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Abstract —The paper contributes to the analyses from the
environmental and economical point of view of smalscale solar
cooling system in climate conditions of Latvia. Cdsanalyses
show that buildings with a higher cooling load andull load hours
have lower costs. For high internal gains, coolingcosts are
around 1,7 €/kWh and 2,5 €kWh for buildings with bwer
internal gains. Despite the fact that solar coolingsystems have
significant potential to reduce CQ emissions due to a reduction
of electricity consumption, the economic feasibilit and
attractiveness of solar cooling system is still low
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I. INTRODUCTION

It is estimated that the building sector (resicaEntnd
tertiary) accounts for about 40% of energy consionpt
worldwide. About one third of the consumption isated to
cooling or air conditioning in buildings, espedjaih southern
climates. 80% of the greenhouse gas emissions riopeustill
come from the energy sector [1]. The demand foiding
cooling has been increasing in the past few yeats will
continue to increase. There are several reasonsuon a

open systems (desiccant and liquid sorption systeifise
solar cooling capacity is assisted by solar flatelcollectors
or solar vacuum tube collectors [10,11] or by wdwsat. For
the often used single effect cooling machinesy#tie of cold
production to input heat (COP) is in the range &-@.8,
while electrically driven compression chillers tgdaork at
COPs around 3.0 or higher [12,13].

For much of Europe, increases in cooling energy atem
due to global warming will be outweighed by redons in the
need for heating energy [14]. But solar coolingteys are
still expensive. Investment costs vary between 32000 €
per kilowatt of cooling output for small scale sysis [15, 16].
The reasons for this are: lack of standardizatibthe system
configurations and mass production, as well as latk
practical experience.

The cooling load of a building depends on climate
conditions, thermophysical properties and pararseter
(insulation thickness, thermal conductivity etd.}tee building
envelope, and internal gains (inhabitants, elegt@ppliances
etc.) [17-25]. That is why it is necessary to cdesj on one
hand, energy efficiency measures and on the otied h the
appropriate and environmentally friendly coolinghaologies

forecast: more and more popular tendency of modeff cover existing cooling loads of buildings. A ¢pruntime of

architecture to use glass facade surface aredserdemand
for comfort, quantitative increase of office andrviee
buildings, increasing number of electric applianaed, in one
word, expected economic growth [1,3]. The presesfceolar
irradiation and the need for cooling practically coc
simultaneously, which makes solar cooling an afitrac
alternative to conventional (basically electricver) cooling
in modern buildings [4]. All that implies energycanomic

a solar cooling system have several advantages wik&red
from the perspective of environmental aspects dsasefrom
economical aspects.

Il.  SCOPE ANDMETHODOLOGY OF THEPAPER

The paper analyses the environmental and economical
aspects of small scale solar cooling system in atém
conditions of Latvia. The goals are to specify #ssociated

and environmental consequences because solar gooltosts and calculate the reduction of G@comparison with a

systems use less primary energy than conventiooaling

traditional cooling unit to cover cooling load dktbuilding.

systems thus emit less G@nd have less impact on the To evaluate environmental and economical aspectsnafl

environment [5].

Compared with the traditional
conditioner, the solar cooling system can save aB0%
electric energy when providing the same coolingacitp for
office buildings. Hence, the system offers a goagtrgy
conservation method for office buildings [6, 7, &olar
fractions therefore need to be higher than abo@b 5@ start
saving primary energy [9].

scale solar cooling systems, cooling load filesemeroduced

compressor-based aimn an hourly basis with a developed cooling loaktwtation

model CooL for a small existing building with about 520° m
total cooled area, 120 Frtotal windows area (67 mold
wooden frame and 53%mplastic frame windows), and 346’m
facade area. The air exchange rate was 0.345ecific heat
losses via enclosed constructions of building w&ég2.2
WI/K, but total specific heat losses of building lirded

Absorption is the most commonly used type of thdiyma ventilation, doors, roof, walls and windows wer®33 W/K.
driven cooling unit. Approximately 60% of these teyss use [26]. The building internal gain and characteristiof the
absorption chillers, 11% adsorption chillers, ar@le2use building envelope were varied to analyze the ecacalnand
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environmental aspects of a solar cooling systere. [thlding
internal gain include all heat from electrical gguent and
inhabitants. To cover the cooling load of the biniddfor a
solar cooling system, a commercially available aftson
chiller with 15 or 25 kW nominal cooling power welsosen.

The cooling load of the absorption chiller was @rmgo
maintain internal room temperature levels at a mgiset point
of 24°C for all operation hours.

I1l. EXPECTEDBUILDING COOLING LOAD DETERMINATION

To evaluate the environmental aspects and economic °
varying

performance of solar cooling systems under
conditions, different building cooling load fileseve produced
with the calculation tooCooL
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Fig. 1. Existing building with high internal loa¢Build1_High).

The air exchange rates were held constant at ®frhthe
building throughout the year. Surplus heat from bléding
analyzed was removed by a water-based distribigymtem,
which was fed cold water from the cooling unitnaintain a
set internal temperature.

The power of the absorption cooling unit was choten
keep the internal temperature levels below a skt pd 24°C
for all operation hours (see Table II).

To evaluate the economic and environmental perfooma
of the solar cooling system, four different enecgpsumption
and cooling energy demand profiles were producedttie
existing building using the calculation tool CooL:

existing building with low internal gains of 4 W/m
—acronym Build1_Low,
e existing building with high internal gains of 20
W/m? — acronym Build1_High (see Fig. 1),
¢ building after implementation of energy efficiency
measures with low internal gains of 4 W/m
acronym Build2_Low (see Fig. 2),
¢ building after implementation of energy efficiency
measures with high internal gains of 20 W/m
acronym Build2_High,
reference building in Stuttgart (Germany) with low
internal gains of 4 W/f- acronym Build3_Ref.
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Fig. 2. Building with
(Build2_Low).
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Fig. 3. Specific and total annaul cooling energgnded for the building with
different internal gains.

TABLE |
THE SPECIFICATIONS AND PARAMETERS OF THE BUILDINGS FOBOOLING LOAD CALCULATIONS

Buildin Internal Overall heat transfer Overall heat transfer Overall heat transfer Overall heat transfer

case 9 gains coefficient of the walls, W | coefficient of the windows, coefficient of the roof, ko coefficient of the floor
(W/m?) (W/mPK) Uwin (W/n?K) (W/mPK) (W/mPK)

Buildl_Low | 4 1.07 1.9-2.38 0.68 0.67-1.33

Build1_High | 20 1.07 1.9-2.38 0.68 0.67-1.33

Build2_Low | 4 0.4 1.8 0.35 0.45

Build2_High | 20 0.4 1.8 0.35 0.45

The cooling energy demand of building is betwee® 40existing building with high internal gains (see F8). A wide

kWh in the building after implementation of enemgfjiciency
measures with low internal gains up to 3400 kWhthe
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efficiency measures with low internal gains up & BWh/nf
per annum for the existing building with high imat gains.

The specifications and parameters for the existinigding
and building after energy efficiency measures ararsarized
in Table I.

IV. SOLAR COOLING SYSTEM DESCRIPTION AND
CONFIGURATION

For an annual cooling energy demand from 400 up4@0
kWh and average COP of 0.55 the cooling unit wisyletem
requires from 720 to 6100 kWh of heating energye @iksign
generator entry temperature is 65°C at an absasbeling
entry temperature of 26°C and an evaporator enfr§26C
and exit of 6°C. To achieve a solar fraction ofeatst 60% for
the given cooling load profiles, a collector sugagea of 2 to
26 nf and a storage tank volume of 0.2 up to 21 im
required, if the generator is always operated atnean
temperature of 65°C.

COOLING
TOWER

GENERATOR A

ﬂ: -—
: 7

N
ABSORB "y

TE

BUILDING

Fig. 4. Schematic view of the solar single effded@btion cooling system.

For the constant generator inlet temperature lef&@5°C,
the specific collector yield is in the range fro®i72up to 370
kKWh/n? per year for an annual solar irradiance of 1080
kKWh/n?. The solar thermal system efficiency was assuroed t
be 22% (for flat plate solar collectors) and 34%r facuum
solar collectors), respectively.

The size of the solar thermal system is based @n th
capacity of the absorbtion cooling unit and avadabolar
irradiation. The solar cooling system design valfes the
different buildings are summarized in Table Il. ghematic
view of the solar single effect absorption coolisgstem is
shown in Figure 4.

A. Solar thermal system

The solar cooling system model includes a solalectdr
(flat plate and vacuum tube), a stratified storagek, an
absorbtion chiller, a control unit, and a back-eater. A solar
collector is modeled using the steady-state sotdlector
equation with an optical efficiency, and the two linear and
quadratic heat loss coefficients @and a. The flat plate and
vacuum tube solar collectors available on the niavkere
used with optical efficiency), of 0.82 and 0.78, with,aat
3.61 and 1.48 W/AK and a at 0.014 and 0.008 W/i?,
respectively.

B. Absorption cooling unit

From the different types of absorption cooling maeh,
the water-cooled single effect model is that whishmost
commonly used for cooling applications for buildéng

The capacity of the absorption cooling unit depends
cooling load of the building. In turn, the coolithgad of the
building depends on ambient temperature, soladimt®n,
internal gains, and thermal characteristics ofding. Chosen
absorbtion chiller working pair is LiBr-4#© with a design
generator entry temperature of 65°C at an absarbeling
water entry temperature of 26°C and an evaporaity ef
12°C and exit of 6°C.

TABLE Il
SUMMARY OF SOLAR COOLING SYSTEM DESIGN VALUES FOR THE BFERENT BUILDINGS

. Collector area Storage volume

Full cooling Cooling . ® 2 o

Building case | load hours energy Abs. chiller Average COP of
g demand power (KW) | Fiat plate Vacuum Flat plate Vacuum | apsorption chiller

(h) (kwh) tube tube
Buildl_Low 169 662.6 15 5 3 0.4 0.3 0.55
Build1_High 541 3355.9 25 26 17 2.1 1.3 0.55
Build2_Low 102 399.6 15 3 2 0.2 0.2 0.55
Build2_High 379 2400.9 25 18 12 15 1.0 0.55

V.ECONOMICAL ANALYSIS

To plan and design solar cooling systems, economic
considerations and analyses make the basis forsidaci

makers.
The costs in energy economics can be divided inteet
categories:

e capital costs, which contain the initial investment
including installation,

e operating costs for
operation,

e costs for energy and other material inputs into the
system.

maintenance and system
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The total costs per kWwh of cold produceg,(are obtained

VI. ENVIRONMENTAL ANALYSES

by summing the chiller costgier to the solar thermal system  The environmental analysis of the solar coolingtesys

costs Gyiay the auxiliary heating costs,&ing and costs for the

comprises an analysis of green house gasses ensissimone

cooling water production &, The costs for heating have todepletion substance emissions and water consumptih

be divided by the average COP of the system ta théecost
per kWh heat to the cold production and multiplieg the
solar fraction for the respective contributions saflar and
auxiliary heating. For the cooling water, costs gg¢h of
cooling water were taken from the literature revigh,27]
and referred to the kWh of cold by multiplicationithv
(1+(1/COP)) for removing the evaporator heat (fadtp and
the generator heat with a factor 1/COP.

C -C | SszoIarL (1_Sf)Q1eating+C (1+ 1 )
sum™ “thiller T ool
COF COF CoO
2,500
i 2,000 +——
E
=
W 1,500 -
2
S
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=
fed
Y0500 —— r
it
OJOOO . 7 . -l?i
Buildl_Low Buildl_High Build2_Low Build2_High Build3_Ref
m Collectors Recooling  m Aux. Heating  m Chiller

Fig. 5. Cooling costs per kWh of cold for buildimgth different internal
gains.

A value for G, of 0.009 €/kWh cooling water was use
and auxiliary heating costs,ding Were set to 0.04 €/kWh
heat.

To evaluate the benefits of a solar cooling system
comparison with an electrically driven cooling gt two
different price scenarios were considered:

e celectricity price increase at the same rate as
social discount rate, that is 3.5 %;

e electricity price increase at the current rate,clutis
10%.
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Fig. 6. Benefits from solar cooling system companéith electrically driven
cooling system for different electricity price iearse scenarios.
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pollution. For its part, the environmental impateoergy use

in solar cooling systems can be measured by kgesfrdnouse

gases emitted per kWh of consumed energy/&Wh). The

cooling equipment might release greenhouse gagdestlie
atmosphere in two ways:

e Directly: refrigerant may be released into the api®re
during equipment installation, normal operation,
decommissioning, or eventual disposal.

e Indirectly: due to the fact that air-conditioninguépment
use electricity (necessary to operate the system)
generated from different fossil fuels, nuclear ppaed
water, it releases greenhouse gases.

Direct CQ emissions were assumed insignificant due to the
high quality and security of solar cooling systems
manufacturing and installation. Solar thermal systgproduce
negligible environmental pollution during their mdacture,
operation and dismantling. Solar cooling systemsehthe
advantage of using harmless working fluids suchvater or
solutions of certain salts; they are totally ennim@ntally safe.

The extent of the carbon dioxide emissions for zeigi
carbon content in the fuel and for a given generati
efficiency depends primarily on the energy efficgrof the
solar cooling equipment.

= 700  Reduced COZ 7 10000
g issi 09000 =
2 oo emissions Y
z - 8000 2
£ soo =— Saved money [ conii g
2 : 6661 E;
400 : - 6000 £

d 5 ~ 3
3 - 5000 8 f:
E oW 000 5
a 200 a0 g
8 - 2000 o
e N 000 3
T B F
'g 0 — T 'j—.—' -0 ﬁ
& vy

\,0‘2\ \é‘ \,0$
the aad 5 o
A D a8
Qj)\ Q)o‘ &

Fig. 7. Reduction of CQand potential return of investments due to,CO
trading (15€/tcoy).

The amount of generated carbon dioxide is directly
proportional to the amount of used energy or, isecaf the
solar cooling system, reduced electricity consuampto cover
cooling load of the buildingThe analysis that can determine
the overall contribution to global warming from ege using
equipment over its operating lifetime is the Total
Environmental Warming Impact (TEWI) analysis [28EWI
is an index that should be used to compare theablebrming
effects of alternative air-conditioning systems dese it
includes these contributions from the refrigeracboling
efficiency, and weight.

A 20-year lifetime was assumed for the solar caplin
system. The TEWI factor is expressed in terms afivadent
kg CG, direct and indirect emissions.
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on the building and on the rate of increase in fuéte (see
TEWI=Tjecicoz * Tindirecicoz (2) Table lil).

In terms of cost per ton of GB&aved per year and for the
lifetime of the solar cooling system, the resultsywdepending

It was assumed that generation of electricity srfrgas in

condensation mode because it is typical for Latvide
emission factor was taken 0.365{MWhy,.

TABLE IlI
THE SUMMARY OF ENVIRONMENTAL ANALYSES OFSOLAR COOLING SYSTEM IN DIFFERENTBUILDINGS
. . . I Money savings per lifetime of 20
Reduccélr:):ucr:: e;li(;ﬁtrlcny Reduction of C@ Redgrétloga?; %gpébhé?;)me of years in terms of electricity
P Y consumption
Building case Electricity price I_Elec_trlmty
increase 3.5 % price increase
(kWh/a) EUR/a (tonnes/a) EUR/a tones EUR 10 %
EUR per lifetime EUR per
lifetime
Buildl_Low 220.9 21.42 87.7 1315.17 1753.6 26,303 585.9 878.3
Build1_High 1118.6 108.51 444.1 6661.49 8882.0 133,230 2967.7 448.8
Build2_Low 133.2 12.92 52.9 793.29 1057.7 15,866 353.4 529.8
Build2_High 800.3 77.63 317.7 4765.70 6354.3 95,314 2123.1 .3182
Build3_Ref 1566.7 151.97 622.0 9329.50 12,439.3 186,590 4156.3 6230.6

VII. CONCLUSIONS ANDDISCUSSION

Economic and environmental aspects of a solar mgoli 1,
system in different buildings were analyzed in faper. An
absorption chiller was selected to maintain interr@om
temperature levels at a given point of 24°C foragleration o
hours. Different cooling load files with low andghi internal
gains for different building cases were developsthg the
calculation tool CooL. Analyses showed that in order to™
achieve a given solar fraction of the total heamded for 4.
cooling mostly different solar collector areas asibrage
volumes are required, depending on the building lila and
chosen collector type/ To achieve a solar fractb60%, the
required collector surface area is in the rang® ¢ 26 m,
however the aperture area is around 1.3kWi, if the
generator is operated at a constant high temperafug5°C.

For buildings with different internal gains and elope 7.
characteristics, the required collector area vdriea factor of
4 to get the same solar fraction. The total systests for g
commercially available solar cooling systems arevben 1.7
and 2.5 €/kWh, depending on the cooling load oflihiéding
and the chosen collector type. The total costslanginated by
the costs for the solar thermal system and therptisn o
cooling machine.

It was found that solar cooling systems in climat
conditions of Latvia have the potential to reduc®,C
emissions, however the economic feasibility anchetiveness
is still low even though the price of electricityagnincrease

even up to 10% for the solar cooling lifetime. 12.

Solar cooling requires higher investments, butassible to
reduce costs if the solar system is designed ftin heeds —

cooling in the summer and heating in the winter. 14.
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Dzintars Jaunzems, Ivars Veidenbergs. Ar saules engju darbin ama aukstuma ielarta Latvijas klimatiskajos apstaklos: vides un ekonomiskie aspekti
Saistba ar to, ka modernajeku arhitektira arvien vaiek tiek izmantotas stiklas argjas norobezojoSas konstrukcijas, Apaukti tiek paaugstitas pramas
pret iekStelpu mikroklimatu,&an pieaugoSais dadu elektrisko un elektronisko i€t izmantoSanas apjoms var iztaéku aukstuma slodzes palieglBanos. Ar
saules engiju darbirima absorbcijas tipa dZz&snas ieftta ir viens no risisijumiem la efekivi un videi draudiga veida noseggkas aukstuma slodzi, jo saules
starojuma intensite praktiski salit ar ekas aukstuma slodzi. Darlir izvertéti ar saules engiju darbiramu dzesSanas iektu ekonomiskie un vides aspekti
ekam ar daZdiem iek&jiem siltuma ieguvumiem urargjo norobezojoSo Kkonstrukciju parametriem. Lai saghi saules engjas ddu vismaz 60%,
nepiecie$amo saules kolektoru virsma ir rabeio 31dz 26 nj, savulart ipatrgja saules kolektoru virsma ir agnam 1.3 kW , ja absorbcijas tipa dZ&&snas
iekarta generatoram tiek nodrodits siltums ar konstantu tempenat 65°C. Aukstuma engijas izmaksas ir rob@% no 1.7z 2.5 €/kWh atkaba no gkas
iekEjiem situma ieguvumiem ugkasargjo norobezojoSo konstrukciju energoefekiitéts aditajiem. Ar saules engiju darbirama absorbcijas tipa dz&snas
iekartai ir pietiekosi liels C@samaziajuma potendils, toner neskatoties uz toadu dzesSanas sismu izmaksas joprajn ir ekonomiski nepamatotas un nav
konkumtspejigas, ja satizina ar kompresijas tipa dz8anas ieitam, kas tiek darbiitas ar elektroengiju, t.sk. nemot \&ra elektroenetijas tarifa
paaugstiasanos jau tuakaja nakotre.

3unTape Synzemc, HBapce Beiinenoepre. CucreMbl OXJIasKIeHHsI MaJOi MOIIHOCTH HA OCHOBE COJIHEYHOM JHEPrHH ISl KIMMATHYECKUX YCJIOBHIA
JlaTBUH: 3KOJOTrHYeCKHe H IKOHOMHYECKHE ACTeKThbI

B cBsi3M ¢ TeM, YTO COBpEMEHHAsl apXUTEKTypa 3/1aHMil BCE Yallle HCIOIb3YeT 3aCTCKIICHHBIH AU3aiiH, IIOCTOSHHOE yBEJIMYCHHE TPEOOBAHUN K BHYTPEHHEMY
MHKPOKIMMATY, a TaKkXKe IMOBBIICHHE 00beMa HCIONB30BAHUS PAa3IMYHBIX ICKTPOTEXHHYECKUX M DICKTPOHHBIX YCTPOHCTB B 3[AaHHAX MOXET BBI3BATh
YBEIMYCHHS HArpy3ku oxiaxaeHus. ChcTeMa OXJaXICHHMS Ha OCHOBE COJHCYHOI SHEPrHH sBISETCS 3()(PEKTUBHBIM M BKOJOTMYECKH UYHMCTBIM CIIOCOOOM
KOMIICHCAIIY OXJIXKIAIOIIEH HAarpy3Ky 3[aHNus, TaK KaK HHTCHCHBHOCTb COJHEYHOTO U3IyYCHHUS MPAKTUYCCKU COBIAJACT C HArpy3KOil Ha CHCTEMY OXJIaXKICHHMS.
B pabore paccMOTpeHBI DKOHOMUYECKHE M OHKOJIOTHYECKHE ACIEKTHl CHCTEMBI OXJIAXKICHHS HAa OCHOBE COJNHEYHOH DHEPTHH B 3JAHHAX C Pa3IHIHBIMH
BHYTPCHHHMH M BHEIIHUMH napamerpamu. s JocTrkeHus 1o kpaitneit Mmepe 60% coHeuHoi SHeprus, HeoOXoAuMa MOBEPXHOCTh COTHEYHOTO KOJUIEKTOpa OT
3 710 26 M? ¢ y/eBHOMN TIIOMIABIO MOBEPXHOCTH CONHEYHOro KOJUIEKTOpa okono 1.3 NT/kBT, ecli MOIOMIEHHe Tera TeHEPaTOPOM OCYIIECTBISETCA TPH
nocrosianoi Temneparype 65°C. Rcxomsr Ha sHepruio B auanazode ot 1,7 no 2,5 €kBt4 B 3aBHCHMOCTH OT BHYTPEHHHX HCTOYHHKOB DHEPTUH B 3[IaHWH.
CHcTeMbl OXJIXICHHUS MaJlod MOIIHOCTH Ha OCHOBE COJNHEYHOI HEPTHH MMEIOT JJOCTATOYHO OOJNBIINE BO3MOKHOCTH JUIS COKpaleHus BeiOpocoB COy, HO
HECMOTpSl Ha 3TO, OHM BCE €IIe OCTAIOTCH SKOHOMHUYECKM HEONPABAAHHBIMH U HE SBJIAIOTCS KOHKYPEHTOCHOCOOHBIMH IO CPAaBHEHMIO C TPAaAULHOHHBIMHU
CHCTEMaMH, KOTOpbIe PabOTAIOT Ha JJICKTPOIHEPTUH.
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