yearly consumption of cooling enerfythe annual consumption «cooling
energ increasesthe costsper unit of produced cooling ener@rereducd. Howeve, due to
sharp decreasin marketprices for solar energy technolog, consistent grow in electricity
tariffs, CQ trading prices, fluctuationsin macrceconomit indicators and advances |
scientific research in this field, it is expectddatt solar cooling systems will becor
economially feasible and will promotthe use of renewable energy sources, thus helpii
achieve the selbjectives in the energy sect

Conclusions

1. The nethodologyfor selectng heat drivel equipment for coolinthas been develope
and approbated on the researarget building for securing indoor temperature
summer. The methodolobased o:

o modellinc of geometrical, optical, station: anddynamic parameteras well
as influence of energy efficiency measures on the dimg cooling load
duration of the builing cooling load, and indoor temperature of thddiog;

o evaluatiol of solar collector performance and heat productionLatvian
climate conditions

o simulation of solar cooling system operation analgsis ofenvironnentaland
economitaspects aits use.
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2. The dynamic cooling load calculation model “CoolLash been developed and
validated for Latvian climate conditions. The impaxd various energy efficiency
measures and parameter fluctuations on the buildowling load, building cooling
load duration and indoor temperature have been lated for the research target
building for defined indoor temperature.

3. Analysis of the simulation results for the impaétbwilding cooling load, building
cooling load duration and indoor temperature flatians prove that:

o

Increases in indoor heat gain are not linear. éf leat gain value exceeds 10
W/m? under unchangeable building envelope parametenspal building
cooling load increase is observed, since heat lgggomes a dominant source
of the building cooling load. At heat gain below WO'm?® building cooling
load is mainly influenced by the ambient tempematmd solar radiation;

An increase of the building envelope heat transdiéip at unchangeable heat
gain leads to a non-linear reduction of the spediuilding cooling load
consumption and insignificantly influences buildimgoling load duration,
since a more intensive natural cooling of the bagdoccurs; when thermal
resistance of the building envelope decreases, @eettange between the
building’s indoor rooms and the ambient environnigoteases;

An increase in the proportion of the building emps transparent area
decreases the thermal mass of the building andtseisuan increase of the
building cooling load. If the glazed surface aegaeeds 60% of the total area,
higher indoor temperature fluctuations occur simeat energy accumulation in
the building envelope decreases;

If building insulation is installed, building coalj energy consumption
increases non-linearly with constant heat gain. ifleeease depends on the
thickness of the insulation layer. The building loog load duration decreases.
This happens because of reduced heat exchangedmetiae building’s indoor
premises and the ambient environment;

When the thickness of the building wall increasles,building’s thermal mass
also increases while temperature fluctuations e khilding indoor premises
decrease under constant heat gain, all of whichahpssitive impact on the
building’s microclimate. At the same time, sign#id thickness of the heat
insulation (more than 0.1-0.15 m) under constaat gain leads to increased
indoor temperature fluctuations for the buildingca the heat gain created by
heat flow from the building’s indoor premises te #gnvironment is reduced.

4. An experimental study using a vacuum tube soldectdr was performed in order to
define its heating capacity depending on the anmb@n supply and return
temperatures of the heat medium and solar radiati@msity. The experimental data
is described by trends, repeating patterns, sebiyorend random components. For
this reason the data was processed using timesseg¢éhods. The obtained empirical
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relationship can be used to evaluate solar collenttalled with reflectors operations
in Latvian climatic conditions.

. A study was conducted on building cooling load cage with solar thermal energy
driven absorption-type cooling equipment. A solaolg system study using a
simulation program TRNSYS integrating the calcalatmodel “CooL” as an external
data source was conducted. The results of the atronlanalysis showed that solar
heat energy can cover a significant part of thet lee@rgy needed for the cooling
equipment from the technical and energy aspecsalé cooling system for the target
building with a total collector area of 45°rand installed cooling equipment capacity
of 20 kW, can cover up to 80% of the total heat energy requénts for the cooling
equipment.

. Simulation of the flat solar collector and vacuuwrbé solar collector was performed
TRNSYS program in order to provide the heat en¢egyperature level required for
the cooling equipment in Latvian climatic conditsorVacuum tube solar collectors
can be used for the high temperature mode of the derier (>70 °C), since lower
heat losses are possible from the solar colleator the ambient environment and its
stagnation temperature limit is higher (190-260. °@preover, a smaller vacuum
solar collector area is needed than with flat sotdllectors.

. Analysis of solar cooling system environmental atpshows that in comparison with
electrical energy operated compression-type coapgpment, 10 to 35% of annual
CO, emission output can be reduced depending on thiengoenergy consumption of
the respective building.

. Analysis of solar cooling system economic aspeltsvs that under existing market
prices for solar collectors and thermally operatedling equipment, electricity tariffs
and CQ trading prices, initial investments and operatingts are now lower than for
traditional, compression-type cooling equipmentduser building cooling supply
systems. Moreover, rapid reductions in prices étarsenergy technologies, increasing
electricity tariffs and increases in @Qrading prices must also be taken into
consideration.

. Due to sharp decrease in market prices for solarggntechnologies, constant
increases in electricity tariffs and @@ading prices, fluctuations in macroeconomic
indicators and progress in scientific researchhis field, it is expected that solar
cooling systems will become economically feasilsid will promote use of renewable
energy sources, thus helping to achieve the settgs in the energy sector.
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