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Summary: In times when the gas supply isn't a reliable energy source, heating, ventilation, and air conditioning (HVAC) systems are turning to solar energy. In addition, reducing the energy consumption and being environmentally friendly, solar energy has yet to reach its potential. As a part of the Adriacold project, solar cooling pilot plant - Vodovod Dubrovnik d.o.o., will be used to present the potential of solar cooling in Southern parts of Croatia. 
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1. INTRODUCTION 

Air conditioning represents a growing market, due to several reasons: outdoor temperature increase due to global warming, rising comfort standards and affordability of air-conditioning systems. Usually the demand for cooling is satisfied with systems based on electric vapour compression chillers (VCC), which leads to an increase of greenhouse gas emissions. In order to reverse this trend, changes in building architecture and efficient cooling technologies powered by renewable energy are required. Also, one issue has to be included when planning a cooling technology, a large peak of the electricity load occurs during summer due to the large amount of cooling devices connected to the grid.

Using solar energy for air conditioning purposes presents a relatively new technology. In the last few years, this topic raised new interest in many countries. Therefore it isn't a surprise the fact that in 2011, over 245 GW of solar thermal capacities have been installed worldwide [1]. Due to the amount of installed capacities, 53.1 million tons of CO2 has been saved [1]. 

Not looking at the price of those systems, perhaps the biggest downside of conventional solar cooling systems is time discrepancy between the heat demand and the amount of radiation during the winter season. But when it comes to the summer season, the amount of radiation exceeds the amount of cooling demand, as it's shown in Figure 1.

However, with the EU framework requiring 27% of electricity generated from renewable energy sources by 2030, switching from traditional heating and cooling technologies to solar cooling would help several countries in achieving this goal [2]. In cases when a hybrid system is developed for solar cooling, meaning that there's another auxiliary energy source, preferably a renewable one, such as wind power plants, even the framework for the year 2050 seems achievable before its time.

Taking in count that the Republic of Croatia is heavily import dependant, with the addition of its dependency to Hydropower, solar cooling represents a logical solution.
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Fig. 1 Example of cooling and heating load (kWh/m2) and available solar radiation for a site in southern Europe

2. PILOT PLANT: VODOVOD DUBROVNIK d.o.o.
The demanded heat is gained through the high-temperature solar collectors, and in order to balance out the demand with supply, tanks of hot and cold water are installed. In addition to tanks, auxiliary sources exist for situations when there isn't enough heating or cooling energy. 
As a part of the EU project Adriacold, investor the City of Dubrovnik ordered cooling for their commercial building Vodovod Dubrovnik. The building itself has        964 m2 with volume of heated part of the building of 2873.90 m3. The building was built on 1968 without any recent renovation.
The required equipment consisted of single-absorption deice with a cooling working fluid water/LiBr with a nominal cooling capacity of 17.6 kW. The system works optimal with heating water temperature of 88 °C and cooling tower water temperature of 28 °C. The installed power of the cooling device is 0.05 kW. The main energy source is vacuum collectors of a total absorption area of 60 m2. 
For the removal of waste heat, a cooling tower of 40.7 kW is installed. The auxiliary source, heat pump of 14.64 kW is working only if necessary. For heating during the winter season, heat is provided with the same heat pump with an output of 16.11 kW and if there's enough amount of radiation the solar field will be used for heating. The scheme of the facility is described at Figure 2. 
Since this building is in energy class E, which makes it a very high consumption class, it does not have a proper thermal isolation. Consumption of energy for cooling during the summer season is very high – approximately over 8,500 kWh per summer month. As well, in the winter season, consumption of energy for heating is over 17,500 kWh per winter month [3]. With this installation of modern solar cooling energy consumption will be significantly reduced. The City of Dubrovnik, the owner of the Vodovod building, promised to invest all savings in further energy reconstruction of the site.

2.1 Performance of the solar cooling system
As a part of the Adriacold project a significant number of measuring equipment has been installed in order to view the potential and results of such systems. At the Adriacold web site for Vodovod Dubrovnik there can also be found real time data.
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Fig. 2 Solar cooling pilot plant – Vodovod Dubrovnik
The collectors temperature is monitored until it's above 70 °C, after which the absorption chiller is turned on. The water's entrance temperature to the chillers generator is continuously measured in order to ensure a sufficient amount of thermal energy. If this temperature drops below 55 °C the heat pump is activated, augmenting the warm water extracted from the hot water storage tank. During the operation of the chiller, the output chilled water temperature is monitored to verify that the system is working correctly. Besides the installed equipment, it should also be added that this whole system has an automatic regulation for heating and cooling.
A thermodynamic performance of this cooling system was assessed by measuring the energy flow between its components. 
With the maximum daily radiation for that system being between 870 and   1,249 W/m2 for the summer period, Dubrovnik provides an optimal location for solar technologies. As it's shown in Figure 3, average temperature on the left and median cloud cover on the right suggests that Dubrovnik is indeed an excellent candidate for solar technologies. According to the measured data for the year 2014, during the summer season solar cooling was used even 94% at certain days, while the average was 75%. In order to evaluate the effectiveness of desiccant cooling, the coefficient of performance of desiccant cooling COPdec was used. 
COPdec =mfa(hfa-hsa)/Qregen where mfa is mass flow rate of fresh air (kg/s), hfa specific enthalpy of fresh air (kW/kg), hsa specific enthalpy of supply air (kW/kg) and Qregen heat input for regeneration (kW). In addition, the coefficient of performance of chiller COPch was used for evaluation of the year-round situation of refrigeration in the solar hybrid desiccant cooling. For the Yazaki –Maya-model WFC SC5, which is used in Vodovod Dubrovnik, COPch is 0.7 [4]. 
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Fig. 3 Average weather for Dubrovnik, Croatia [5] 

2.2 Results and discussion
Besides the potential during the summer season, results for winter were more than promising. In February only around 15% of the time was the heat pump used, as it's shown in Figure 4. However during that period the chiller was not used. On the other side in August 2014 Figure 5 shows how the chiller regulates cooling demand if there is a bad weather during a hot day. In both cases the blue line is the thermal power supplied by the collector array to the hot water storage while the red line indicates the usage of a heat pump. 
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Fig. 4. Typical system behaviour on a summer day 
The power of the chiller wasn't varied with collector area and that caused artificially high system costs at small collector areas. In contrary to the solar thermal system, the amount of saved primary energy increased linearly with the increase of module area for the solar electric system. If a significant part of the cooling demand of buildings is expected to be met by solar cooling systems, impacts on the national energy system are expected. Solar cooling systems replacing electrically powered compression chillers will contribute to a reduction of peak loads in the grid, especially in grids with a peak load strongly influenced by compression chillers running simultaneously under hot weather conditions. One of the best examples is Dubrovnik, where due to the weather almost every building has air conditioning turned on. Therefore there will be positive macroeconomic effects by embracing and installing solar cooling.
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Fig. 5 Typical system behavior on a winter day. 

Analyzing Figure 6 the operation temperatures during August have pattern behaviour. The highest input temperature of the chiller (Tty) achieves values usually between 80 °C and 90 °C. The lowest output temperature of the chiller (Thy) shows values between 8 °C and 20 °C. The cooling tower water temperature (Tto) is between 23 °C and 31 °C. Therefore, the temperatures of three water circuits have a similar behaviour when the outdoor temperature increases. 
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Fig. 6 Influence of the outdoor temperature on the operational temperatures in August  

Analyzing the winter season through the Figure 7 shows that even during the winter season, solar energy is used during the day and the heat pump during the morning and evenings. 
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Fig. 7 Usage of solar energy and the heat pump during December  

3. CONCLUSION 

This solar cooling system demonstrates how this technology can be used to for air-conditioning in a much more environmentally friendly way, rather than the conventional VCC devices. By using this concept of solar cooling, during both summer and winter season a significant share of renewable energy is being used. An implementation of wind power, photovoltaic modules in this system can increase it even further and make this system a 100% sustainable. Although solar cooling is considered as a high investment project, technology advances and a large-scale production will cause their cost to decrease. At the same time, due to an increase of renewables in the grid, the price of the electricity for the end user is expected to increase. These two factors lead us to believe that solar cooling has a future in the tropic, subtropics and Mediterranean areas and with Vodovod Dubrovnik being pioneer, other coastal cities in Croatia will soon follow its path. 
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