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Direct evaporative cooling of buildings

1. Introduction, evaporative cooling principle

Due to the prevailing climate in Poland, energy consumption for heating is much greater than for
cooling in an average building. But in the new buildings with high thermal insulation, cooling energy
consumption is high and in some cases exceeds the energy consumption for heating. The increasing
requirements for buildings energy efficiency and high energy costs call for new technical solutions
that would provide an acceptable level of comfort in the summer with limited expenditure and
moderate system operating costs.

Apart from the most widespread compressor cooling, the market is beginning to see more and
more units for direct and indirect evaporative cooling (adiabatic, evaporative). Evaporative cooling
has a long history. In ancient times, moistened clothes were used to reduce room temperature.
Environmental aspects weigh in favour of evaporative cooling since water (R718) is used as a coolant.
In Polish literature, one can find statements that this method of cooling of air is suitable for dry and
hot climate [1]. This article analyses the efficacy and cost-effectiveness of using direct evaporative
cooling in Polish conditions.

The operational principle and the design of a direct evaporative cooling unit is illustrated in Fig.
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Fig. 1. Operational principle and the inside of a direct evaporative cooling unit — own work based
on [2]

In terms of thermodynamics, evaporative cooling involves heat and mass exchange between
water and flowing air, during which water evaporates. The heat needed to evaporate the water is
received from the flowing air so that its temperature is reduced and moisture content increased.



Sensible heat from the air is converted to latent heat of evaporated water. The whole evaporation
process takes place virtually without heat exchange with the environment, so the total cooling power
of the unit is... 0.0 kW. However, the air leaving the unit has a temperature lower than the intake air
by a dozen or so Celsius degrees. To describe the effect of direct evaporative cooling, the term
"sensible cooling power" is sometimes used:

Q= Vpc(tin - tout) (1)
where:

Q - sensible cooling power [W], V — air volume [m>/s], p - air density [kg/m’], ¢ — specific heat
capacity of air [J/(kgK)], t;, — air temperature at the inlet to the unit [°C], t,,; — air temperature at
the outlet from the unit [°C].

Given the fact that reducing air temperature during evaporative cooling involves increasing the
relative humidity, performance of these devices clearly falls in the case of high relative humidity,
which can happen in the summer before the storm, for example.

2. Measurements

To assess the suitability of evaporative cooling in the Polish climate, two-month measurements
of operating parameters of Breeze 900 unit operating at approx. 75% of the nominal airflow were
conducted. The unit was used to lower the air temperature in a warehouse of approx. 400 m?
located on the outskirts of Poznan (Fig. 2).

Fig. 2. Location of the test unit — source: own work
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Fig. 3. Thermographic images of the tested unit during a hot day: supply air temperature approx. + 18°C with
the outside air temperature of approx. + 30°C and the temperature of roof elements at nearly + 50°C
source: own work

The unit operating with a yield of approx. 10,000 m3/h was monitored for two months in the
summer of 2013. The measurements results were used to calculate the energy based on hourly
meteorological data published by the Ministry of Infrastructure and Development [3].

The measurements lasted from 01.07.2013 to 30.08.2013 with the following parameters monitored:

e temperature and humidity of the outside air,
e temperature and humidity of the supply air,
e temperature and humidity of the air in the warehouse.

These parameters were measured continuously with high accuracy, averaged and recorded every
2 minutes. Also the unit switch-on time was monitored. The unit worked from Monday to Friday,
between approx. 8:30 am to approx. 4:30 p.m., and only when its operation was needed due to the
temperature of the air in the warehouse.

Figure 4 presents the data for the whole period of measurements, and illustrates the relationship
between the supply air temperature and the outside air's temperature and relative humidity. In
these devices, the lower relative humidity of the outside air, the lower supply air temperature is. This
is confirmed by the measurements: for example, with the outside air temperature of + 32°C, supply
air temperature was approx. 23.5°C and the relative humidity of the outside air was 50%, while
dropping to + 21°C with the relative humidity of the outside air at 40%. Fig. 3 shows that with the
relative humidity of the outside air lower than 30%, it is possible to cool down the air from + 32°C to
a temperature below + 20°C.
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Fig. 4. Relationship between supply air temperature and the temperature and relative humidity of the outside
air; Breeze 900 operating at approx. 75% of the nominal airflow — source: own work

Figure 5 illustrates the parameters measured during two consecutive hot and sunny days (July 21
and 22, 2013); during the first day the unit was turned off (Sunday), while during the next day
(Monday) it was working. By combining two similar days, the graph allows for a comparative
assessment of the unit's effect.

From the user's perspective, the most interesting is the temperature of the air in the room. On
Sunday, when the unit was switched off, the room air temperature exceeded +33°C, whereas under
similar conditions on Monday, when the unit was working, the room air temperature was reduced to
approx. + 27°C. Thus, the unit reduced the room temperature by approx. 6°C. A unit with a capacity
of approx. half less than what the manufacturer's guidelines suggest for a building of that size was
used; when using adequately sized unit, one can expect significantly greater drop of the room
temperature. The unit's impact on the room air temperature is also clearly visible on Monday at
approx. 4:00 p.m. when the device was switched off. After switching the unit off, the temperature in
the room increased in short time by 4°C, despite the already weakening solar radiation and outside
air temperature slowly decreasing.

In the most hot part of the day — from 1:00 p.m. to 4:00 p.m. when the outside air temperature
was approx. + 32°C, the supply air temperature with the unit running was between + 19° and +
20.7°C, which means that the supply air temperature was lowered by more than 12°C. The graph in
Fig. 4 shows analogous values for these parameters. Such a large reduction of the supply air
temperature was primarily due to relatively low relative humidity of the outside air during this time,
not exceeding 35%. At high air temperatures, its relative humidity is usually low, which promotes
high efficiency in the hottest periods of the year — compare Fig. 6.
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Fig. 5. Air temperatures and relative humidity in two consecutive hot days: Sunday 21/07/2013 (unit off) and
Monday 22/07/2013 (unit on) — source: own work

Relative humidity of the air in the room, with the unit running, ranged from 52% to 57%. This is
the same level of relative humidity which was observed in the room with the unit off, at night.

Measured electric power consumed by the unit was 680 W.
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Fig. 6. Relationship between sensible cooling power and the outside air temperature
— results of measurements, constant flow of air — source: own work



3. Seasonal Analysis

The measurement data collected in the specific place and time allow one to define the operating
characteristics of the used unit for the existing external conditions. However, in order to assess the
expected average effectiveness and seasonal costs of unit operation, one must convert the unit
performance data, obtained during measurements, to standard conditions. For this purpose the
collected data illustrated in part in Fig. 4 were approximated by using the function t, = f(t,,?,)
and @, = f(t.,D.), where t, is the outside air temperature, @, — outside air relative humidity, t,, is
the supply air temperature, and @,, — supply air relative humidity. Using these dependencies and
data from "Typical meteorological summers" published on the website of the Ministry of
Infrastructure and Development [3], the distributions of the supply air temperature and relative
humidity for 4 sample locations were calculated: Szczecin, Poznan, Warsaw, Katowice. In each case
we assumed that the unit would run from June 1 to August 31, 7 days a week during time of day
when the outside air temperature exceeded + 22°C. For the calculation of operating costs we
assumed price of 1 kWh of electricity equal to PLN 0.60, and the price of 1 m? of water equal to PLN
11. We assumed air volume lower than the nominal value, corresponding to the value used during
unit testing.

The calculation results are summarized in Table 1.

Table 1. Seasonal parameters of the unit under test, calculated for typical meteorological summers for 4
locations in Poland — source: own work

Town Szczecin Poznan Warsaw Katowice
Airstream m*/h 10 000 10000 10000 10000
Runningtime h 242 430 425 351
Running time with cooling < 4°C h 18 9 41 14
Running time with cooling < 4°C % 7 2 10 4
Average cooling of air =C 6,5 7.5 6,8 7,0
Maximum cooling of air N 10,0 13,3 12,5 11,8
Average temperature of the supply air °C 18,2 17,6 18,1 17,9
Average relative humidity of the supply air % 89 38 39 89
Average sensible cooling power kW 22 25 23 23

lectric powerdrawn W 680 680 680 680
Electricity consumption kWh 165 292 289 239
Average water consumption dm3/h 34 40 36 37
Total water consumption m3 8,3 17,2 15,4 13,1
Cost of electricity PLN 99 175 173 143
Costof water PLN 92 150 170 144
Total cost of ownership PLN 1580 365 343 287
Average coefficient of performance ("COP") - 32 37 34 34
Average costof producing1 kWh of PLN/kWh 0,036 0,034 0,035 0,035
sensible cooling power

Analysis of the calculations results leads to following conclusions:

e Different unit operation times are due to different weather conditions in these cities. The
highest value is obtained in central Poland (Warsaw, Poznan) with significantly lower
ones near the sea.

e Operation at low power and low cooling of air (less than 4°C) takes up 2% + 10% of run
time. This pertains to the time of day when outside air high humidity is high, but usually
with not very high outside air temperature (up to + 25°C) — compare Fig. 6, when the
most intensive cooling is not needed.



e The average cooling of air is approx. 7°C, and the maximum cooling in Poznan exceeds
13°C. At high outside temperatures, the unit achieves high cooling of air; e.g. for Poznan
at outside temperatures exceeding + 30°C, air in the unit is cooled by an average of more
than 11°C.

e The average temperature of the supply air is approx. + 18°C, and its relative humidity is
approx. 90%. Once sensible heat gains have been absorbed in a room, air temperature
usually rises to approx. + 25°C and the relative humidity drops to approx. 50%—60%.

e Unit's average sensible cooling power — calculated from the equation (1) — is different for
each location due to specific weather conditions. It is approx. 35 times greater than the
consumed electric power. The cooling energy efficiency in the test unit is thus about ten
times higher than in commonly used compressor coolers.

e Average water consumption by the unit reaches 40 dm?/h, and consumption throughout
the summer is a dozen or so m>. If you have scheduled additional water drains from the
unit during operation, the water consumption can increase by several m? per season.

e Costs of electricity and water are more or less the same — each of these costs
corresponds to approx. 50% of the total unit operation cost. When using more units, it is
often cost effective to install a separate water meter that is not covered by sewage
disposal fee, which significantly reduces the cost of water supply. If water is supplied
from your own source, its costs are usually negligible.

e The total cost of unit operation is relatively small — less than 1 PLN/h.

e Unit cost of achieving sensible cooling power is about. 0.035 PLN/1 kWh — which is
impossible to achieve for compressor coolers whose operating costs are several times
larger — generally this cost is approx. 5 times higher.

4. Controversy

Excellent energy efficiency results and completely environment-friendly operation are
undeniable advantages of direct evaporative cooling units. These units, however, are characterized
by certain features that may raise doubts for designers and potential users. These include:

e not reaching full capacity with high humidity of outside air,
e increasing relative humidity of air in supported spaces and
e danger of pathogenic microorganisms formation.

Effectiveness of evaporative cooling units is dependent on the temperature and relative humidity
of the outside air. Efficiency of the unit decreases at high relative humidity of outside air. High
relative humidity of outside air, however, occurs mostly with outside air temperatures below +25°C.
Indicated in Table 1, number of hours of cooling below 4°C pertain to such moderate temperatures.
Among all the meteorological data analysed, only for 1h, in Warsaw there was cooling below 4°C
with the outside air temperature higher than +25°C. It should be borne in mind, however, that the
above calculations were based on average hourly outside air parameters; under real operating
conditions, a short period of high temperature and high relative humidity of outside air can occur
incidentally — before the storm for example — at that times the unit might not exactly fulfil user
expectations.



Adding 30-40 dm?/h of water to the supply air sometimes raises concerns about uncontrolled
growth of humidity in the room. These concerns would be fully justified if the unit was operated with
circulation air — as in the case of split compressor coolers. However, adding 35 dm>/h of water into
the 10 000 m>/h stream of fresh air increases moisture content in the air by less than 3 g/kg, which
raises relative humidity by approx. 15% at the temperature of 25°C that is typically found in air-
conditioned rooms in summer days. The measurement results show that the relative humidity of the
air in the supported room does not exceed 60% with the unit running on a hot day (compare Fig. 5),
which is consistent with the calculations results: parameters of the supply air t,, = 18°Ci @,, = 90%,
after absorbing sensible heat gains in the room, at temperature t; = 25°C achieves relative humidity
of @, = approx. 60%. It may happen, however, that the relative humidity of the outside air in the
afternoon hours will exceed 70%. In this case, the relative humidity in the air-conditioned space is
also likely to exceed 70%, since evaporative cooling units cannot dry air (as opposed to compressor
coolers). The relative humidity comfort for occupied areas ranges from approx. 30% to approx. 70%;
when using evaporative cooling units for factories, warehouses, etc., one should check acceptable
range of relative humidity in a particular case.

In terms of the pathogens associated with cooling and air-conditioning devices, the most serious
threat is posed by the strain of Legionella pneumophila. These bacteria are found in small quantities
in the environment (eg. rivers, lakes), they reproduce in water at a temperature from 20°C to 45°C
with varying intensity — the fastest growth is at + 37°C. The virulence of Legionella pneumophila also
depends on the temperature — the bacteria are more aggressive at approx. 37°C than at a
temperature below + 25°C [4]. Infection is possible by inhalation of sprayed droplets of water
containing the bacteria. Water in liquid form comes into with contact the supply air in most popular
systems used for cooling, humidification or dehumidification, and to some extent all of these systems
should be protected against growth of Legionella. The more detailed requirements in this respect can
be found in the Report of the Building Research Institute [5]. For air-conditioning / air-cooling, the
greatest risk of Legionella pneumophila occurs when using spray cooling towers and evaporative
condensers because these have higher temperatures that promote rapid growth of bacteria. For
evaporative (adiabatic) cooling as part of the supply air treatment, the risk of bacterial proliferation
occurs in the event of stagnation in the water tank during intermittent operation [4]. To remedy this,
the water tank should be completely drained when the unit is not working. Modern unit for adiabatic
cooling are provided with electromagnetic valves that automatically drain the tank. In the tested
unit, average temperature of the supply air was +20.2°C, while in typical weather conditions, average
supply temperature of approx. + 18°C should be expected (Table 1). Instantaneous temperatures of
the air leaving the unit can therefore reach values up to approx. + 25 C. Due to the fact that the unit
is being continuously supplied with cold mains water, the average temperature is lower than the
temperature of the supply air. Also, the water tank in the tested unit is relatively small — smaller than
the average hourly water demand, and therefore the water holding time in the unit usually does not
exceed 1 hour. Thus, during evaporative cooling unit operation, the risk of Legionella proliferation is
negligible. This risk arises if the water is left in the tank when the unit is not working, as in this case,
the water temperature can reach (or exceed) the outside air temperature, eg. above + 30°C. To avoid
this, make sure you drain water from the unit's tank when finishing operation.

In order to check for the presence of bacteria in the unit after more than 3 months of use, we
tested a water sample taken from the working unit, according to PN-EN ISO 11731-2:2008 for the



presence of Legionella pneumophila. The test [6] showed no presence of these bacteria in the water
sample taken.

5. Summary

Evaporative cooling (adiabatic cooling) is an interesting alternative to compressor cooling that is
dominant one the market. Ten times higher energy efficiency and no negative impact on the
environment (as mains water acts as the coolant) are key advantages of this system. When deciding
to use evaporative cooling, one should, however, take into account that in periods of high outside air
humidity — which happens before the storm for example — the unit's sensible cooling power will be
noticeably smaller. Furthermore, you can expect a bit higher relative humidity in the rooms being
cooled. This value depends on many factors and mostly does not exceed 55+65%, which is
acceptable for human thermal comfort. When the unit is operated correctly, risk of Legionella
pneumophila growth is minimal or non-existent, as in other air-conditioning devices.

The use of evaporative cooling units of the design considered has one very important advantage,
not mentioned before: in contrast to split cooling systems, evaporative cooling delivers into the
building a huge amount of fresh, filtered air. The unit described in this article supplies to the building
10 000 m>/h of cooled outside air, which covers the fresh air demand for more than 300 people, at a
total cost of ownership not exceeding 1PLN/h. In relation to buildings cooled by compressor units
there will be another difference: in a building with an evaporative cooling system, you need to put up
signs... "Please DO NOT CLOSE windows".
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