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In recent years more and more energy is consumed in the European Union coun-
tries for summer air conditioning in buildings. This consumption will probably
increase even more due to the predicted climate warming and the desire to im-
prove the quality of life. At present final energy as heat and electricity is sourced
mainly from fossil fuels. However, recently alternative renewable energy sources
are increasingly taken into account as a result of efforts toward environmental
protection and fuels savings. This paper presents results of the analysis of a hy-
brid solar-assisted heating and cooling system for buildings in the temperate cli-
mate of west and central Europe. Solar energy potential was estimated. The in-
vestigation was performed using a large scale laboratory installation, which con-
tains an evacuated solar collector, a single-stage NH3;-H,O absorption chiller
and a hot water tank. The impact of the main system parameters on its perfor-
mance was analyzed on the basis of energy balances
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Introduction

The demand for cooling and air conditioning in buildings continues to grow not only
in hot regions of the Earth but also in areas with temperate climate. The conventional cooling
systems are usually powered by electricity. It is estimated that, depending on the climate con-
ditions, about 30 to 50 per cent of the global electricity production is used for air conditioning
and cooling in buildings [1]. In Europe, energy consumption for these purposes is around 8%
of annual electricity production and steadily increasing. It is expected that in 2020, about 60%
of office and commercial facilities as well as about 40% of dwelling houses in European
countries will be equipped with air cooling installations. To meet these needs will require
mobilizing additional amounts of energy, approximately 2.4 EJ [2].

Reducing electricity consumption in air conditioning systems can be achieved, inter
alia, by the use and distribution of thermal installations driven by heat obtained from the solar
radiation energy. Two types of thermal technologies are proposed and investigated [1, 3-9]:
open and closed circuit technologies. In closed circuits, heat is transferred via chillers. Typi-
cally, water is cooled in chillers and used further for air conditioning. Liquid or solid sorbents
are applied. The coefficient of performance depends on the heat source temperature and rang-
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es from 0.7 for single-stage cycles to 1.3 for two-stage cycles [6, 10, 11]. Open circuits, also
called dry-evaporative cooling systems, are a combination of the cooling process during mois-
ture evaporation and the air drying process during its contact with a desiccant. The desiccant
is regenerated through contact with ventilation air extracted from the building and through the
heat from the solar collector or another heat source. The values of the coefficient of perfor-
mance for open circuits are in the range 0.6-1.2 [6, 9-11].

A comprehensive installation operating in the temperate climate should allow for
water heating all year round, space heating in winter, and air conditioning in the hottest sum-
mer months. Utilization of the solar heat with the use of reasonable collector surface areas is
limited under these conditions due to insufficient amounts of heat in autumn, winter, and
spring. A possible coverage of heat demand regarding thermal installations used for cooling
purposes during summer months also needs further investigations. A solution is a hybrid sys-
tem where heat is partly generated from the solar energy and partly from a conventional heat
source, e. g. from fossil fuel or biomass combustion.

The paper presents some research of the hybrid system of air conditioning and water
heating powered by solar radiation energy in the conditions of the temperate climate. Both
cooling and heating systems can work simultaneously or alternatively. The main attention was
focused on the cooling system with the (NHs-H,O) absorption chiller.

Solar energy potential

Investigations were conducted in the southern region of Poland, more exactly in Ka-
towice with the geographical co-ordinates of latitude 50.259 °N and 19.020 °E. The potential
values of the solar energy radiation in this region were estimated. Figure 1 presents the calcu-
lated monthly values of the solar radiation energy reaching the Earth surface.
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Figure 1. Monthly solar radiation on the Earth surface at a latitude of 50.259 °N

Calculations were performed using the Excel spreadsheet and the mathematical rela-
tionships allowing to determine the following values [5, 12-14].
— Declination of the Sun:

(1)

5= 23.455in(2n 284+ ”j
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— Sunrise hour angle:

w, =Ccos ™ (—tan ptan &) )
— Daily extraterrestrial solar radiation energy on a horizontal surface [MJm °]:
H, = WGSC [1+0.033003(%ﬂ(sin|a)5|003¢0055+|a>5|sin @sing) (3)
T

— Daily global solar radiation on the Earth surface:
H = HoKy (4)

Symbols used in eqgs. (1)-(4) are, respectively: n —the day of the year (n=1,2,3, ...,
365), @ — the latitude (¢ = 50.259° — latitude of the city of Katowice), Gy — the solar constant
(G = 1367 W/m?), and Ky — the clearness index. The calculations were performed for each
day in the year. Finally, monthly values of the solar energy radiation were calculated as the
sum of the daily ones. The most probable values of the clearness index were estimated on
basis of the long-term observations [15]. They comprise a relatively narrow range +0.04
around the mean value of 0.37. Figure 1 also contains the values taken from long-time meas-
urements [15]. It can be seen that they are a little different from the calculated values but the
differences do not exceed 13%. The calculated annual solar radiation is about 3500 MJ/m?.
Total difference between measured and calculated values for the whole year is only 6%.

Hybrid solar installation in the temperate climate should be able to produce heat for
heating system as well as heat as the energy driving air conditioning system in hot days.
There is some evidence that for the central Europe climate and reasonable sizes of collectors,
utilization of heat from the solar energy is practically limited only to tap water heating. How-
ever, also in this case, the so-called coverage ratio is about 50-60% for small installations and
about 25-30% for large ones. An analogical ratio for central heating is only 10-15% [16].
Also instantaneous values of the irradiance can vary widely due to the apparent Sun move-
ment in the sky as well as the stochastic weather changes. In the hottest months: June, July,
and August, solar radiation at noon varies from about 320 W/m? with completely cloudy sky
to about 900 W/m? when the sky is clear. Thus using an additional source of heat is necessary.
Nevertheless, even a partial reduction in consumption of fuel for heat production may bring a
substantial environmental benefit.

Installation

The research installation is shown in fig. 2 and a general scheme of the cooling sys-
tem is presented in fig. 3. The installation contains three major modules: a heat gain module, a
water heating module and an absorption chiller. The key component of the heat gain module
is an expanded Vaciosol CPC6 vacuum tube collector containing ten tubes with the total ac-
tive surface area of 0.91 m% The heat medium is a 33%wt. solution of Henock blue ethylene
glycol. The glycol flow rate is 1.67 x 10> m?s. The stationary south oriented collector in-
clined at the stable angle of 30° was used. Such setting of the collector is commonly used in
the small solar systems. Angle of inclination was estimated on basis of the theoretical model-
ling for the maximum value of the total annual solar radiation. Based on the preliminary ex-
periments described further, the efficiency of solar to thermal energy conversion in the collec-
tor system is 62%.

In the collector, the solar energy is converted to heat that is delivered to the genera-
tor of the absorption chiller or to the hot tap water container via the circulating medium. The
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Figure 2. General view of Figure 3. Installation scheme
the installation

heat receiver selection is determined according to the three-way split valve setting. The circu-
lating medium flow is forced by the pump system with a control unit. The control is based on
measurements of temperature in the collector and the heat receivers as well as on the properly
selected algorithm. The inverter delivers electrical energy to the pump drive with the automa-
tion system. The inverter accumulator is charged via a photovoltaic cell. The charging process
is managed by the charging control unit. The installation is equipped with a check valve sys-
tem and a flow indicator. The air is extracted from the flow system by means of a vent at the
solar collector outlet. Additionally, the flow system can be managed by the control valve. The
installation also contains circulating liquid containers on the side of the hot agent and on the
return pipeline. The container on the side of the hot agent is intended to accumulate possible
hot medium discharges resulting from the safety valve opening. It protects the installation
from unacceptably high pressure in the system that may be caused by uncontrolled, excessive
rise of the circulating agent temperature. The circulating agent container is connected (by the
release valve) to the return pipeline of the agent that is cooled in the heat receivers. It is
) . equipped with a manual pump for filling and
Q. ﬁ {} Q replenishing the possibly depleted working
B agent. Increased volumes of the circulating me-
dium due to its temperature rise are managed by
the membrane vessel.

One of the receivers of heat gained in the
solar collector is the hot tap water container that
is supplied with cold water from the hydraulic
network via an elastic connector with a quick
release coupling at the end. The connecting sys-
tem is equipped with the check valve, safety
valve and the membrane vessel that prevents
pressure increase due to water thermal expan-
sion. Another heat receiver is the absorption
chiller. The heat is delivered to the generator.
Figure 4. Scheme of the chiller The air is cooled in the evaporator coupled with
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the air conditioning system. The circulating agent in the cooling system is a 35%wt. aqueous
NH; solution. The chiller is used for air cooling with a ventilator-forced flow. A general
scheme of the cooling system is shown in fig. 4.

The research stand was equipped with measuring systems, temperature, and flow re-
cording systems as well as a heat meter. Selection and positions of the measurement points
were aimed at ensuring that the energy balance for the whole system could be determined.

In order to facilitate experiments, installation was designed as a compact version
with wheels for easy transportation. A gas combustion chamber as an additional heat source
could be easily connected.

Experimental investigations and energy analysis

Experimental investigations were carried out on some days of the following six
months: April-September. The analysis of experiments was performed on basis of the meas-
ured media flow rates and temperature. The main processes are described by the following
energy balances.

— The energy balance of the solar system:

Qc = A: [Taé_ kl (Ta _To)_ k2 (Ta _To )2:| (5)

where Q. is the heat flux from the collector, A, = 0.91 m? — the collector surface area, z = 0.9
— the coefficient of permeability for the collector cover plate, « = 0.9 — the solar absorption
coefficient for the absorption coating, ¢ — the solar irradiance on the collector surface, T, —
the temperature of absorber, T, — the ambient temperature, k; = 0.721 W/m?K — the linear heat
transfer coefficient, and k, = 0.006 W/m?K? — the non-linear heat transfer coefficient.

— The energy balance of the hot tap water heating system:

77WQW = vawcw (ATW ) (6)

where 7, is the system performance, Q. — the flux of heat delivered to the system, Vi, — the
water volumetric flow rate, p,, — the water density, c,, — the specific heat of water, and AT,, —
the value of water temperature rise.

— A general energy balance of the cooling system:

Qh +Qc = Qs +Qa ()

where individual symbols denote the heat fluxes shown in fig. 4.
— The energy balance of the desorber-recuperator system:

thm[i5+(f_1)i3_fi2] 8)

where Q, is the flux of heat delivered to the desorber from the collector or another heat
source, m — the mass flow rate of the working medium (NHs), f — the multiplicity of the cir-
culating agent re-circulation, and iy, i3, is are specific enthalpies in points presented in fig. 4.

— The energy balance of the absorber:

Q, =m[i; +(f —1)i, — fir] C))

where Qa is the flux of heat extracted from the absorber, m — the mass flow rate of the work-
ing medium (NHj3), f — the multiplicity of the circulating agent recirculation, and iy, i4, i7 are
specific enthalpies in points presented in fig. 4.
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— The energy balance of the condenser:

Qs zm(iS_iG) (10)
where Qs is the flux of heat extracted from the condenser, m — the mass flow rate of the
working medium (NHs), and is, ig are specific enthalpies in points presented in fig. 4.

— The energy balance of the evaporator:

Q. =m(i; —ig) (11)
where Qc is the flux of heat extracted from the condenser, m — the mass flow rate of the
working medium (NHs), and ig, ig; are specific enthalpies in points presented in fig. 4.

Symbol f in egs. (8) and (9) denotes the ratio of the strong working fluid mass
stream flowing from absorber to desorber to the refrigerant mass stream flowing through con-
denser and evaporator. It shows then the necessary kilogram of working fluid in order to ad-
just the concentration difference of the strong and the weak working fluid.

The thermal coefficient of the performance with regard to the cooling system is de-
scribed by the relationship:

cop= (12)
h

Figure 5 presents a comparison between solar irradiance on the collector surface ¢
and heat obtained from the collector Q. . Tests were carried in the days of middle in the
month values of the solar radiation. Measurements were taken at noon under clear sky. As it
was already mentioned the stationary collector was south oriented and inclined at an angle of
30°. The collector efficiency of about 62% was achieved. It can be seen from fig. 5 that in a
climate of eastern and central Europe, the best conditions for solar energy gain is only from

May to August (300 W/m? on average).

600
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Figure 5. Comparison between solar irradiance on the collector surface and heat
obtained from the collector

Figure 6 presents comparison between absorber temperature and ambient tempera-
ture. The values of the absorber temperature in the figure was estimated from the equation:

mgcg (Tg2 _Tgl) = A: |:Z'Olé—k1 (Ta _To)_ I(2 (Ta _To )2]
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where ma is the glycol mass flow rate, ¢g — 120
the specific heat of the glycol, Tg2 — glycol T,
temperature at the solar collector outflow, <'%° Dl
Tq1 — the glycol temperature at the inlet to *{ 80— = BN
the collector, and the other symbols are the - » sl = . ™
same as in eq. (5). o

The main attention was focused onthe = 40
cooling system. Some selected results of " T, g
calculations of this system are presented in ™ = —
tab. 1. The installation was provided with 0

Apr Ma June  Jul Au Sept
valves and heat exchangers arrangement s J Month ’ g P

enabled to split heat from the solar collector

into two streams. The setting was controlled  Figure 6. Comparison between monthly average
manually, however further investigation values of the ambient temperature, T,, and

with automatically controlled system are @absorber temperature, T,

needed. The improved system should work

based on selected criteria, such as ambient temperature. The results presented here were ob-
tained in the arbitrary chosen case when a half of the heat obtained in the solar collector was
delivered to the cooling system. The cooled air mass stream of 0.0057 kg/s was flowing along
the evaporator cooling surface area of 0.161 m* with the average linear velocity of 0.7 m/s.
The temperature of evaporator surface was app. from —10 °C to -5 °C. The second half of the
collector heat was delivered to the water tank of volume 0.02 m®. The water temperature rose
from 20 °C to 40 °C at the time about 8300 seconds in April but about 6500 seconds in June.

Table 1. Results of calculations of the main parameters of the cooling system

_ Month
Parameter Unit

Apr May June July Aug Sept
Air temperature before the cooling o
system C 12 18 20 22 22 19
Air temperature after the cooling oC 5 9 1 12 12 9
system
Heat supplied to the cooling system W 100 130 132 129 119 84
from the collector
Heat received from the cooled air w 374 479 51.7 54.6 54.6 47.9
cop - 037 | 037 | 039 | 042 | 046 057

Following the preliminary investigations of the cooling system, stable temperature
values vs. time were obtained, which is shown in fig. 7 for selected points of the system. The
temperature was measured continuously by thermocouples Pt100 and recorded by the mul-
tipoint recorder. Figure 7 simply presents fragment of the original print from the microproces-
sor recorder. It shows also profile of the glycol temperature at the solar collector outflow.
This way of measurements was particularly important from point of view of process control.
The effect of the air-flow rates in the cooling system on its outlet temperature rise is presented
in fig. 8. For the calculations, a constant evaporator surface temperature of 263 K was as-
sumed. For the flow rate changes within 0.003-0.01 kg/s, the cooled air temperature increased
by approximately 12 K.
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Figure 7. Measured distributions of temperature at selected points
of the cooling system

28

24 <
7

Before cooling system

20 ——

16

After cooling system
12 L

o2

/7

Air temperature, [°C]

4
0.002 0.004 0.006 0.008 0.01 0.012
Air-flow rate, [kgs ]

Figure 8. The effect of the air-flow rate on the
cooled air temperature

As it was already menti-
oned investigations were main-
ly focused on the cooling sys-
tem for air conditioning in
small  residential  buildings
although the production of heat
for water heating simultane-
ously or alternatively was also
taken into account. There is
clear evidence that cooling
demand in recent years is rap-
idly growing also in areas with
temperate climates. It is esti-
mated that the potential annual
demand cooling in Europe
is about 295.2 MJ/m? for the
service sector and about
133.2 MJ/m® for residential
buildings at the average cli-
matic conditions specified
by the European Cooling
Index ECI = 100 [17]. Simple
calculations show that in the
case of residential buildings,
the annual consumption of
electricity needed to power
conventional air conditioning
systems may be at the level of
30 MJ/m? It also leads to the
appropriate fossil fuel con-
sumption and pollutant emis-
sions. The use of small instal-
lations powered by solar ener-
gy can bring tangible benefits
for the economy and the envi-
ronment. The installation con-

sumes only small amounts of electricity from the grid to power the pumps and recording devic-
es, but also those amounts may be eliminated by adding a photovoltaic panel to the system.

Summary

A hybrid heating and cooling installation based on the thermal cooling technology
with a solar collector was designed and built in laboratory scale. The preliminary experi-
mental investigations and the energy performance analysis were performed on base of the
mass and energy balances of all components of the system. Investigations were conducted in
the southern region of Poland, more exactly in Katowice with the geographical co-ordinates
of latitude 50.259 °N and 19.020 °E. The potential values of the solar energy radiation in this
region were estimated. The calculated annual solar radiation is on the level 3500 MJ/m?. In-
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vestigations have shown correct interaction between all elements of the system. Regarding the
cooling process, the estimated coefficient of performance was on the level of 0.45. This sys-
tem can find the best application for air condition and water heating in single-family houses
allowing to save fossil fuels and environment. Further systematic experimental studies will be
continued particularly in terms of automatic control.
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