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Air Conditioning (AC) is spreading in Spain, where summer weather reaches temperatures above 35ºC. This causes the increase, not only of electricity consumption, but also organic refrigerant leakage due to the use of vapourcompression machines.

An experimental research on solar absorption cooling has been carried out at

Universidad Carlos III de Madrid (UC3M) in order to evaluate alternative lower impact AC techniques. The facility is based on an on-Campus field of 50m 2 flat

plate solar collectors driving a single-effect commercial LiBr/H 2 O absorption machine through a hot water storage tank.

Experimental operating parameters have been recorded during 2004 summer season in periods of 10 minutes showing all the relevant figures of merit.

Results show that absorption machine cooling power reaches 6-10kW, with a generator driving power input of 10-15kW, achieving a mean cooling period of 6.5 hours of complete solar autonomy on a seasonal average day.

In order to measure the market applicability of this setup, the instantaneous thermal load and demand of a single detached housing of total floorspace of 90m 2 were calculated using standard techniques. Its peak ranged from 6 to 8kW. Seasonal solar fraction of AC provided by the facility reached 56%.

This work shows results on system performance, economic investing, energy and economic savings and includes environmental impact reduction, when comparing the solar absorption system with a conventional vapour-compression machine. A sensitivity study to solar field size has been performed to yield the reasonable share of the absorption machine in the seasonal cooling demand. The result indicates that the dimensioning of the facility is correct. Keywords: Solar energy; Absorption cooling; Environmental impact reduction; Solar air conditioning; Energy saving; Sustainability.

NOMENCLATURE:

A : Total housing area [m 2 ]. 

INTRODUCTION

In the past century, scientific community has devoted much effort to procure energy sustainability of housing in two main directions: reducing external energy supply, and using Renewable Energy (RE) for the remaining. In both ways solar resources are gaining popularity because they increase energy independence and sustainability, at the same time offering nearly zero impact to the environment [START_REF] Demirbas | Global Renewable Energy Resources[END_REF]. This paper aims to contribute to the development of techniques that reduce external electricity consumption for air conditioning in housings. For this goal an experimental research has been performed using current technology to shed some light on the possibilities and barriers for its application.

In Europe, there is a strategic objective of sustainability, reduction of primary energy consumption, as well as increasing the RE fraction in heating and cooling of buildings, whose share is 40% of the total energy consumption [START_REF]Council of 16 December 2002 on the energy[END_REF]. An ongoing political action promotes heating and cooling from RE, as stated in the EU Commission's Impact Assessment [START_REF] Mercier | Results of the Public Consultation on the EU Initiative on heating and cooling from Renewable Energy Sources[END_REF]. In Spain, although housing primary energy share is lower, around 20%, there is a maximum peak in electricity consumption in summer season every year [START_REF]Informe mensual[END_REF] due to the use of electrically powered AC, with risk to overload the grid and eventually leading to blackouts. Peak-power increases yearly because AC is being installed at a high pace. In 2003 the peak value was over 34GW; in 2004 it reached 36GW and in 2005 about 38GW [START_REF]Informe mensual[END_REF]. In 2005 1.3 million AC units were sold (mainly mini split-type residential systems) and about 0.6 million new housings were built. This indicates that the problem will keep on growing [START_REF] Mercado De Climatización | Asociación de Fabricantes de Equipos de Climatización AFEC[END_REF].

Another problem is that conventional vapour-compression systems, using R407C refrigerant, offer a null Ozone Depletion Potential (ODP), but their direct Global Warming Power (GWP) in 20 years horizon is very high, 3,200 [START_REF] Rodríguez | Decentralised cooling of electronic equipment using the thermal conversion of solar energy[END_REF], posing a threat to greenhouse effect when leaking.

The current technologies in the market for cold water production, using thermal Solar Energy (SE) are: Absorption machines, solid and liquid desiccant and solid adsorption.

The most commercially developed are the absorption systems, [START_REF] Hans-Martin | Solar assisted air conditioning of buildings -an overview[END_REF].

One of the advantages of these technologies is that AC load is simultaneous to the availability of solar radiation, so that heat storage does not need to be large. It is also a solution to Solar Thermal Collector (STC) overheating during summer season, when there is no need of space heating and at the same time Domestic Hot Water (DHW) demand is reduced on average down to 14%, according to [8].

Nowadays technology demonstration actions are dominated by absorption in a fraction of 78% of the reviewed projects (75% using LiBr/H 2 O and 25% using NH 3 /H 2 O). They are used in combination with Flat Plate Solar Thermal Collector (FPSTC), which are employed in 63% of the reviewed projects, delivering water at temperatures below 97ºC [START_REF] Balaras | Overview of solar assisted air-conditioning systems and applications[END_REF].

Under nominal conditions absorption machines offer an instantaneous COP in the range of 0.5-0.73, of which LiBr/H 2 O systems average 0.66 and NH 3 /H 2 O systems average 0.60 [START_REF] Balaras | Overview of solar assisted air-conditioning systems and applications[END_REF]. The COP of double-effect absorption systems can be up to 1.3, but requiring a relatively high driving temperature, difficult to reach with standard SC technologies [START_REF] Hans-Martin | Solar assisted air conditioning of buildings -an overview[END_REF].

LiBr/H 2 O absorption machines show the best performance, but they are not competitive with vapour-compression systems unless a minimum threshold of RE is supplied [START_REF] Rodríguez | Decentralised cooling of electronic equipment using the thermal conversion of solar energy[END_REF].

This has been studied in a previous work [START_REF] Izquierdo | Energetic, economic and environmental viability of absorption air-conditioning systems in Spain[END_REF], concluding that single effect LiBr/H 2 O absorption units using fossil-fuels are not competitive from the energy, economic and environmental points of view. They are only competitive when using waste or renewable heat as part of the driving energy. Similar conclusion can be found after the simulation of an analogous system with TRNSYS, [START_REF] Florides | Modelling, simulation and warming impact assessment of a domestic-size absorption solar cooling system[END_REF]. Biomass or fossil fuel could be used for cold production complementing SE. In this case competitiveness could increase, as will be shown in this paper.

One of the constraints for a wider use of this technology in housings is the unavailability of air-condensed absorption machines with a low enough capacity [START_REF] Safarik | Solar powered H 2 O/LiBr Absorption machine with low capacity[END_REF].

Recently there have been made available some machines with low nominal power. One of such is the 4kW ROTARTICA 045v from ROTARTICA S.A. ® , [START_REF] Rotartica | [END_REF] indicating this that further study is worthwhile.

Local climate characteristics have a significant influence on collector performance.

Moreover, like in the vapour compression machines, the absorption ones suffer a limiting effect on the cold production, stagnating when the external temperature increases. As a consequence, it seems important to use local real weather data for analysis purposes and in order to avoid an over/underestimation of AC yield. As solar irradiation varies considerably from year to year, a large variation in the STC heat supply has to be expected [START_REF] Adsten | The influence of climate and location on collector performance[END_REF]. Following the results obtained from a previous work [START_REF] Izquierdo | Thermal Solar Energy for Spanish houses comfort: energy-saving and environmental impact reduction[END_REF] 47% of heat, cooling and DHW demands can be provided with 50m 2 of collector area, for a representative housing in central Spain, Madrid region. Accordingly the chosen experimental facility is a field of FPSTC of such area. It feeds a 35kW singleeffect LiBr/H 2 O absorption machine. This configuration shows the lowest cost and is one of the most used, according to [START_REF] Hans-Martin | Solar assisted air conditioning of buildings -an overview[END_REF]. The absorption machine is oversized as there was no model of smaller nominal power commercially available at the time of starting the project. Fortunately this machine incorporates specific devices to improve COP at partial load or at operating temperatures different from nominal, thus being representative of a lower capacity machine.

The first objective of this paper is to describe the solar facility and to show the relevant working parameters; secondly to make an application of this cooling system to a numerically simulated cooling load demand of a representative contemporary Spanish housing; and thirdly to study the influence of the size and some component efficiency of the solar cooling facility on performance.

FACILITY DESCRIPTION

Overview

The experimental facility consists on the usual components of a thermal solar plant, plus an absorption machine for chilled water production for AC purposes, see Figure. The facility includes a meteorological station which records local relevant data such as solar radiation, air temperature, wind velocity and direction as well as relative humidity.

Monitoring and Instrumentation

The data acquisition program developed using National Instruments Labview ® collects, processes and displays data. It takes all sensors signals every 2 seconds and outputs the mean value at each 10 minutes forming time series. Real time experimental data are available "on-line" at the following website: http://termica.uc3m.es/solar.htm

Hot water tank operation

According to current practice, the storage-tank was configured to work under stratification regime, believing that this would be the best for the AC application, but this was not the case. The cooling period achieved producing cold water was not satisfactory because it finished early in the evening when AC was still necessary due to the high outdoor temperature. Eliminating stratification, by forcing hot water to enter at the bottom of the tank, a nearly homogeneous temperature was achieved. This configuration has given better results for the AC application because a larger autonomous cooling time was achieved, as well as a higher cool production. A delay in the cooling capacity was evident, being able to supply chilled water late in the evening.

Nevertheless, lower collector efficiency has been detected using this configuration.

As seen in Figure 1, the system is operated with no supplementary heating from a boiler. This way, the cooling capabilities of the solar facility can be clearly shown; that is, absorption machine works at partial-load and under non steady conditions, using only the SE available. Better results are expected applying supplementary heating, as a higher absorption machine COP could be attained; being this a result of the higher hot water temperature and higher load operating conditions.

EXPERIMENTAL RESULTS

Data gathered from the solar AC facility during the summer 2004 season are described in this section.

Instantaneous operation

The instantaneous data allow obtaining the power curves through the following expressions.
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The energy balance results of a representative summer day, corresponding to July 28 th , are depicted in Figure 2. Solar radiation shows a Gaussian profile this day with the typical shadow effects due to the clouds over the solar field. The collector heat power curve follows the solar radiation. There is a delay between the collector and the cooling power curves. In the day chosen, due to the presence of the storage tank, a significant cooling power was obtained for more than 2h in the evening (18:00h to 20:00h), after the collectors power is null. According to the outdoor air temperature curve, it can be concluded that this is a useful delay. In fact, as it is shown in the next section, the maximum value of instantaneous cooling load of the selected house is attained at 18:00h approximately. During the cooling period of this day, an average value of nearly 3kW cooling power was obtained. For a more detailed description a previously published work is recommended [START_REF] Syed | A novel experimental investigation of a solar cooling system in Madrid[END_REF].

Generator temperature was below 80 ºC, shown in Figure 3, precluding the machine to reach the maximum efficiency.

Daily operation

The facility worked during 2004, from June 16 th to October 14 th with a seasonal average cooling period value of 6.5 hours, with a fan-coil output air temperature of 15ºC.

Daily operation energy balance is calculated by integrating the instantaneous value for each day, as shown in Figure 4. The cooling energy is a small amount of the total SE available, in part due to the facility heat losses.

Averaging the daily cooling energy values, the seasonal cooling energy obtained was 23 kWh per day.

Data, corresponding to 2004 summer season, are raw from Data Acquisition System.

Gaps in data, which have not been removed in Figures 4 to 8, are due to maintenance operation.

Efficiency parameters

The efficiency parameters of the solar AC facility are:

cool generator Q COP Q = ( 4 
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The seasonal value for COP during the already specified 2004 summer season was 0.33, daily values shown in Figure 5. This low value is attributed to the low hot water temperature in the generator of absorption machine during a significant fraction of the daily cooling period. It seems advisable to increase COP up to the nominal value of 0.7 with supplementary heating from a boiler.

SCOP shows the efficiency of the energy conversion for the total solar absorption system, from the solar radiation over the collector field to the chilled water in the absorption machine evaporator. The average value for SCOP was 0.07 while the seasonal value of si η , defined as follows, was 0.22.

generator si solar Q Q η = (6) 
This parameter takes into account not only collector's efficiency (i.e. thermal losses in the collector itself) but also thermal losses in the solar facility (piping, pumps, storagetank and heat-exchangers). At this point it is worthwhile to indicate that higher than normal heat losses characterize this facility as the length of pipes is substantially longer than in a compact design for a single detached housing.

An application to a single detached housing in Spain is presented in the next section in order to compare the cooling demand and the cooling power of the system. Some findings of the above described experimental analysis can be explained from this comparison.

APPLICATION TO A SINGLE DETACHED HOUSING

Evaluation of solar AC technology to Mediterranean market is of much interest. For this aim a Spanish single detached housing was selected as representative of the recent way of living. Its instantaneous cooling load and demand have been calculated using conventional methodology [17] and local data.

Despite the internal distribution, the house is enclosed by four main flat walls and roof; all of them are in contact with the atmosphere. It includes two superimposed floorspaces, each of 45 m 2 , making a total occupied floorspace of 90 m 2 . All the external walls are made of double hollow bricks with a thermal insulator layer in between. The windows are double glazed with air space separation (Climalit ® ).

Construction elements are the typical in Spanish contemporary buildings and their properties are well known, so that obtaining the housing cooling load is straightforward.

The Spanish regulations [17] allow calculation of a harmonized value of w U for each house wall, floor and roof. Outdoor air temperature and solar radiation over the four oriented walls follow experimental data. The solar radiation received on the roof was not considered because its net value is negligible as the STC are installed there.

Sunny wall temperature is different from air temperature accordingly to [START_REF] Ojer | Manual de climatización Tomo II Cargas Térmicas[END_REF], so that:
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α depends on wall colour and finishing, in this case the value considered was 0.6.

A constant, homogeneous indoor air temperature of 24 ºC has been applied to cooling load calculations, according to [START_REF][END_REF].

Floor heat transfer coefficient depends only of the walls thermal insulator thickness, according to [17]:

f insulator insulator f A L e U ⋅ ⋅ = λ (8)
The calculation for the external wall overall heat transfer coefficient is as follows:
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Repeating the process for every external wall, an overall heat transfer coefficient U can be obtained for the whole enclosure. The total cooling load can be computed depending on the temperature difference:
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There are several additional cooling loads, such as four people sensible and latent heat (about 100 W per person) cooling load from house lighting, ventilation load (amount equal to one air change per hour) and infiltration, which were considered as a 10% of total cooling load.

The calculated average value for the overall house U•A was 360 W/ºC.

As an example, the results of daily cooling load evolution corresponding to July 28 th are shown in Figure 6.

According to [START_REF]Atlas de la demanda eléctrica Española. Proyecto INDEL[END_REF], the typical AC demand in Spain is centred between 10:00 and 22:00 hours. Keeping only this frame of time from the instantaneous cooling load, the daily cooling demand can be obtained, as shown also in Figure 6.

By integration of this instantaneous cooling demand throughout the day, a daily cooling demand has been obtained for each day of the season, giving the results shown in Figure 7.

Cooling demand increases rapidly during the first summer months from June to July, but since August it slowly decreases to end of season, October. Weather data of other years result in a different behaviour but research demonstrated that this one is fairly representative.

One important parameter is the fraction of AC demand that is supplied with SE; it is called solar fraction:

cool demand Q f Q = (11) 
Figure 8 shows the daily values of f provided by the solar facility. As can be seen, it changes from day to day, depending on the weather conditions. The seasonal value of f obtained was 56% of the total AC demand. The remaining demand could be fulfilled using Natural Gas (NG).

ECONOMIC AND ENVIRONMENTAL COMPARISON WITH CONVENTIONAL COOLING

ACCEPTED MANUSCRIPT

In order to validate the solar cooling technology for the proposed application, a comparison with a conventional cooling system has been performed as follows, both attending to energy cost and environmental aspects. The conventional vapourcompression machine uses R407C refrigerant and operates in the same local weather conditions as the absorption machine. The seasonal COP chosen is 2.4 according to [START_REF] Apread | An evaluation of R22 substitutes performances regulating continuously the compressor refrigeration capacity[END_REF]. For the absorption machine the COP used in this section was the nominal value of 0.7. The reason is that the total cooling demand is fulfilled by powering with supplementary heating, using a NG boiler, boosting water up to 90 ºC.

Economic Impact

-Solar cooling:

Solar contribution, in terms of energy, is 1.6 MWh of the total cooling demand of 2.9

MWh. Total heat supply needed to provide the remaining demand is 1.8 MWh. NG cost is estimated at 0.034 /kWh according to [22], summing up a total expense of 62 .

-Conventional cooling:

Supplying the total AC demand with a conventional vapour-compression machine electric energy needed reaches a value of 1.2 MWh. Total expense, estimating 0.135 /kWhe according to [23], amounts 165 .

Comparing vapour-compression machine vs. absorption machine, energy cost saving reaches 62%, i.e. 103 for the overall summer season.

Facility Cost

Sustainability using RE is an obvious concept. But reality is that up-front investment is high, so the payback time is very long, according to [START_REF] Mercier | Results of the Public Consultation on the EU Initiative on heating and cooling from Renewable Energy Sources[END_REF], due to the high price of the main components of the facility. A previously performed research [START_REF] Aumente | Home Solar Absorption-Based Air Conditioning in Spain[END_REF] indicates that it results in longer than the operational life of some of the components, using current prices and no subsidies to RE. This shows the need of developments that introduce an economy of scale in manufacturing, marketing and distribution to make this technology competitive with fossil fuels, in agreement with [START_REF] Tsoutsos | Solar cooling technologies in Greece. An economic viability analysis[END_REF].

There is a effect of a future increase in fossil fuel cost and in addition to this; there are government incentives and subsidies to RE relying on the principle of compensating their lower external costs. And, still to come, the Kyoto agreement application date 2008-2012 and beyond will imply cost savings as a consequence of carbon emission reduction.

Environmental Impact

-Solar cooling:

For summer 2004 total NG consumption to supply the remaining demand, estimating 0.22 kg/kWh of CO 2, according to [START_REF]Plan de Energías Renovables en España 2005-2010[END_REF], yields a total emission of 400 kg of CO 2 .

-Conventional cooling:

According to the Spanish National Energy Balance data, there is 0.52 kg of CO 2 emitted for each kWh of electric energy produced in the Spanish electric network during a representative year. This gives that CO 2 emission would be around 632 kg of CO 2 to supply the house cooling demand with current technology.

As a result, the savings achieved by the use of absorption are 62% for NG consumption and 36% for CO 2 .

SENSITIVITY TO f AND TO COP.

This section presents the study that has been performed to obtain the reasonable figure The conventional vapour-compression machine driven with electricity mentioned in section 5 is used as a reference for this study. The NG consumption in order to complete the fraction of cooling demand not supplied with SE has been calculated. The overall primary energy needed and the CO 2 emitted have been compared with the ones that will be generated with the vapour compression machine that supplies the total cooling demand.

Figure 9 shows results from this study. A value of COP equal to 0.7 is assumed, considering that machine is working under nominal operating conditions. Cooling fraction determines the relative size of the solar facility for the specific geographical location of Madrid.

As it can be seen, the total primary energy, the total energy cost and the CO 2 emission savings are always positive and considerable, even if the cooling fraction is reduced to a minimum value.

Figure 10 shows the results that would be obtained throughout the season, where the seasonal COP value was 0.33, as experimentally obtained in the facility. Results in this case change considerably. Total primary energy and energy cost savings together with CO 2 emission reduction become negative when the renewable fraction decreases under a threshold value.

In order to better describe the sensitivity of savings to COP, keeping f fixed seems convenient. Figure 11 shows the sensitivities to absorption machine COP for a reasonable f of 56%. It indicates that reaching a high enough COP value is of paramount importance.

As a conclusion to this study, the best choice seems to select the adequate size of the absorption machine, to make it work at nominal operating conditions, so that both COP reaches the nominal value and f , consequently, is higher. The figures presented validate the size of the solar cooling system selected for the application under study.

CONCLUSIONS

• An experimental facility with 50 m 2 FPSTC, has been developed and fully monitored for housing AC applications using LiBr/H 2 O absorption technology.

• During 2004 summer season it has produced a daily average cooling power of 3 kW for 6.5 hours.

• A low efficiency from solar to cooling (SCOP) has been obtained. Further work will reduce facility thermal losses and increase absorption cooling machine COP. This can be achieved by selection of machine size and control strategy, so that it operates more time at the suitable hot water temperature and full load conditions.

• Instantaneous cooling load and demand of a single detached Spanish housing have been calculated using local environmental data. These data and the experimental results of the solar facility indicate that 50m 2 of collectors are necessary to provide this representative housing with 56% cooling demand, using only solar energy.

• Storage-tank volume of 40 l/m 2 collector area seems to be satisfactory according to experimental results. It allows adjusting daily cooling period to the housing AC demand, especially later in the afternoon. Non stratified storage tank configuration resulted as the best choice.

• Satisfying 100% of the housing AC demand, (56% by SE and 44% with a NG boiler), the energy cost would be 62% and the CO 2 -emission savings would be 36% respectively, according to the experimental results obtained. 

pA:

  Solar collectors' effective area [m 2 ].

wA:

  House outdoor wall area [m 2 ].

fA:

  First floorspace area [m 2 ].

wc:

  Water specific heat [J/ (kg• ºC)]. COP : Absorption machine coefficient of performance [].

  i e : i component wall thickness[m]. f : Solar fraction [].

eh:

  External side of wall convective heat transfer coefficient [W/(m 2 •ºC)].

ih:

  Internal side of wall convective heat transfer coefficient [W/(m 2 •ºC)].

wI:.:

  Instantaneous solar radiation on the outside wall tilted surface [kW/m 2 ]. I : Instantaneous solar radiation on tilted surface (40º) [kW/m 2 ]. T ∆ : Instantaneous outdoor to indoor air temperature difference [ºC]. L: floor perimeter [m] cw m Cooled water mass flow rate [kg/s].
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wtm:

  Tank to generator water mass flow rate [kg/s]. w Q : Thermal load due to solar radiation over a sunny wall surface [kW]. Q : Instantaneous house cooling load [kW].

coolQ:

  Instantaneous cooling power [kW]. demand Q : Instantaneous house cooling demand [kW]. generator Q : Instantaneous heat power driving the absorption machine generator [kW].solar Q : Instantaneous solar power available on collectors surface [kW]. SCOP : Solar Coefficient of Performance []. a T : Instantaneous outdoor air temperature [ºC]. icw T : Instantaneous cooled water absorption machine inlet temperature [ºC]. in T : Instantaneous indoor air temperature [ºC]. ocw T : Instantaneous cooled water absorption machine outlet temperature [ºC].wgi T : Instantaneous water generator inlet temperature [ºC]. wgo T : Instantaneous water generator outlet temperature [ºC]. U : Overall heat transfer coefficient [W/( m 2 •ºC)]. w U : External wall overall heat transfer coefficient [W/(m 2 •ºC)].f U : Floor overall heat transfer coefficient [W/(m 2 •ºC)].

  1. It has been designed to operate in a flexible way, so that different applications can be reproduced. The facility includes 20 Vitosol 100 FPSTC produced by Viessmann Werke GmbH and Co KG ® . Water is pumped from collectors to two Alfa Laval Corporate AB ® plate heat-exchangers in a closed loop. They are needed because the water flowing through collectors incorporates antifreeze fluid for winter operating purposes. Water is pumped from the 2,000 l capacity storage tank through the other side of the heat-exchangerswhere it is heated and sent to the absorption machine as the driving heat input to the generator. This water returns to the storage-tank to be heated again. The absorption machine is a Yazaki ® pumpless WFC10 model. The condenser and the absorber are cooled by water, using an open cooling-tower. The water chilled at the evaporator is pumped to fan-coils to gain the desired output of cool air inside the AC zone. The experimental setup delivers all the cold water that is capable of.

  for the share of the absorption machine in the AC cooling demand, by varying the size of the solar system. It has been carried out by taking into account the experimentally obtained mean values of the three studied parameters: COP, primary energy and CO 2 emission savings. In modifying f and COP the same calculations of the previous section are repeated. Results are shown in Figures 9 to 11

  .
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Renewable energy. SC: Solar Collectors. SE: Solar Energy. STC: Solar Thermal Collectors.