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RESIDENTIAL AIR CONDITIONING AND HEATING
BY MEANS OF ENHANCED SOLAR COLLECTORS COUPLED TO AN
ADSORPTION SYSTEM
M. Clausse®, K.C.A Alam, F. Meunier
Laboratoire de Génie des Procédés pour I’Energie, I’Environnement et la Santé
(LGP2ES - EA 21), Cnam
IFFI, case 331, 292 rue Saint-Martin, 75141 Paris Cedex 03, France
Abstract
This work explores the possibility to perform heating and air/conditioning of state of the art
building located near Paris in France. For air/conditioning, enhanced compound parabolic
solar collectors are used as heat source of an adsorption system (methanol/activated carbon),
while during winter direct coupling with the building is performed.
A model describing the adsorption unit, the solar collectors and the house was used to
simulate the performances of such an installation.
For air-conditioning, thermal comfort is achieved as indoor temperature is kept below 25 °C
during five consecutive hot days (heat wave effect), contrarily to the case for which only free
cooling during night-time is used. For heating, the indoor temperature remains below the

comfort temperature value by 2 K. Nevertheless, the auxiliary heating need will remain

limited so that savings on electricity or fossil fuel consumption will be possible.
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Electricity generation and building are two sectors that are major contributors to CO>

emissions: 40% of EU energy consumption comes from the building sector (Balaras et al.,
2007; Camelia, 2006). Lowering the CO, emissions in the building sector is of major
difficulty as the sources are small, disperse and depends heavily on the building structure.
Furthermore, the demand for thermal air-conditioning is increasing: the annual energy use of
room air conditioner was 6 TJ (about 1.7 GWh) in 1990 and is estimated to reach 160 TJ
(about 44 GWh) in 2010 (Balaras et al., 2007).

Solar heating and air-conditioning is one possible way to reduce building fossil fuel
consumption and greenhouse gas emission in low-energy buildings. Three technologies are
available for solar heat driven air conditioning: absorption, adsorption and dessicant cooling.
Among these technologies, absorption is the most widely used with 59% of the installed
systems in Europe against 11% for adsorption and 23% for dessicant cooling (Henning,
2007). Adsorption chillers have lower COP than absorption ones but can work at lower
driving temperature.

Different heat-driven cooling technologies are available on the market at capacities above
40 kW. However, the use of smaller scale systems (a few kW) in the residential/building
sector implies further R&D work as nearly none of the mentioned technologies is available on
the market at these small capacities (Balaras, 2007; Henning, 2007). Recently, a study was
performed on the performances of an absorption unit of less than 10 kW (Argiriou et al.,
2005). This study evaluates the interest of such a unit for two building types and different
climates. Concerning the adsorption systems, studies are mainly about refrigeration
applications and cycle enhancement (Dieng and Wang, 2001; Yong and Sumathy, 2004; Saha
et al., 2003; Wang et al., 2005; Wang and Oliveira, 2006) without considering the whole
system integration: the solar panels, the adsorption unit and the house. More recently, two

articles reported work on the use of adsorption for solar air-conditioning. The first one



focuses on the adsorption unit conception and performance (Nunez et al., 2007), while the
second one presents field results form an installation in Shanghai (Zhai et al., 2007). In this
last study, the solar system was able to contribute to 70% of the building total energy
consumption for heating and air-conditioning (year basis).

Hence, in this work, which was part of the SoCold CRAFT EU contract, it was chosen to
evaluate the performances of a small adsorption unit for residential air-conditioning. The
system has the following main characteristics:

e the application is a 100 m? house which complies with the French RT2000 building
standards (about 120 kWh/m?.y for heating)

e no storage: the adsorption unit and the panels are directly connected during summer
for air-conditioning while in winter the solar panel are connected to the floor to
provide space heating

e The house is located in Orly France (48°43'N, 02°23'E) as this type climate both
heating and cooling needs

The complete system layout is illustrated in Fig. 1. It includes the solar system (Compound
Parabolic Collectors), the adsorption machine and the floor heating/cooling system. It has to
be noticed once again that contrarily to usual systems, all sub-systems are directly connected
to each other without storage or control system to regulate the temperature. Indeed, one of the
aims of the present work is to explore the benefit of such a system. Furthermore, to be
competitive for integration in residential buildings, these systems have to be as simple as

possible to lower their installation cost which is one of their main weakness today.

To calculate the performances of the installation, a numerical model of the solar panels, the
adsorption unit and the house was developed. Thanks to this model, the installation ability to

achieve thermal comfort requirements will be evaluated for five consecutive hot days during



summer (heat waves phenomenon) for air-conditioning and five consecutive cold days during

winter for heating.

2. Installation description - mathematical model

The following sections present the components in detail and the related equations.

2.1. Adsorption unit

The adsorption unit is made of two adsorbers and was developed for the SoCold project. The
cycle is the basic cycle for refrigeration by adsorption: the adsorbers are alternatively
connected to the solar panel/condenser loops and to the outdoor unit/evaporator loops. No
mass or heat recovery is used to keep the system as simple and robust as possible. Hence, the
adsorber cycle is divided into four steps: pre-heating, desorption, pre-cooling and adsorption.
The duration of pre-heating and desorption steps is called the half-cycle time and it is of
course equal to the duration of the pre-cooling and adsorption steps. More details on operating
adsorption cooling unit can be found elsewhere in the literature (Meunier, 1998; Pons and
Poyelle, 1999; Saha et al., 2003).

Although being more suitable for refrigeration (Critoph, 1988; Meunier, 1998, Dieng and
Wang, 2001) methanol and AC-35 activated carbon (20 kg per adsorber) are used as working
pair instead of the usual zeolite-silica gel/water pair for air conditioning (Poyelle et al., 1999,
Meunier, 1998). Indeed, the methanol has higher pressure and density compared to water for
the same operating conditions. This could be of interest in terms of robustness and cost

reduction of the unit.

An outdoor dry air unit is used to evacuate the rejected heat at the condenser and the adsorber.



The energy balance of the adsorbent bed during desorption is given as:

%{(MC&M +MC__ + Machcp,MeOH)Td}=

(1)

dog .
AH - M, d_td + mHWCp,HW(THW,out - THW,in)

During the adsorption step, the sensible heat to increase the vapour from the evaporation
temperature to the adsorption temperature is taken into account. Furthermore, the adsorber
cooling temperature is taken equal to the ambient temperature increased by 10 K to take into

account the pinch due to the outdoor unit.
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For the condenser and the evaporator the energy balances are:
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In addition to the equations (1-4), the following equation is used to calculate the outlet
temperature of the different water loops:

T =T+(T, ~T)-exp(-UA/mC ) ®)

Adsorption equilibrium is assumed and the Dubinin-Astakhov model is used (Leite and

Daguenet, 2000):
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a=q,-p,(T)-exp —D{T-In(%‘ﬂ (6)

Parameters of the presented equations are summarized in Table 1.

The cyclic average cooling capacity (CACC) can be evaluated by the following expressions:

end of cycletime
I MehiCeni, £ (Tehitt,in—Techin,out )t

begin of cycletime (7)

CACC= Cycletime

The cycle COP (Coefficient of Performance) can be calculated by the following equation:

J-end of cycletime

_ ~ Menitt Ceit, £ (Tenittin—Tenitt,out)dt
begin of cycletime (8)

end of cycletime
I Mt C+ (Tain—Ta,out)dt

COPcycIe:

begin of cycletime

Solar COP in a cycle (COP ) can be expressed as the following expression:

J-end of cycletime

_ ~ MMenitt Ceit, £ (Tehittin—Tenitl,out)dt
begin of cycletime (9)

end of cycletime
.[ n-Acr ldt

begin of cycletime

COPsc=

Where, | is the solar irradiance and A, is each collector area and n is number of collector
2.2. Solar system

The heat source consists in ten enhanced compound parabolic concentrator (CPC) developed
by Solarfocus-GmbH with a total gross area of 24.2 m?. An increase of 20% in efficiency is
claimed by the manufacturer for these new CPC compared to classical ones. The efficiency
nsc of the CPC as a function of the ambient temperature, the solar radiation and the heating

medium temperature is given by (manufacturer’s data):

= = 2
Tow =T Tow =T
Nge = 0.75 - 2.57{MJ - 4.67[%] (10)
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Where T,,, is the heat transfer fluid mean temperature: T,,,, = Thaw i HW"’“t)and | the

solar radiation.

The energy balance for the solar collector is given by the following equation:

MecCocTye _ A _l+m C -T (11)
dt = NscMsc HW p,HW |  HW,in HW, out
. n-(t—t )
with I=1__sin t& (12)
sunset sunrise
2.3. House with floor heating/cooling system
The energy balance for the house (eq. 13) and the floor (eq. 14) are written as follows:
dT
MC M:(UAJ -(T -T J+(UA) -(T -T J
house dt wall amb indoor win amb indoor
(13)

+(UA) -(T -T ]+(pc j -V (T -T j+Q_
floor floor indoor P fresh amb indoor indoor
air

dT
MC ﬂ:(UA) AT =T |+m_c AT -T (14)
floor dt floor indoor florr Cw P,CW CW,out CW,in

where V., . is the fresh air flowrate imposed by the regulations. Two values are used:

fresh
200 m*/h for normal operation and 3000 m%h when free cooling (night extra ventilation) is
possible. The criterion to activate the free cooling is: Tingoor = Tamp + 2 K (Argiriou et al.,
2005).

Q... is the internal load due to the occupants and the equipment. Two cases are considered:
from 8 a.m. until 10 p.m. it is equal to 1500 W while it is equal to 700 W taking into account

the load decrease during night time.



To simulate the house without adsorption cooling, eqg. 14 is kept but the chilled water flowrate
is set to 0. It is also the case when the adsorption unit is not producing cold in order to

disconnect it from the floor.

4. Results and discussion for Air-Conditioning

The Orly climatic data for a typical day of July are reported on Fig. 2. The maximum of solar
radiation is about 800 W/m? while the ambient temperature reaches its maximum (31°C) at
17h. The total solar energy received during one day is then 8.7 kWh/mZ.d. It has to be noticed
that the ambient temperature is still at 28°C at 10 p.m.. This annoyance is directly the cause of
the lack of thermal comfort during summer.

The simulation was run for five consecutive warm days to investigate the solar adsorption

system ability to maintain thermal comfort during heat waves. All results are given for day 5.

4.1 Adsorption unit performances

For this study, the chosen half-cycle time is 1000 s. The pre-heating and pre-cooling times are
kept equal and worth around 300s depending on the daytime. The thermodynamic
performances of the adsorption unit are reported on Fig. 3. The cooling capacity, averaged on
one cycle, peaks at 4.6 kW at 2 p.m.. It has to be noticed that thanks to the enhanced CPC, the
cooling capacity is 1 kW at 8 a.m. although the solar radiation is only about 380 W/m?. Cycle
COP varies from 0.12 to 0.6.

During one day, the total received solar energy is 211 kWh for a total cold production of
42.7 KWh. Hence, the day averaged solar COP is 0.2. The day averaged value of the solar

collector efficiency being about 0.41, the averaged cycle COP is 0.49.



These values seem to be quite high compared to other cases (0.08 to 0.1 in Yong and
Sumathy, 2004) but are in the ranges reported by Henning (2007). The difference can be
explained by the used CPC’s, which present increased efficiency compared to other solar
collectors. Indeed, as it can be seen on Fig. 4, the maximum adsorbent temperature is about
130°C while only a maximum temperature of 70°C is reached in Yong and Sumathy (2004).
Moreover, the mean value is already 55°C at 8 a.m. compared to 35°C at the same time in
Yong and Sumathy (2004).

The same temperature evolutions as on Fig. 4 with the solar collector temperature between
1 p.m. and 2 p.m. are reported on Fig. 5 for one cycle. The outlet solar collector temperature
decreases rapidly during the pre-heating/pre-cooling step as the solar panel are directly
connected to the cold adsorber (alternatively Al and A2). During the desorption step, the
solar collector increases continuously to reach its maximum value (130 °C) at the end of the
step.

The solar collector inertia is rather low and it adapts itself rapidly to the inlet hot water
variation. Hence, as the inlet and outlet temperatures of the solar collector vary during the
sorption cycle, the efficiency varies as well as it can be seen on Fig. 5. The minimum value
(0.35) is reached at the end of the desorption step and the maximum one (0.52) at the end of
the pre-heating step. Hence, the efficiency is high when the energy demand is high, i.e. during

the pre-heating step and the beginning of the desorption step.

4.2 In house thermal comfort

On Fig. 6, the temperature evolutions without solar A/C are reported for five days of

simulation. After three days of operation the room temperature reaches 27 °C at 11 p.m.,

which is directly linked to the high ambient temperature at this time (28 °C at 10 p.m.).



Thanks to the free cooling (available between 1 and 9 a.m.), ambient temperature decreases
during the night but its minimum value is about 23 °C at 8 a.m.. So, although resulting in a
decrease of 4 K, the free cooling is insufficient to achieve thermal comfort during night-time
during heat waves even if the house insulation is at current building standards. Indeed, the
thermoneutral temperature is reported to be about 22 °C at 50% RH for people sleeping with

bedding during summer (Lin and Deng, 2008).

When adsorption cooling is available (Fig. 7), the room temperature is only 22.5 °C at 11 p.m.
after three days while the minimum is 21 °C at 8 a.m.. Hence the thermal comfort is fulfilled
despite several days of heat waves since the indoor temperature is always less than 23 °C.
During daytime, the floor behaves as a cold storage: its temperature swings between 20 and
18 °C. It has to be noticed that 18 °C is the minimum acceptable temperature to avoid
moisture condensation. Indeed, for this location, the design parameter for humidity is about
10-11 g/Kgair, Which corresponds to a dew-point temperature of about 14-16 °C.

The stored cold is transferred to the room after 8 p.m. when solar radiation (about 300 W/m?)
becomes too low to run the adsorption unit. The energy received by the floor between 8 p.m.
(Trior = 18 °C) and 8:30 a.m. (Ts0or = 20 °C) is equal to 75 MJ which represents about 1.35
time the internal and external loads (55 MJ) during this period. The heat exchanged by heat
loss through the walls between 2 a.m. and 8:30 a.m. is only about 4 MJ. It has to be noticed
that free cooling is never used, as ambient temperature is always at least 2 K higher than
indoor temperature. Hence, the temperature decrease during night-time is mainly due to the

cold previously stored in the floor thanks to the adsorption unit.

5 Results for heating

10



The same numerical model is used without the equations for the adsorption unit. In this case,
the solar panels and the floor are directly connected. The parameters are kept identical except

for Q... which is set at 0 kW and of course no free cooling is used.

indoor

The Orly climatic data for a cold day of November are reported on Fig. 8. The maximum of

solar radiation is about 600 W/m? while the ambient temperature ranges from —1 to 3.8°C.

The solar collector performances are reported on Fig. 9. The maximum heating power is about
9 kW at 1 p.m. for 10 collectors and 13.6 kW for 16 collectors. The delivered heating capacity
is not directly proportional to the number of collectors as there is a slight drop in efficiency
with increasing number of panel. This is due to a higher floor temperature so that the inlet
temperature of the collectors increases. It has to be noticed that in both cases, the solar
collector efficiency increases quickly and exhibits a flatten profile from sunrise to sunset. The

averaged daytime efficiency is 0.54 for ten collectors.

The temperature history for five consecutive days is reported on Fig. 10 for heating provided
thanks to ten (24,2 m?) or sixteen (38,7 m?) collectors and for no-heating. With no-heating the
indoor temperature drops below 15 °C after day 1 and below 5 °C after five days. With ten
collectors, the indoor temperature is about 17 °C at the end of day 1 while it is only 13 °C at
the end of day 5 with a minimum value of 12 °C at the end of day 4. The floor maximum
temperature decreases from 22 °C to 17 °C so that it remains below the maximum acceptable
operating temperature for floor heating i.e. 25 °C.

Increasing the number of collectors from ten to sixteen, thermal comfort can be achieved, as
the indoor temperature is 17 °C at the end of day 5. During daytime the indoor temperature

varies between 15 °C at 8 a.m. and 18°C at 5 p.m. when solar heating is no more available. It
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is still at 17.6 °C at 10 p.m. which could be taken as representative for people’s bedtime.
During night-time, the temperature decreases to 15°C which is only 2 K below the
recommended temperature during night by the French Energy Agency (Ademe, 2007). This is
achieved thanks to the heating floor, which behaves as a heat storage releasing heat when
solar energy is not available.

Hence, for the studied weather conditions, primary heating can be provided with the solar
collectors while additional heating coming form fossil fuels or electricity will be needed to

achieve thermal comfort during daytime.

Comparing the results for air-conditioning and heating, it can be noticed that a trade-off has to
be found for the installed collector area. Indeed, in our case ten collectors are sufficient to
achieve thermal comfort in summer while sixteen would be needed at least to get close to it
during winter. However, it is certainly suitable to operate only ten collectors with a back-up-

system for heating in winter during the few coldest days.

Conclusion

In this work we explore the possibility to use solar adsorption air conditioning during summer
and direct heating during winter by means of enhanced compound parabolic solar collector.

As application a simplified reference model house of 100 m? is used.

The air conditioning mode shows promising results, as it is possible to keep the indoor
temperature below 23°C at the end of the journey. If the adsorption unit is not used, the
temperature increases from day to day to values above 27°C despite free-cooling during

night-time. Nevertheless, this installation can be seen as oversized for the targeted
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application, as an indoor temperature of 24-25°C could be sufficient for thermal comfort. It
has to be noticed that thanks to the CPC the thermodynamic performances are very good for

this kind of installation as we obtain a mean solar COP of 0.23 from 9 a.m. to 9 p.m.

The solar collectors were directly used for heating during the cold season. To reach thermal
comfort, an increased number of collectors is needed compared to the one needed for air-
conditioning. Nevertheless, the installation is able to heat the house during most days but it
will provide only a fraction of heating needs during the coldest days so that saving on

electricity or fossil fuel consumption will be possible.

The potential of such installation has been demonstrated with this work highlighting the
interest of solar driven air-conditioning systems together with solar heating. Indeed, these
systems allow using solar collectors around the year, which make the installation of solar
collectors more attractive from a financial point of view.
Nevertheless, further work is needed to determine more precisely the cases for which such
systems are competitive. The main leads are:
e to integrate the total cold/hot energy annual needs (heating, domestic hot water, air-
conditioning) and to find the optimal trade-off between the heating and cooling needs.
In clod climate, heating will be the main need to take into account while it will be
cooling for hot climate. Furthermore, the ratio of solar heating versus conventional
heating has to be defined more precisely and will impact the profitability of the
system.
e to test different solar collectors type (flat/evacuated panels, CPC) as if CPC have good
performances when direct solar radiation is available, their efficiency drops rapidly

when only diffuse radiation is available. On the contrary flat panels have good
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performances with diffuse solar radiation but the output hot water temperature remains
below 100 °C, which will have an impact on the adsorption unit performances.

e to test different house type with more detailed model allowing to take into account
insulation performances, heavy/light thermal inertia, solar aspect, etc. Indeed, the
reference French RT2000 house chosen for this work has insufficient thermal
performances to be interesting for solar heating or cooling.

o to explore the interest of this kind of installation for different climates
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Notation
A area, m?
cp  specific heat, J/kg.K
| solar radiation, W/m®
mass flowrate, kg/s
AH heat of adsorption, J/kg
L latent heat of vaporization, J/kg
M mass, kg
q adsorption capacity, kg/kgac
t time, s
T temperature, K

U  heat transfer coefficient, W/m?.K

volume flowrate, m*/s

14



W  lumped capacitance, J/K

subscripts

a adsorber

ac activated carbon
amb ambient/external
cd condenser

Cw chilled water

d desorber

ev evaporator

f

floor floor

fresh fresh air

HW hot water
indoor indoor

MeOH methanol

MW cooled water

SC solar collector

wall house opaque components
win house translucent components
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Tablel: Parameters used in the simulation

Adsorption Unit House
Parameter Value Parameter Value
Mac 20 kg/adsorber  Qindoor 1.5-0.7 kW
Muw 0.47 kg/s pCir 0.34 Wh/m*.K
Mcw 0.5 kg/S UAﬂoor,cooIing 0.7 kW/K
AHmeon 1344 kJ/kg UAfioorheaing 1.1 KW/K
Lmeon 1244 kJ/kg UAwan 0.1 KW/K
UAgs 0.6 KW/K UAwin 0.04 kKW/k
Jo 0.407 kg/kgads Whouse 16500 kJ/K
D -3.22.107 Whigor 37500 kJ/K
n 2.195
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Figure captions

Fig. 1: solar cooling adsorption installation sketch
Fig. 2: Orly (France) climatic data for a warm day in July
Fig. 3: Performances of the adsorption unit during daytime

Fig. 4: Solar Intensity and Evaporator, Condenser and Adsorber temperature evolutions
during daytime

Fig. 5: Evaporator, Condenser, Solar Collector and Adsorber temperature evolution during a
cycle

Fig. 6: Temperature evolutions without adsorption cooling unit running (#* daytime; € night-
time; & free-cooling)

Fig. 7: Temperature evolutions with adsorption cooling unit running (¥* daytime; C night-
time)

Fig. 8: Orly (France) climatic data for a cold day in November
Fig. 9: Heat capacity and solar collector efficiency for day 5

Fig. 10: Room and floor temperature history during five consecutive days using 10, 16 and no
solar collectors for heating (#* daytime; C night-time)
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Solar radiation (W/m ?)
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