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1 INTRODUCTION

In fact, a lot of energy resources are consumedderate ventilation and air-
conditioning in buildings. Energy production hasiegative impact on our environ-
ment and contributes to the g@missions to our atmosphere. Reduction of theggner
consumption and CQemissions can be achieved with help of energyiefit sys-

tems.

Indirect adiabatic cooling (=IAC) is a method ofoling the outside air without in-
creasing its humidity ratio. In summer this teclogyl provides gentle air-
conditioning and consumes the minimum energy. éadiadiabatic cooling is based
on cooling which is delivered by supply air. The@gly air is distributed in two ways:
mixing or displacement ventilation. Displacemenhttiation is essentially buoyancy
driven process. The supply air is introduced at \@locity and at low-level into the
occupied zone at a temperature slightly cooler thardesign room air temperature.

Indirect adiabatic cooling provides up to 10c¢ooling effect without the use of refri-
gerants or additional power. It is an ideal partieehnology for displacement ventila-

tion.

The aim of this thesis is to prove energy efficien€indirect adiabatic cooling and to

define the application area in northern Europe aten

In order to reach the assigned aim the followirsi$aare solved:
- to study background of indirect adiabatic cooling;
- to familiarize with products and manufacturersrafifect adiabatic cooling;

- to calculate energy demand, cost and, EQissions.



2 BACKGROUND OF THE INDIRECT ADIABATIC COOLING

This chapter gives the definition of the indirediadbatic cooling and tells about its
development. Also it describes the air-conditiomgpe 55/56 Adsolair by Menerga
with adiabatic cooling.

2.1 Definition of the Adiabatic Cooling

Adiabatic cooling is the humidifying of air undediabatic conditions, so that heat
energy is neither added nor removed. The processr®avhen the air is in contact
with water. The heat required for evaporation kemfrom the air, consequently air
temperature decreases, but moisture content irege@ike minimum possible temper-
ature is the cooling limit on the saturation linee{ bulb temperature). In the Mollier
h-x diagram adiabatic cooling process is expressedtraight line down-directed in

the line of h = const (Figure 1). /1, p. 2./
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Figure 1. The direct adiabatic air humidification /1, p. 2./
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The difference between the air wet bulb temperatmak the air dry bulb temperature
is a measure of the potential for evaporative cgpliThe greater the difference be-
tween these two temperatures, the greater the eatamo cooling effect. When the

temperatures are the same, there is no evapoi@tiwater in air and thus no cooling

effect. /2, p. 3./

Adiabatic cooling can be either direct or indirdet.the direct adiabatic cooling the
outdoor air which is to be cooled is humidifieddiie 1), so this causes an increase in
ambient humidity. A possible contamination of thg@ly air due to the humidifica-
tion also has to be considered. Therefore thiseays$¢ used only in few applications,
e.g. in industrial building. /1, p. 2./ In tiedirect adiabatic cooling the exhaust air is
humidified and cooled and then, via a heat exchangeools down the outdoor air
i.e. indirectly. So the supply air is not humiddi@nd a possible contamination is
ruled out. /1, p. 3./

The efficiency of an adiabatic cooling system is “the ratio between the actual cool-
ing of the supply air and the theoretical maximurhi@vable cooling in the process,
the cooling limit temperature”:

n, =2t mome, (1)

12 ~ ‘20K

where
n, —an adiabatic efficiency, %;
t,, — an air temperature before a heat exchan@er, °

t,, — an air temperature after a heat exchanger, °

t,, — a cooling limit temperatureC’ /1, p. 4./

A two-stage indirect adiabatic cooling is the process where humidification and trans-
fer of cold are separate both in space and in (fFigure 2). At first the exhaust air is

humidified (see Figure 2, the process 21-22) ard the coolness is transferred from
the exhaust air to the outdoor air in a heat exgba(see Figure 2, the process 12-13).

In this process an adiabatic efficiency reachesrat®0% at the average. /1, p. 3./
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Figure 2. The two-stage indirect adiabatic coolingl, p. 3./

A single-stage indirect adiabatic cooling is the process where humidification and
transfer of cold occur in the same space and atahee time. The exhaust air is humi-
dified directly in the heat exchanger (Figure 3)eTenergy necessary for the evapora-
tion is taken from the exhaust air and via heatdfer from the outdoor air. This is no
longer adiabatic process. However, both operatiahedficiency are similar to those
of the two-stage indirect adiabatic cooling. Instigrocess an adiabatic efficiency

achieves about 76% at the average. /1, p. 4./
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Figure 3. The single-stage indirect adiabatic coalg /1, p. 4./

Evaporative cooling is not the same principle @ tlsed by vapor-compression refri-
geration units, although that process also requaveporation. It is important to dis-
tinguish between these principles. In a vapor-casgion cycle, the refrigerant eva-
porates inside the evaporator coils, the refrigegas is compressed and cooled, caus-
ing it to return to its liquid state. This coolipgocess needs energy to keep running.

In contrast an evaporative cooler's water is omgperated once and on one's own.

2.2 History of the Indirect Adiabatic Cooling

The simplest mode of air cooling is known to madkirom times immemorial. The

earliest archaeological data about the evaporaipating mechanisms points to the
Ancient Egypt. These mechanisms consist of poraatempots, water ponds and thin
water chutes integrated into thick-walled and sHadeclosure. Frescoes dated to
2500 B.C. shows slaves fanning water pots to aoains for the royalty. Some of the
water leaked out through the pot wall due to porstscture and evaporated. Jugs

were placed at the window for air cooling. A passilowndraught evaporative cool-
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ing started to spread to other countries with ey Bot climate after it had been found

in Ancient Egypt.

In the early 1900s, air washers and air coolergwerented in the United States (Ari-
zona and California). The air washers passed eough water spray, which cleaned
and cooled the air. The air coolers included irdimolers, where air passed over a
water-cooled coil, and direct coolers where air wagled by direct contact with wa-

ter.

The first evaporative cooler patent was registénet©06 in United States. The main
element of this cooler is excelsior (wood wool) altl brings a large amount of water

in contact with moving air to allow the evaporatioroccur. /3/

With the lapse of time the evaporative cooler pesged. In 1945 the new type of
evaporative cooler was registered in United SthyeBryant Essick. It includes a wa-

ter reservoir with level controlled by a float vajya pump to circulate water over the
excelsior pads, and a squirrel-cage fan to dravhasugh the pads and into the prem-

ises. /4/

In 1963 John Watt developed the first serious amslgf direct and indirect evapora-
tive cooling systems. The 1986 Dr. Watt's editidnEgaporative Air Conditioning

Handbook identifies the origins for modern Amerieaaporative cooling.

For the first time the method for indirect evap@iair cooling was patented by Va-
lery S. Maisotsenko and Alexandr N. Gershuni inQL99 Ukraine. “The present in-

vention relates to methods for air cooling with tise of heat-exchangers of the indi-
rect evaporative type and can find most utility wragplied for air cooling in those

premises or accommodations which must be isolate the surrounding atmosphere
either for technological reasons or on accounabbf protection condition, etc”. /5, p.

3./

Nowadays the district heating, ventilation andainditioning systems, the industrial
plants with steam humidification systems are tramséd into adiabatic systems to
achieve the considerable decrease in power inpudssarvice costs. The leading
manufacturers of air-conditioning systems have gi@xperience in designing, com-
missioning and operation of air-handling units (8Husing the indirect adiabatic
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cooling and engineers design and install the iotliegliabatic cooling systems with
certainty. /6/ Also these systems have spreaduatcpwith temperate climate thanks
to additional equipment. For example type 55/56 ohais solVent air conditioning

unit was developed in 1999 by Menerga GmbH. In semitbprovides gentle air con-

ditioning of the building by evaporation of water.
2.3 Air-handling Unit with Adiabatic Cooling

The air-conditioner Type 55/56 Adsolair by Menevgth adiabatic cooling consumes
the minimum energy thanks to the cross counterftonfiguration of the double plate
heat exchanger. Its temperature efficiency reaahese 75 %. In summer the indirect

adiabatic cooling provides gentle air-conditionafghe building.

Figure 4. Type 55/56 Adsolair by Menerga

The following information is based on the technidatumentation of Adsolair sol-

Vent by Menerga /7, p. 1; 8, p.2/.
2.3.1 Operation Cycles

During heating period the exhaust air passes denisédat to the outdoor air through
the plate heat exchanger. And under low outsidepéeature the exhaust air passes
also latent heat when the water vapour of exhaus eondensated. At the same time
the outdoor air can be heated up more by heatilgacocequired temperature and en-
ters into premises. In the issue this heat exchémgexhaust air is cooled down and
remove out. As appropriate the supply air parcellmaincreased by admixing the in-

side air if there is the recirculation damper. (Fe&gy5)
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Figure 5. Operation cycle 1 of type 55/56 Adsolair

In recirculated mode the air handling unit operate$eating. The air is heated by hot

water heating coil (Figure 6).

Esthanst

Figure 6. Operation cycle 2 of type 55/56 Adsolair

In transition by significant heat losses Adsolaioypdes the required indoor climate
by heat recovery control. That control occurs bstipbpassing both exhaust, and out-
door air through upper and lower bypass dampeeaifperative heat exchanger. (Fig-

ure 7)
Ezit anr
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Figure 7. Operation cycle 3 of type 55/56 Adsolair
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In summer or if the outdoor temperature is too htgk required indoor climate is en-
sured by supply-and-exhaust ventilation thought hlgpass without heat recovery
(Figure 8).

Ezhanst
air s
: Outdoor
: adr
supply ..;,I
atr

Figure 8. Operation cycle 4 of type 55/56 Adsolair

At summertime the outside hot air is cooled dowreruperative heat exchanger. Wa-
ter is sprayed into the exhaust air stream overebaperator. Indirect adiabatic cool-

ing of supply air is occurred. (Figure 9)

Esthanst

Figure 9. Operation cycle 5 of type 55/56 Adsolair

2.3.2Indirect Adiabatic Cooling

It is known that adiabatic cooling along with megital cooling is well applied in the
air handling unit. But the using of the direct dadiic cooling of the supply air is not
recommended according to hygienic reasons, bedausech way the air humidity
increases in premises. And the problem of humidifiaintenance appears. It is a risk
of supply air contamination also. The principlelod indirect adiabatic cooling is used
in an air handling unit Adsolair, which on the dmend is easy and cheap, but on the
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other hand doesn’t increase the air humidity. Thannpart of this system is the
double plate recuperative heat exchanger. The sxhgide of this recuperator is
sprayed by water. The water evaporates and asil tles exhaust air becomes moist
and cool. In consideration of this the temperatlifierence between outside and ex-
haust air arises. The heat exchange happens thtbaghastic sides of heat exchang-
er, and the outside air is cooled down without Hdifiziation. The sprayed water is
taken from the water sump by pump and sprinklegassing and against the exhaust
air movement. The spraying is so intensive, thatdutside air is cooled down even
10 °C. The process regulation is provided with perioliijcawitching on and off of the
sprinkling pump. The spray water is cleaned infillter to avoid the nozzles clogging.

The water in the water sump is continuously fednftbe water supply system.

The IAC system includes the line of water nozzleth wipes and pump taking the
water from the water sump. The pump is equippeth @&it automatic on-off switch

system, water sump emptying signal and automatiengamp recharging. /7, p. 4./

2.3.3 Two Stage Recuperative Heat Exchanger

The AHU «heart» is two stage recuperative heat axgér. It is made of thin propyl-
ene plates. It provides @mall air resistance and maximum heat-transferficoait.
The propylene is noncorrodible, wearproof and stablards acids and alkalis. The
fire rating is B1 according to the standard DIN 21®ypass canals with bypass
valves and the water sump are also made of propylEme bypass canals give an op-

portunity to increase AHU performance in summeiquer/7, p. 4./
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3 FACTORS INFLUENCING ON THE EFFICIENCY

This chapter familiarizes with factors influencing the efficiency of the indirect
adiabatic cooling: humidification and heat transfebriefly describes some different

types of humidifiers and heat exchangers.

“The efficiency of indirect adiabatic cooling pr@sedepends on the one hand on the
quality of the humidification and on the other hamdthe quality of the heat transfer”.
But the operation experience of indirect adiabatistem shows that the maximum

efficiency does not always mean the minimum enargy operation costs. /2, p. 5./

3.1 Humidification

“Basically it can be said that the quality of hurfichtion (humidification efficiency)
is directly coupled to the required water qualityfi. some cases it is not obvious
which product or which technology is done for tleeresponded application and con-
ditions. The humidification systems are classedo#lews: evaporative humidifier,

spray humidifier and high pressure humidifier.p25./

The evaporative humidifier has used for many ysacsessfully, mainly in USA. It is

reliable and cost-efficient, easy-to-work and igahle for use in all types of ventila-
tion systems. The water evaporates from wet, uelddatmidifier fills. The moisture

is transferred to the air by evaporation from theew film running down the surfaces
of the humidifier fills. Any water can be used vehnthe material of humidifier fills is

stable. When the usual water is applied the linadests arisen and the humidifying
efficiency will decrease. /2, p. 5; 9./

The spray humidifier is commonly used in Europehwiite single-stage adiabatic
cooling process at the present. It represents gpleasure nozzle without the com-
pressed air in combination with a large cerami@ggr. This porous material absorbs
sprayed water and sprays it again. A small amotintaste water is formed due to
this principle. The spray humidifier is reliabledasturdy (especially for large nozzle

diameters). It is allowed to use desalinated wWatethis system. /2, p. 5; 9./

The high pressure humidifier does not use compdesse Instead, the energy for
spraying is taken from water under high pressuratéMs supplied to nozzle by high
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pressure pump at a pressure of 80 to 100 bar. Tdreraozzles with ceramic insert
that increases their service life. Its high hunyigi§ efficiency usually requires treated
water. It is possible to use the desalinated wet the plain water destroyed jets due

to formation of mineral salts. Also mineral salestfoyed evaporator. /9/

3.2 Heat Transfer

The two-stage adiabatic cooling process admitausigeof all kinds of heat exchang-
ers. But it is important that no moisture is tramsféd, otherwise the cooling potential
reduces. In practice plate heat exchangers antingtaheels are used in the two-
stage adiabatic cooling process. In order to irsrdhe temperature efficiency, two
plate heat exchangers are connected in series dhd€icase of smaller air flow vo-
lumes) counter-current heat exchangers are usgal. 52/

The temperature efficiency dependence on suppleaiperature is presented on Fig-
ure 10. The exhaust air temperaturg,s 20.2 °C.

26
n.=0,5
o 25 /
I // =06
=2 24 / -~
: // // =07
g- 23 / ,/ //
*q:) / /// n.=0,8
% |
20

20 21 22 23 24 25 26 27 28 29 30

Outside air temperaturg °C

Figure 10. Supply air temperature after heat exchager



13

4 DESIGN DATA AND METHODS

This chapter describes initial data for simulataomd calculation methods that is used

by Flakt Woods’ selection tool Acon.

Flakt Woods’ selection tool Acon can calculate #mual energy cost and the life
cycle energy costs for the selected air-handling #ton considers all energy con-
sumers (e.g. fans, pumps, heaters, coolers andekelaangers).The following infor-
mation is based on Fléakt Woods’ LCC brochure /10/.

4.1 Climate Data

Acon uses meteorological data from the Swiss daaMETEONORM; which con-
sists of climate data for a large number of locaiavorldwide. As the efficiency of
heat exchangers, heaters and coolers differs Wéhemperature conditions, the cal-
culations are done at several data points duriegydar. The resulting heating and
cooling demand are summed up for the specified @muaning hours. /10, p. 1./

The outdoor temperature and humidity are tabled bgthour for the whole year at a
specific location. A calculation of heating and lbeg demand for the annual 8760
hours would be very time consuming, and therefté&tFVoods has created a degree-
and enthalpy-hour curve that is based on five gdmt each specific case:

1) the highest annual temperature and humidithismitemperature;

2) the lowest temperature of the 100 hottest hofitlse year.;

3) the annual mean value for temperature and htynidihis temperature;

4) the highest temperature of the 100 coldest hoiutise year;

5) the lowest annual temperature and humidity is tdmperature.

To draw the temperature curve according to thege gints, it was compared to a
well-known curve, which also corresponds to DIN @7After that, the curve equation
after the measured curve has been generated../20, p

The temperature/enthalpy diagram describes the malme of temperature and en-
thalpy for an air handling unit that is operatioBdlhours per day. If the running time
is limited to daytime operation, the curve will leaan offset by 0.12° Celsius upwards
for every hour less than 24 hours. /10, p. 2./
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There are three different climate data which asglder IAC simulation of this thesis:
humid and cold (Jyvaskyla, Finland), humid and (Bztingkok, Thailand), dry and hot
(Cairo, Egypt). Climate data is presented in Tdble

Table 1. Climate data for IAC simulation /11/

Humid cold,| Humid Drv arid
Climate cool equatorial, Br/] '
: ot
summer | dry winter
Jyvaskyla | Bangkok Cairo
(Finland) | (Thailand) |  (Egypt)
s | 8| | 8| v |8
2| o| 32| 6| 2| 9
AN AR
AR IR IR AN
S S S S S =
[ — [
Ayerageyeartemperature/mmsturem 27| 969 277 743 211 549
this temperature
Ygarhlghesttemperature/mmsture in 27.4| 463 364 553 387 345
this temperature
Normal temperature, summer 23 34,1 34,1
Normal temperature, winter -25,3 20,3 8,3
YgarIowesttemperature/m0|sture in| 5, 9909| 17| s4ad 22 818
this temperature

4.2 Calculation method

To achieve a high accuracy on the energy calculatfee following important factors
are considered:

- The heat transfer of every heater, cooler and éeatanger differs a lot de-
pending on the conditions of the entering fluidisTmeans that the condi-
tions of the air are calculated so when it entarewa function.

- When there is a heat recovery wheel in the air agndinit, the leakage
flow and the balancing pressure must be considéieel.extra pressure and
airflow influences the exhaust fan considerably.

- The pressure drop over filters is calculated asntiean value of the start
pressure and the final pressure drop.

- All power consumers are included, even pumps andwscontrol motors.
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“When calculating the heating and cooling demahd,dnthalpy differences between
the outdoor air and supply air are added for el®§ hours. The difference between
hour per hour calculation and this method is léss1t2-3 % of the estimated total

energy consumption”. /10, p. 4./

“The supply and exhaust air temperatures must bengdior the designed winter and
summer cases. Both the supply air temperature ladxhaust air temperature are
supposed to be linear in the degree-hour diagrameea the input value for winter

and the input value for summer. Calculated heaimd) cooling capacities account for
the heat gain in the fan. When cooling the airht® tight temperature and humidity,
both the targeted temperature and humidity musgfiven.

There are two options regarding cooling calculaion
- Calculate to reach the right temperature.
- Calculate to reach both the right temperature hadight humidity

When there is need for controlling both temperaamé humidity to an exact operat-
ing point, we need an air treatment function cdimgjsof a heater, a cooler and a re-

heater. This procedure has a large impact on teeggrconsumption”. /10, p. 5./

4.3 Indoor Air Data

According to the Russian Building Guidelines théirmpl temperature for the summer
season in the occupied zone is 23 - 25°C and thgves humidity of indoor air is 60 —
30 %, respectively. The optimal temperature for lieating season in the occupied
zone is 20 - 22°C and the relative humidity of iadair is 45 — 30 %, respectively.
The air temperature in the occupied zone shouldedareater than 28°C for premises
with the constant presence of people. /12, Appehdix¥ It is allowed to take the rela-
tive humidity at 10 % higher in humid climate (n¢lae seas, lakes, etc.) /13, Appen-
dix B./

According to the Part D2 of the National Buildingdg of Finland “the design tem-
perature for the heating season that is normalkyg der room temperature in the oc-
cupied zone is 21°C. The design temperature fostimemer season that is normally
used for room temperature in the occupied zon8&i€ 2During periods of occupan-



16

cy, the temperature in the occupied zone shouldhnanally be greater than 25°C.
/14, p.8./

Buildings shall be designed and constructed in sualay that the humidity of indoor
air will remain within the values specified for thdended use of the buildings. If the
humidity of indoor air exceeds the values of 7 #Hg of dry air, the room air should
be humidified for strictly demanding reasons omyg. where this is necessary for a
production process or is required for the storageditions. The value of 7 gJ/kg

of dry air corresponds to a room air condition vehtre relative humidity is 45% at
the room temperature of 21°C and at the air pressut01.3 kPa”. /14, p. 10./

In EN ISO 7730, a humidity range of 30 — 70 % RHesommended, but mainly for
indoor air quality reasons. In ASHRAE 55-92 no loienit, and an upper limit a
17°C dew-point temperature (humidity ratio 12 g/kg)

It should be noted that even as far back as 19$&|AE took into account thermal
adaptation when specifying requirements for theoandemperature. The following
text can be found in ASHRAE Handbook 1936, Chaptéit should be kept in mind
that southern people, with their more sluggish Ipeatiuction and lack of adaptabili-
ty, will demand a comfort zone several degreesdrighan those given here for the

more active people of northern climates”. /15, /3

The tropical subjects are thermally acceptable waitliemperature of 23.2°C and rela-
tive humidity of 77% by research result. This nelathumidity level exceeded the
recommended thresholds stipulated by the Intemati@and Singapore Standards.
Tropical subjects may be accustomed to the hothamdid climate. Therefore, the
range of acceptable RH level in hot and humid démaay be wider than in the tem-

perate climate. /16, p. 47./

Displacement ventilation is based on low velocitg dow induction supply of cool air
at low level. The supply air temperature is onigldly (2 ... 6 °C) colder than the

ambient room air. /17, p. 5./

According to above-listed guidelines the followidgsired indoor air parameters are

accepted for simulation (Table 2).



Table 2. The desired indoor air data for IAC simuldion
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Humid cold,| Humid Drv arid
Climate cool equatorial, Br/] '
: ot
summer dry winter
Jyvaskyla | Bangkok Cairo
(Finland) | (Thailand) (Egypt)

S W S w S W
Supply air temperature, °C 22 18 23 21 23 20
Supply air humidity, % relative 60 30 70 30 60 30
Exhaust air temperature, °C 2b 21 26 24 6 23
Exhaust air humidity, % relative 7( 30 70 30 10 30

Note: S — summer, W — winter.
4.4 AHU model

The model for indirect adiabatic cooling simulatienan air-handling unit with the
rotary heat exchangers and the evaporative humidifin order to controlling both
temperature and humidity to an exact operatingtpae need an air treatment func-
tion consisting of a heater, a cooler and a rehedtee AHU model is presented in

Appendix 1.

The supply and exhaust air flow are equal to #snSpecific fan power of the air-
handling unit is 1,49 kW/m3/s.

The rotary heat exchanger has the non-hygroscopiac and moisture transfer is not

considered. The temperature efficiency of the bgahanger is 76 %.
4.5 Operation and Energy Cost

In the selection tool it is possible to calculdte Energy consumption for different air-
flows and temperatures at different times. The mgphours have huge impact on the
energy consumptions. For IAC simulation of thissieehe air-handling unit operates
at 100 % air flow 5 days per week 12 hours peritasuld be 3120 hours per year.

In calculation the following energy price are ustx: heating is 0.06 EUR/kWh and
for cooling and electricity is 0.1 EUR /kWh.
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5 INDIRECT ADIABATIC COOLING SIMULATION

This chapter presents results and the analysisdifeict adiabatic cooling simulation

that was made witbomputer-aided selection prograwoon.

The following information is based on Flakt Wood€C brochure /10, p.7./

5.1 Duration Diagram

The annual energy demand and recovery are repegsastsurface in the duration di-
agram. The supply and exhaust air temperaturesug@osed to be linear between the

input value for winter and the input value for suarm

Temperature, [ °C ]

Summer
3 temp.
il Exhaust air temp.
Supphy air temp.

Winter 1 g
temp.

" Outdoor air temp.

R

OO EDOD S e m

=28 [h]

T T T T T 1
0 =0N] 1200 1800 2400 3129

. Heating Cooling recovery
Heat recovery . Cooling
. Prehester =2 Supply air fan

Figure 11. Energy demand and recovery in the duratin diagram
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For the winter case, the diagram shows the recdvieeat energy (pink area), addi-
tional heating energy (red area) and heat gain fiteensupply air fan (dashed area).
For the summer case, the diagram shows recoverhgaenergy (light blue area),

needed cooling energy (blue area), and heat gamn fine supply air fan (dashed area).
There is the cooling to the right temperature agtdtrhumidity; the needed reheat
energy is also shown (brown area). Note that tea tor cooling only shows the sens-

ible part of the cooling energy (Figure 12).

5.2 Life Cycle Assessment

The Life Cycle Cost is the cost for heating, cogliand electricity during the air han-
dling units stated lifetime. The LCC-calculationbased on the NPV cost model, and
to be able to calculate the total life cycle castthe air handling unit, energy price
and interest rate are needed.
- The energy cost per kWh for different energy furlsst include all fees and
costs, which are paid to the energy producer.
- The expected price increase per year should bel rastehe actual price in-
crease above the inflation.
- The tender sum is the total cost for the investmeeitiding product and in-
stallation cost.
- The evaluation sum is the sum of tender sum antbtaéenergy cost.
- Discount rate should be noted as the actual priceease above the infla-
tion.

- The operating time of the air handling unit musbabe considered.

To calculate the annual G@mission from an air-handling unit, the amounCéd,

emission for producing energy to heating, cooling alectricity are set.

5.3 Results and Analysis

5.3.1Climate 1 — Humid cold, cool summer

At the summer when the normal outdoor air tempeeatsi 23-25 °C, the indirect
adiabatic cooling is not used, because the outdodrexhaust temperature are almost
equal. The year highest outdoor air temperatutkignclimate is considered.
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The air state changes for year highest outdoorteamperature 1§ = 27.4 °C in

Jyvaskyla, Finland are presented in Table 3.

Table 3. Air state changes (Jyvaskyla, Finland)

[¢D]
23 |e5 |egg 2
No Name 250 |8 5%3 =
>2° | o E S5O B
A= x 2 = 0o L
Supply air flow
1 | Outdoor air 27.4 46.3 10.7 54.8
2 | REGOTERM rotary heat exchanger 22. 60|5 10.7 2 50.
3 | Air cooler for chilled water 21.3 66.5 10.7 48.%5
4 | Plenum fan Centriflow Plus 22.0 63.8 10.7 492
5 | Supply air 22.0 63.8 10.7 49.2
Exhaust air flow
1 | Exhaust air 25.0 70.0 14.1 61.0
2 | Humidifier, evaporative 21.5 95.3 15.6 61.2
3 | REGOTERM rotary heat exchanger 26. 72{7 156 8 65.
4 | Plenum fan Centriflow Plus 26.8 69.5 15.6 66.6
5 | Exit air outlet 26.8 69.5 15.6 66.6
Specific humidity (g/kg)
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The supply air parameters are permissible. The ¢éeatgre and enthalpy difference of



outdoor air before and after heat exchange

At = i—to= 27.4-229=45°C

Ah = hy1— hip = 54.8— 50.2 = 4.6 kJ/kg.

The evaporative humidifier uses water with temperatlO °C. The humidifier &-

ciency is 88 %:
_ Xy — X1 _ 156—

141

Mhum = T 15.8—

14.1

0.88.
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TheLife Cycle Cost and C, emissionsre calculated and presented in Tal for

Jyvaskyla, Finland.

Table 4.Life cycle cost and C(; emissionsJyvaskyla, Finland

Annual energy recovery, kWh

Heat recovery 271092
Cooling recovery 492
Temp.rise in supir far | 11695
Annual energy deman¢, kWh

Heating 30245
Cooling 1117
Supply air fan 12050
Exhaust fan 13851

Annual energy cos, EUR

i
LR A R = A

Energy, Heating 1815
Energy, Cooling 112
Energy, El., fans 2590
Total 4516
Annual CO; emission;, kg
Heating 7350
Cooling 169
Supply air fan 5085
Exhaust fan 5845
Total 18449
Life Cycle Cost,EUR

LCC, Heating 22615
LCC, Cooling 1392
LCC, El., Supplyan 15017
LCC, El., Exhaustan 17261
Total life cyclesurr 56285
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The duration diagram shows the recovered heat erbeg is 271092 kWh and the
additional heating energy that is 31897 kWh forwheter case. Therefore, about 89.7
% of whole heating demand can be recovered. Forstimemer case, the diagram
shows recovered cooling energy that is 492 kWhdeaextra cooling energy that is
1117 kWh. Therefore, about 30.6 % of whole coolilgnand can be recovered. The
heat gain from the supply air fan is 11695 kWh. Tdtal CQ emissions is 18449 kg.
The total life cycle sum is 56285 EUR.

The indirect adiabatic cooling is compared with poessor cooling in the Table 5.
The same initial data were used. The model andiledions was made witbomput-

er-aided selection prografcon too.

Table 5.IAC and compressor cooling. Jyvaskyla, Finland

IAC Compressor cooling
Annual energy demand, Cooling, kWh 1117 1847
Annual energy demand, Fans, kWh 25901 9319
Total annual C@emissions, kg 18449 78400
LCC, Cooling, EUR 1392 2302

The annual cooling energy demand and LCC of IAMns39.5 % smaller than

demand and cost of compressor cooling. But usiag treeovery we need extra energy
for fans. Therefore the annual fans energy demsmah i64 % bigger than demand of
compressor cooling. Total annual £€émissions demand of IAC is on 76.5 % smaller

than emissions of compressor cooling.

The coefficient of performance (=COP) for heat ey is:

Ep _ 271092 + 492

COP =%, ~ 25001 -9319

16.37

where
Er — energy that is recovered using heat recovery;
Ee — extra electricity energy that is needed for meabvery.

The COP is quite high. It means that the air-coowlihg system is efficient.
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5.3.2Climate 2 — Humid equatorial, dry winter
The air state changes for summer normal air tenyrerd, = 34.1°C in Bangkok,

Thailand are presented in Table 6. In order torodiinig both temperature and humid-

ity to an exact operating point, we need an amttment function consisting of a hea-

ter, a cooler and a reheater.

Table 6. Air state changes, t= 34.1°C (Bangkok, Thailand)

E % ez |22 _| B,
Ne Name 250|822 BEY| 8
>2° | E 6| B
A= x 2 = o L
Supply air flow
1 | Outdoor air 34.1 61.3 21.0 88.2
2 | REGOTERM rotary heat exchanger 25.0 99.9 20.3 76.8
3 | Air cooler for chilled water 17.2 99.9 12.5 48.9
4 | Air heater for hot water 22.0 74.6 12.5 54.0
5 | Plenum fan Centriflow Plus 22.7 71.4 12.5 54
6 | Supply air 22.7 71.4 12.5 54.7
Exhaust air flow
1 | Exhaust air 25.9 68.4 14.6 63.1
2 | Humidifier, evaporative 221 95.0 16.1 63.3
3 | REGOTERM rotary heat exchanger 31.3 57.7 16.8 74.5
4 | Plenum fan Centriflow Plus 32.1 55.2 16.8 75
5 | Exit air outlet 32.1 55.2 16.8 75.3
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Specific humidity (g/kg)
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The supply air parameters are permissible. The ¢eatypre and enthalpy difference of
outdoor air before and after heat exchanger are:
At=t1-4,=34.1-25.0=9.1°C

Ah =h—hy,=88.2-76.8 =11.4 kd/kg.

The humidifier efficiency is 79 %:

CXo-x _161-146
Thum = Y % T 165-14.6

0.79.

The air state changes for year highest outdodemiperature,t= 36.4°C in Bangkok,

Thailand are presented in Table 7.

Table 7. Air state changes,ot= 36.4°C (Bangkok, Thailand)

= % e 8¢ | B,
No Name 250 B2 |BL2| 2=
>Q v E S5O ER
o g x 2 =0 L]
Supply air flow
1 | Outdoor air 36.4 55.3 21.6 92.1
2 | REGOTERM rotary heat exchanger 25.8 99.9 21.3 80.1
3 | Air cooler for chilled water 17.8 99.9 12.9 50.]
4 | Air heater for hot water 22.2 76.7 13.( 55.
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5 | Plenum fan Centriflow Plus 22.9 73.4 13.0 560
6 | Supply air 22.9 73.4 13.0 56.0
Exhaust air flow
1 | Exhaust air 26.0 70.0 15.0 64.3
2 | Humidifier, evaporative 224 93.3 16.5 64.5
3 | REGOTERM rotary heat exchanger 33.2 51.7 16.8 76.3
4 | Plenum fan Centriflow Plus 34.0 49.4 16.\7 77)1
5 | Exit air outlet 34.0 49.4 16.7 77.1
Specific humidity (g/kg)
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The supply air parameters are permissible. The ¢eatypre and enthalpy difference of
outdoor air before and after heat exchanger are:

At=1t1—-t4,=36.4-25.8=10.6 °C

Ah =h—hy=92.1-80.1 =12 kJ/Kkg.

The humidifier efficiency is 79 %:

_ Xoo — X1 _ 16.5-15.0

- - = 0.79.
Thum = 5 %~ 16.9— 15.0

The Life Cycle Cost and CCemissions are calculated and presented in Talibe 8
Bangkok, Thailand. The duration diagram shows #wevered heat energy that is 359
kWh and the additional heating energy that is 18&/h for the winter case. There-
fore, about 16.5 % of whole heating demand carebevered. For the summer case,

the diagram shows recovered cooling energy tha88889 kWh, needed extra cool-
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ing energy that i261927 kWh. Therefore, about 41% of whole cooling demand c:

be recoveredThe reheating energy demand73796 kWh.The heat gain from the

supply air fan is7C kWh. The total C@ emissions is 3353Bg. The tote life cycle

sum is 41796EUR.

Table 8.Life cycle cost and C(; emissionsBangkok, Thailand

Annual energy recovery, kWh

Heat recovery 359
Cooling recovery 183889
Temp.rise in supir far 70
Annual energy deman¢, kWh
Heating 1821
Reheating 73796
Cooling 261927
Supply air fan 13064
Exhaust fan 15022
Annual energy cos, EUR
Energy , Heating 109
Energy , Reheatg 4428
Energy , Cooling 26193
Energy , El, fans 2809
Total 33538
Annual CO, emission;, kg
Heating 443
Reheating 17932
Cooling 39551
Supply air fan 5513
Exhaust fan 6339
Total 69778
Life Cycle Cost,EUR
LCC,Heating 1362
LCC, Reheating 55180
LCC,Cooling 326419
LCC , El., Supplyfan 16281
LCC, El. , Exhaust fe 18721
Total life cyclesunr 417963
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The indirect adiabatic cooling is compared with compogscooling in the Table.

The same initial data were usi
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Table 9.IAC and compressor cooling. Bangkok, Thailand

IAC Compressor cooling
Annual energy demand, Cooling, kWh 261927 283413
Annual energy demand, Fans, kWh 280800 10087
Total annual C@emissions, kg 69778 47144
LCC, Cooling, EUR 326419 353195

The annual cooling energy demand and LCC of IAGn¥.6 % smaller than demand
and cost of compressor cooling. But using heatuwegowe need extra energy for
fans. Therefore the annual fans energy demand &4dh % bigger than demand of
compressor cooling. Total annual £é€missions demand of IAC is on 32.4 % bigger

than emissions of compressor cooling.

The coefficient of performance (=COP) for heat ey is:

cop = Er _ 359 + 183889 10.93
" Eg 28090 — 10087 "

The COP is quite high. It means that the air-coowlihg system is efficient.

5.3.3Climate 3 — Dry arid, hot

The air state changes for summer normal air tenyrerg = 34.0°C in Cairo, Egypt

are presented in Table 10.

Table 10. Air state changes,.t= 34.0°C (Cairo, Egypt)

TREERITHES
No Name 250|828 |BLY| 2
>9° |TE 55O ER
A= x 2 = 0o L
Supply air flow
1 | Outdoor air 34.0 42.8 14.5 71.4
2 | REGOTERM rotary heat exchanger 25.1 7117 145 2 62.
3 | Air cooler for chilled water 15.2 95.9 10.4 41.7
4 | Air heater for hot water 21.7 63.7 10.4 48.3
5 | Plenum fan Centriflow Plus 22.4 61.¢ 10.4 49]1
6 | Supply air 22.4 61.0 10.4 49.1
Exhaust air flow
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1 | Exhaust air 25.9 69.3 14.8 63.7
2 | Humidifier, evaporative 22.3 95.1 16.3 63.8
3 | REGOTERM rotary heat exchanger 31.p 56|2 163 173.
4 | Plenum fan Centriflow Plus 32.0 53.8 16.8 740
5 | Exit air outlet 32.0 53.8 16.3 74.0
Specific humidity (g/kg)
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The supply air parameters are permissible. The ¢eatypre and enthalpy difference of

outdoor air before and after heat exchanger are:

At = t]_]_— t12 =34.0-25.1=8.9°C
Ah =h—hy=71.4-62.2 =9.2 kJ/Kkg.
The humidifier efficiency is 83 %:

_ Xoo — Xo1 _ 16.3 — 148:
Thum = 5 . T 16.6— 14.8

0.83.

The air state changes for year highest outdooteanperature,t= 38.7°C in Cairo,

Egypt are presented in Table 11.
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Table 11. Air state changes,.t= 38.7°C (Cairo, Egypt)

(]
23 |e3 |egyg =
S © = = =D
No Name 250|828 %%—‘\? s
>2° |0 E deo R
o g x 2 = o w
Supply air flow
1 | Outdoor air 38.7 345 15.1 77.8
2 | REGOTERM rotary heat exchanger 26.3 69(4 151 0 65.
3 | Air cooler for chilled water 15.7 95.2 10.8 43.0
4 | Air heater for hot water 21.9 65.0 10.8 493
5 | Plenum fan Centriflow Plus 22.6 62.2 10.8 50)0
6 | Supply air 22.6 62.2 10.8 50.0
Exhaust air flow
1 | Exhaust air 26.0 70.0 15.0 64.3
2 | Humidifier, evaporative 22.4 95.3 16.5 64.5
3 | REGOTERM rotary heat exchanger 34.8 46|14 165 3 77.
4 | Plenum fan Centriflow Plus 35.2 44 .4 16.b 781
5 | Exit air outlet 35.6 44 .4 16.5 78.1
apecific humidity (g/kg)
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The supply air parameters are permissible. The ¢eatypre and enthalpy difference of
outdoor air before and after heat exchanger are:
At=t;—t,=38.7-26.3=12.4°C



Ah =h— o =77.8—-65.0 = 12.8 kJ/kg.

The humidifier efficieccy

X7 X21

is 83 %:

165150

hum

= =0.
Xt — Xy 16.8—15.0
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The Life Cycle Cost and C, emissionsare calculated and presented in Tel2 for

Cairo, Egypt.

Table 12.Life cycle cost and C( emissions. Cairo, Egypt

Annual energy recovey, kWh

Heat recovery 24618
Cooling recovery 45023
Temp.rise in supir far 4699
Annual energy deman(, kWh

Heating 370
Reheating 28341
Cooling 79834
Supply air fan 12629
Exhaust fan 14781

Annual energy cos, EUR

Energy, Heating 22
Energy, Reheatp 1700
Energy, Cooling 7983
Energy, El, fans 2741
Total 12447
Annual CO; emission;, kg
Heating 90
Reheating 6887
Cooling 12055
Supply air fan 5329
Exhaust fan 6238
Total 30599
Life Cycle Cost,EUR

LCC, Heating 277
LCC, Reheating 21191
LCC, Cooling 99491
LCC, ELl., Supplyfan 15739
LCC, El., Exhaust fe 18420
Total life cyclesurr 155118
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The duration diagram shows the recovered heat grtleag) is 24618 kWh and the ad-
ditional heating energy that is 370 kWh for the t@incase. Therefore, about 98.5 %
of whole heating demand can be recovered. Foruherer case, the diagram shows
recovered cooling energy that is 45023 kWh, neegldda cooling energy that is

79834 kWh. Therefore, about 36.1 % of whole cootleghand can be recovered. The
reheating energy demand is 28341 kWh. The heatfgammthe supply air fan is 4699

kWh. The total C@Qemissions is 12447 kg. The total life cycle surb55118 EUR.

The indirect adiabatic cooling is compared with poessor cooling in the Table 13.

Table 13.1AC and compressor cooling. Cairo, Egypt

IAC Compressor cooling
Annual energy demand, Cooling, kWh 79834 89093
Annual energy demand, Fans, kWh 27410 9662
Total annual C@emissions, kg 30599 20984
LCC, Cooling, EUR 99491 111030

The annual cooling energy demand and LCC of IA@ns10.4 % smaller than

demand and cost of compressor cooling. But usiag reeovery we need extra energy
for fans. Therefore the annual fans energy demamhi64.7 % bigger than demand
of compressor cooling. Total annual £€@missions demand of IAC is on 31.4 %

smaller than emissions of compressor cooling.

The coefficient of performance (=COP) for heat ey is:

Er 24618+ 45023
cCoP=== =
Ec 27410 — 9662

The COP is quite high. It means that the air-coowlihg system is efficient.
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6 DISCUSSION AND CONCLUSIONS

This chapter discusses the results of indirectbadia cooling simulation in different
climate. The advantages and disadvantages ofytbiera are described in comparison
to compressor cooling. Also the recommendations \&agls to improvements are

pointed.

The indirect adiabatic cooling was compared witmpoessor cooling in order to es-
timate its energy efficiency (see Tables 5, 9 aBd [t is obvious that the energy de-
mand and LCC costs of compressor cooling is biggam IAC. CQ emissions of IAC
system is bigger than G@missions of compressor cooling in hot climate beea

IAC requires extra energy for fans and reheaters.

The COP is quite high. It means that the consideredonditioning system is effi-

cient.

Indirect adiabatic cooling is not the ideal syst@srthe relative humidity of supply air
is too high. This problem can be solved by using:
- an additional air treatment function consistingadieater, a cooler and a re-
heater (this procedure has a large impact on tegggrconsumption);
- desiccant systems that consist of a combinatioairolehumidification and

indirect adiabatic cooling

Under the right conditions and applications, IA@\pdes cooling and ventilation with
minimal energy consumption. It uses water as thekwg fluid and avoiding the use
of ozone-destroying refrigerants. Manufacturers spekcialists should become better
informed about IAC because of opportunities to dase the use of refrigerants, to
reduce CQ@emissions that come from energy efficiency oftdehnology, to mitigate
problems of peak electricity demand during the de&son in many countries. It is an
ideal partner technology for displacement venolatiThe efficiency of using IAC de-
pends on the particular applications and on thallolimatic conditions. IAC is most
suited to dry hot regions, although technical inweraents such as desiccant-assisted
systems. On the other hand, some applications Gfdfe suitable even in humid cli-

mates.
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Appendix 1. Model of Air-handling Unit with Two-gia Indirect Adiabatic Cooling
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1. Damper on end wall 6. Air reheater
2. Filter 7. Exit air fan
3. Rotary heat exchanger 8 slfPPf}’ EIF _fan _
4. Air heater 9. Air humidifier. evaporative

5. Air cooler

b——600x2000—=+21 34
1226%2300———=4

k21 34=—000%2000—=

11 50=———1226x2300



