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ABSTRACT 8 

Tools and experience on solar thermal cooling system sizing and design are still limited, as less than one 9 

thousand plants have been built until now. In this paper, a design tool for mid-size thermal solar cooling 10 

systems is presented. The tool consists of a model realised in TRNSYS and validated using the data of a real 11 

solar air conditioning system installed in the green building of Shanghai Research Institute of Building 12 

Science. Characteristic features of the system are the use of adsorption chillers driven by low-temperature 13 

solar heat from U-type and heat pipe evacuated solar collectors. The model has subsequently been 14 

employed for a technical analysis: the most relevant parameters have been varied and figures of merit 15 

calculated. An energy analysis has been performed for 6 reference cities, differing for climates and 16 

latitudes, highlighting the possibility to use only renewable energy for cooling purposes. Eventually, the 17 

systems have been compared with reference ones. Comparison highlighted that considerable savings in 18 

primary energy and CO2 emissions can be achieved: 0.97 MWh per installed square meter of solar collectors 19 

and up to 22 tons of CO2 annually, thus indicating a great potential for increasing energy efficiency and 20 

reduce CO2 emissions. 21 
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NOMENCLATURE 23 

a  heat transfer area per unit volume, m2 m−3 24 

A  area, m2 25 

Ct  cooling tower constant, dimensionless 26 

E energy, kWh 27 

G total solar radiant power, W/m2 28 

h  hours, h 29 

I  total incident irradiation, kWh/m2 30 

k  product of total heat transfer coefficient and heat transfer area, kg s−1 m−2 31 

L  liquid flow rate in the tower, kg s-1 32 

m mass, kg 33 

P  power, W 34 

R air flow rate in the tower, kg s−1 35 

T temperature, °C 36 

V heat transfer volume in tower, m3 37 

x exponent for cooling tower L/G ratio in context of experimental correlations, dimensionless 38 

 39 

Subscripts 40 
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a ambient 41 

ADS adsorber 42 

chw chilled water 43 

cs cooling season 44 

el electric 45 

hp heat pipe 46 

hr heat rejection 47 

hs heating season 48 

in inlet temperature 49 

max maximum 50 

pd production and distribution 51 

sc solar collectors 52 

sens sensible 53 

sp specific 54 

U U-type 55 

y annual 56 

 57 

Greek symbols 58 

α leakage rate, dimensionless 59 

γ fraction of power, dimensionless 60 

η efficiency, dimensionless 61 

θ inclination, degree 62 

 63 

Abbreviations 64 

BF bypass fraction, dimensionless  65 

CO2  carbon dioxide 66 

COP  coefficient of performance, dimensionless 67 

EER  energy efficiency ratio, dimensionless 68 

GWP global warming potential, kgCO2 kg-1 69 

PE  primary energy consumption, Wh 70 

SCF  solar cooling fraction, dimensionless 71 

SHF  solar heating fraction, dimensionless 72 

SF  solar fraction, dimensionless 73 

UF utilization factor, m2 74 

 75 

1. INTRODUCTION 76 

Reduction of CO2 emissions and GHG emissions is, in today’s world, a primary goal to be pursued, which is 77 

also the focus of the energy policies of many countries, as recently stated by COP21 agreement [1]. Tertiary 78 

and residential fields alone account for 40% of total global energy demand, with demand for space heating 79 

increasing by 2.6% per year and that for cooling by up to 6% per year [2]. The vast majority of such demand 80 

is covered by traditional vapour compression systems, employing R404 or R410a as refrigerant, which have 81 

a GWP of 3922 and 2090 respectively [3]. Ever-growing installed capacity has also lead to overload of 82 

national electric grids and black-outs, especially during summer [4].  83 
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In such a background, solar thermal systems can be considered a viable and environmentally friendly 84 

alternative, since they allow to exploit solar energy instead of electricity from fossil fuels, for air 85 

conditioning purposes. Moreover, in most of the cases, the availability of solar radiation and demand for 86 

cooling match [5]. Indeed, basic working principle of a solar cooling system is quite simple: it consists of a 87 

solar collector field used to provide hot fluid to a thermally driven unit, whose output is chilled water that 88 

can be used in a cold delivery system (e.g. fan coils or radiant floor and celing). Different alternatives and 89 

layouts have been proposed during the years, both for open systems solutions and closed systems [6]. The 90 

various technologies studied during the last decade include absorption systems [6, 7], adsorption systems 91 

[7, 8] and solid or liquid desiccant ones [9-11]. Moreover, hybrid solutions coupling the different 92 

technologies (e.g. desiccant-adsorption systems) have also been considered [6]. 93 

An extensive description of technologies available on the market, research trends and a classification of 94 

possible layout and solutions available in solar cooling and heating technologies is given in [7, 8]. Among 95 

the technologies for solar space heating and cooling available, single-stage and double-stage absorption 96 

chillers have the major share in the market [9-14]. They can be mainly distinguished in H2O/LiBr and 97 

NH3/H2O systems, the former more common in residential applications since they need a lower driving 98 

temperature (< 100°C) [15]. However, they exhibit crystallization problems under some operating 99 

conditions. Double-effect ammonia chillers, among sorption technologies, have the highest COP (up to 1.2), 100 

but only when concentrating solar collectors for high temperature fluid production are available [5]. 101 

Adsorption units are generally characterised by a lower COP than the absorption ones but, instead, possess 102 

some additional benefits, since they can be driven by very low temperatures heat sources(< 70°C), do not 103 

have crystallization problems and employ water as refrigerant, which reduces corrosion problems and 104 

maintenance procedures [6]. Currently, they represent the most promising choice, and a lot of effort has 105 

then been put in R&D, with the goals of increasing efficiency of the systems and specific power, as to 106 

realize more compact units as described in [16-19]. Such research effort has led also to the development of 107 

products in small and medium sizes that are now available on the market [20, 21], together with 108 

comprehensive kits, meant for an easier installation. As a result, a growing trend has been observed, 109 

especially in newly-developing countries such as China, Turkey and Brazil [2]. A detailed description of 110 

market situation and future scenarios regarding solar cooling and heating technology can be found in [6]. 111 

Several studies are available in literature, aimed at proving the technical and economic feasibility of solar 112 

thermal cooling systems under various conditions. In [22], Eicker et al. developed a dynamic model for the 113 

systematic analysis of solar cooling systems under various climatic conditions covering most of global 114 

regions. Results demonstrated that, for southern Countries, solar cooling systems can be viable (DPT < 10 115 

years) if incentives to reduce capital cost to 30-50% are applied. The same authors, in [23] compared solar 116 

thermal and solar PV systems for space cooling under typical office load conditions and found out that, if no 117 

feed-in tariff is applied for PV system, payback time of the two solutions are comparable. Hartmann et al. 118 

have proposed the same kind of analysis in [24], comparing solar thermal and solar PV solutions in 2 119 

reference cities, Freiburg and Madrid. Results showed that primary energy savings up to 60% could be 120 

obtained by using the thermal system. Moreover, utilization of solar collectors also during winter proved to 121 

be a key factor. Mohan et al. [25] analysed a polygeneration system to simultaneously produce cooling, 122 

clean water and domestic hot water by coupling of membranes and an absorption chillers in climatic 123 

conditions of Saudi Arabia. Economic analysis performed demonstrated that payback time of 9 years can be 124 

achieved without financial support, and lower payback time (6.8 years) are possible if discounts on capital 125 

costs are considered. Vasta et al. [26, 27] analysed different layout solutions for a solar thermal cooling 126 

systems with an adsorption chillers at different Italian latitudes. Results of economic analysis showed that, 127 

when public incentives are applied, the system can be competitive with other solutions e.g. PV cooling. 128 

Reda et al. in [28] have performed an analysis for the Scandinavian climate, considering a solar thermal 129 

solution with absorption chiller and district heating, the main outcome being that the utilization of solar 130 
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cooling system can lead to a "power peak shaving" phenomena on the grid and partially solve the problems 131 

due to the excessive electricity consumption during summer. Moreover, Baniyounes et al. [29] assessed the 132 

feasibility of a solar assisted thermal system employing single effect absorption chiller, finding out that with 133 

18 m2 solar collector and a 1.8 m3 thermal storage, 80% of primary energy savings, compared to a reference 134 

system, can be achieved. In [30], Al-Alili et al. have analysed a solar thermal system for Abu Dhabi climate, 135 

finding that to get about 50% energy savings in comparison to a traditional system, about 6 m2 of solar 136 

thermal collectors should be installed for each kW of cold to be produced 137 

Apart from TRNSYS analysis, validation studies on different systems have been reported as well. In [31], 138 

Praene et al. present the simulation and the results from field tests of a solar-driven 30 kW LiBr/H2O single-139 

effect absorption cooling system. In [32], Muye et al. analysed, through TRNSYS simulation and field tests, a 140 

solar cooling system employing an absorption chiller and a scroll expander, employing biomass as back-up 141 

unit, in Spanish climate, with an overall seasonal efficiency in the range of 6-8% and a solar fraction around 142 

20-30%. In [33], Buonomano et al. reported the dynamic simulation and experimental results of a solar 143 

cooling plant employing flat-plate solar thermal collectors and a double-effect absorption chiller installed in 144 

Saudi Arabia. More experimental investigations have been collected in the review by Aliane et al. [34]. 145 

However, all experimental investigations and validations have been performed only on systems employing 146 

absorption chillers. As far as authors know, no report on experimental validation of a solar-driven thermal 147 

system employing adsorption chillers has been reported in literature. This represents a significant gap, 148 

since the use of adsorption chillers is becoming relevant and the design of systems based on such 149 

technology requires reliable simulation tools.  150 

In such a context, aim of this paper is then to present a modelling tool realised in TRNSYS, which can be 151 

applied for the design and the evaluation of solar thermal system employing adsorption units. With the 152 

goal of realising a reliable tool, useful for energy and technical analysis on solar cooling systems, it has been 153 

firstly designed on the basis of a real solar cooling system, installed in the green building of Shanghai 154 

Research Institute of Building Science. Such dynamic model has been validated by using the experimental 155 

data collected on the installation site. Since the model proved to be able to reproduce the behaviour of the 156 

real system, it has then generalised, in terms of installation site and load profile, and used for energy 157 

calculations and environmental analysis aimed at assessing the potential savings, such as primary energy, 158 

and benefits from renewable energy use. The distinguishing feature of the technical analysis performed is 159 

the sizing and comparison of the systems considering high solar fractions, while up to now most techno-160 

economic analysis have been based on low solar fractions, focusing more on the optimization of the 161 

operating parameters. To this aim, different installation places and technical parameters have been 162 

considered, as to draw some analysis of general interest. Results showed that, for all the warmer climates, 163 

consistent savings and environmental benefits arise from solar cooling, making it one of the technologies to 164 

be considered in view of a global scheme for CO2 reduction and renewable share increase. 165 

 166 

2. SYSTEM DESCRIPTION 167 

In 2007, an integrated solar energy system for heating, air conditioning, natural ventilation and hot water 168 

supply was built in the green building of Shanghai Research Institute of Building Science, which is situated 169 

in Xinzhuang, Shanghai, as a demonstration project. The flow diagram of the integrated solar energy system 170 

is shown in Figure 1. 150 m2 solar collectors were set up on the roof of the green building for the use of 460 171 

m2 building area, wherein 90 m2 U-type evacuated tubular solar collectors were placed on the west side 172 

(SCW) and the other 60 m2 heat pipe evacuated tubular solar collectors were placed on the east side (SCE). 173 

For the efficient utilization of solar energy, those solar collectors were mounted to face due south and 174 

tilted at an angle of 40o to the ground surface. A 2.5 m3 hot water tank (WT) was adopted to collect solar 175 

heat and provide hot water for the whole system. Two 8.5 kW silica gel-water adsorption chillers (AD), 176 
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which are capable of working from 55 oC to 95 oC, were used to provide the chilled water for air 177 

conditioning and they are cooled by a cooling tower (CT). Four pumps (P) were employed to maintain the 178 

water circuits, wherein P1 and P2 are the two solar collecting pumps, P3 and P4 are hot water pump and 179 

cooling water pump, respectively. Several valves were installed on the water pipes to realize the mode 180 

switch of the whole system. A detailed description of the system is reported in [35] and [36], while a picture 181 

of the installation is shown in Figure 2. 182 

According to different seasons, the integrated solar energy system can be switched to different operating 183 

modes: 184 

 185 

(1) In summer, adsorption chillers are powered by the solar hot water and produce the chilled water 186 

for air conditioning. The air conditioning system of the green building is a hybrid system which is 187 

composed of a liquid desiccant system and the solar adsorption air conditioning system. The latent 188 

cooling load is taken on by the liquid desiccant system, which is constructed by Shanghai Research 189 

Institute of Building Science. The sensible cooling load is met by the solar adsorption air 190 

conditioning system described above. Thereby, cooling and humidity loads are processed 191 

independently, and the fan coils inside air-conditioned rooms implement only the dry operating 192 

mode. 193 

 194 

(2)  In winter, solar hot water is delivered to the floor radiation heating system and used to satisfy 195 

heating load of the green building; 196 

 197 

(3)  In transitional seasons, solar hot water is pumped into finned tube heat exchangers in the stack of 198 

green building to induce stack pressure, which is capable of improving natural ventilation. 199 

 200 

(4) The system can also supply hot water as long as a heat exchanger is installed in the hot water 201 

circuit. 202 

 203 

Figure 1. The flow diagram of the integrated solar energy system 204 
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 205 

Figure 2: The installed solar cooling system in Shanghai. 206 

3. THE MODELLED SYSTEM 207 

The analysed system was modelled by means of the commercial software TRNSYS, a specific tool designed 208 
to realise dynamic simulations of HVAC and complex energy systems [37]. The layout of the simulated 209 
system used for validation is that described in Figure 1. In Table I, a list of all the TRNSYS type employed for 210 
the simulation is shown, while details on some among the most important types are given in the appendix. 211 

Table I: List of TRNSYS types used in the models 212 

Element TRNSYS Type Element TRNSYS Type 

Solar collectors 1a Variable speed pumps 110 

Meteonorm weather data 15-2 Wet cooling tower 510 

Psychrometric properties 33e Fan coils 508h 

Effective sky temperature 69b Building 56 

Adsorption chiller 909 Season schedule for heat/cool 515 

Thermal storage tank 60 Hourly schedule 14h 

 213 

A summary of the typical values in the loops of the system is given in Table II, in terms of temperatures and 214 
flow rates. The values reported in the table are the average values over the operating hours during summer 215 
season. 216 

 217 

 218 

 219 

 220 

 221 

 222 
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Table II: main parameters in the circuits of the modelled system. 223 

Circuit Temperature [°C] Mass flow rate [kg/s] 

1/ Solar collectors inlet 60 1.25 kg/s 

2/ Solar collectors outlet 65 1.25 kg/s 

3/Hot water chiller inlet 65 1.0 kg/s 

4/Hot water chiller outlet 57 1.0 kg/s 

5/Heat rejection chiller inlet 20-38 1.38 kg/s 

6/Heat rejection chiller outlet 24-42 1.38 kg/s 

7/Low temperature chiller inlet 12 0.42 kg/s 

8/Low temperature chiller outlet 15 0.42 kg/s 

 224 

For validation purposes, a first series of simulation was realised, for the summer season (May to October) 225 

considering two different cases: 226 

- Solar field entirely made up of heat pipe collectors; 227 

- Solar field entirely made up of U-type collectors.  228 

Results, in terms of efficiency as a function of temperatures and solar radiation, are presented in Figure 3 229 

and 4 respectively. The values from simulations are compared with the experimental data described in [36]. 230 

What emerges from the figures, is that a good correspondence between experimental and calculated data 231 

exists, for both types of solar collectors, thus allowing to conclude that the employed model is suitable for 232 

reproducing of the effective behaviour of the solar thermal side of the system.  233 

 234 
Figure 3: Simulated and experimental efficiency of heat pipe solar collectors as a function of temperature 235 

difference between inlet to collectors, ambient temperature and solar incident radiation on the surface. 236 

 237 
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 238 
Figure 4: Simulated and experimental efficiency of U-type solar collectors as a function of temperature 239 

difference between inlet to collectors, ambient temperature and solar incident radiation on the surface. 240 

 241 

Afterwards, simulations according to the actual layout of the system have been realised. In Figure 5 are 242 

reported the trends for inlet and outlet temperatures of the driving circuit of the adsorption chillers, which 243 

have been compared to the experimental data available in [35]. Results of the simulation are in good 244 

agreement with experimental ones, showing errors lower than 10%. As expected, in experimental data 245 

some sudden drops of temperature are observed, corresponding to the half cycles of the adsorption chillers 246 

and the consequent change between the beds adsorbing and desorbing. Such a trend is not detectable in 247 

simulated data, since Type 909, which has been used for the model of the adsorption chiller, only operates 248 

an energy balance of the system on the basis of the temperatures of the driving circuit, the cooling loop 249 

and chilled water inlet [37].  250 

 251 

 252 
Figure 5: Comparison of inlet and outlet temperatures of the driving circuit of adsorption chillers, left: 253 

simulation, right: experimental data taken from [35] 254 

 255 
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In Figure 6 is reported also a comparison between the simulated cooling load for one reference day and the 256 

experimental ones. The simulated loads have been taken as the output of TRNSYS model for the sensible 257 

load of type 56, while the experimental ones correspond to the instantaneous power outlet from the 258 

chilled water circuit of the adsorption chillers. 259 

 260 
Figure 6: Comparison of cooling load of the building for one typical day in July from experimental data 261 

and simulations. 262 

 263 

As shown in this section, the developed model could represent a viable tool for both the design and the 264 

analysis of solar cooling systems, reporting reliable data comparable with experimental ones. For the 265 

purpose of a more complete analysis of solar cooling systems in general, that will be presented in the next 266 

sections, it is worth noticing that load of the building has been introduced as a load profile instead that by 267 

detailed modelling of the building. This choice makes the tool easily adaptable to a wide range of 268 

conditions. Moreover, control logic implemented, which has been derived according to the real operation 269 

of the system installed in Shanghai, could be easily changed as well, thus determining a complete versatility 270 

of the tool. 271 

 272 

4. RESULTS AND DISCUSSION 273 

Aim of the technical, energetic and environmental analysis, which will be developed in the following 274 

sections, is to quantify the contribution of renewable energy to the whole HVAC system, highlight their 275 

possible level of exploitation for the chosen applications and assess the potential benefits of solar cooling 276 

technology towards a major share of renewable energy utilization. To this purpose, rather than a detailed 277 

technical analysis regarding all the components, energy utilization and solar radiation exploitation will be 278 

privileged. All the figures of performance employed for the evaluation of the system have been defined 279 

taking into account such criterion.  280 

 281 

 282 
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4.1 TECHNICAL ANALYSIS 283 

The developed model could serve for a more general analysis of systems presenting the same features, in 284 

terms of load and occupation profiles. It is worth noticing that the layout considered represents the 285 

standard one, with solar collectors connected to a storage tank, from which an adsorption chiller takes hot 286 

water [4].  Moreover, it is easily verified that the defined load profile can be applied to a wide variety of 287 

buildings, such as a recently-built condominium in Italy or multi-family houses in Spain [38].  288 

As previously stated, the main outcome meant for the analysis is to explore the possibility of having a high 289 

share of renewables for heating and cooling purposes, and indicate the conditions under which it is 290 

feasible. First, an energy analysis for the city of Shanghai is presented. The main parameters analysed are 291 

the efficiency of solar collectors and the solar fraction: regarding the former, the effect of the type of solar 292 

collectors and their area on the total energy exploitable have been assessed. Regarding the latter, the solar 293 

fractions under cooling and heating seasons have been calculated and, eventually, a general analysis on 294 

annual basis has been assessed. 295 

Once a configuration able to give solar cooling fraction of about 1 in Shanghai has been identified, it has 296 

been applied to six cities at different latitudes, both in the northern and southern hemisphere, with the aim 297 

of comparing the results, in terms of renewables share in different climates. For all the cities, an 298 

environmental analysis has been also performed and the results presented. 299 

 300 

4.1.1 Efficiency of solar collectors 301 

In Figure 7, the efficiency of solar collectors is represented for 6 different solar field areas: 25 m2, 50 m2, 302 

100 m2, 150 m2, 200 m2, 240 m2. An overall efficiency of the solar field, considering both types of solar 303 

collectors installed, has been calculated as: 304 

 305 

 collectors

collectors

E

I A

 =  

(1) 

306 

  

307 

Where, the term Iθ,y represents the instantaneous incident radiation on the surface, taken from the weather 308 

data for each location, while the energy of solar collectors has been calculated as a function of the inlet and 309 

outlet temperatures of the collectors and the mass flow rate to the arrays of collectors. 310 

It should be remarked that the solar thermal field is organised in strings, each one containing 5 collectors. 311 

When increasing (or decreasing) the area of the solar thermal field with respect to the existing system in 312 

Shanghai, the collectors were added (or removed) in such a manner that they are connected as new strings 313 

in parallel with the existing ones. Such a choice, together with the control of the pump speed which has 314 

been previously discussed, allows to maintain the desired value of temperature in the tank, almost 315 

constant, in the various cases, thus keeping also the maximum driving temperatures of the chiller at a fixed 316 

level. 317 

The volume of the storage tank has also been varied during simulations with different solar field areas: as 318 

shown in [26], for a fixed solar field area, the influence of storage volume is negligible both on solar fraction 319 

and electric COP of the whole system. For this reason, volume variation has been taken into account only to 320 

compensate for the higher energy to be stored: for each case, the volume of the storage corresponds to the 321 

minimum value to avoid stagnation [39], which is also beneficial in keeping the desired temperature level 322 

inside the tank. In [36], for the system under examination, the operation with or without heat storage has 323 

been analysed: when heat storage was present, a more constant inlet to the adsorption chiller is 324 
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accomplished, but no evident difference in the operation or performance operation of the system has been 325 

detected. 326 

Values of storage volumes employed for the different simulations are reported in Table III. 327 

The results of the simulations, summarised in Figure 7, show the average efficiency calculated for the 328 

operating hours of the solar cooling system. The detail on when the solar circuit is operated are given in 329 

appendix. It can be seen that the best performance is achieved when installing U-type evacuated tube solar 330 

collectors, which have a higher efficiency, reaching 0.61. As expected, annual efficiency of solar collectors is 331 

constant with respect to total area of the field, while the lowest performance is those of only HP collectors, 332 

with an average value of 0.43, and intermediate results obtained for the “mixed” solar field, as in the 333 

examined system. 334 

 335 

Table III: Storage volumes for the different solar field areas simulated. 336 

Solar field area [m2] Storage volume [m3] 

25 1 

50 1.5 

100 2 

150 2.5 

200 3 

240 3.5 

 337 

 338 
Figure 7: Efficiency of solar collectors as a function of solar field area for constant average temperature of 339 

the fluid inside the collectors. 340 

 341 

 342 
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4.1.2 Solar cooling fraction  343 

The second parameter to be investigated is solar fraction, defined as the ratio between energy supplied by 344 

solar collectors during cooling season and the annual demand for driving the adsorption chiller for cooling 345 

production: 346 

 347 

 ,

driving,ADS,

collectors cs

y

E
SCF

E
=  

(2)

 348 

 349 

In particular, during simulation and data analysis, the season for cooling has been calculated as the one 350 

where the average daily cooling cooling load exceeded 3 kW for at least 7 consecutive days (1 week). The 351 

same criterion was used for the calculation of the heating season. The energy terms in the equation are 352 

obtained by integration of the output value suggested by TRNSYS over the time step. Results obtained are 353 

reported in Figure 8, where solar cooling fraction is reported, for all the three examined cases, as a function 354 

of solar collectors’ area. As for the previous analysis, among the cases reported in terms of solar field area, 355 

3 cases ( 25 m2, 50 m2, 100 m2) have a solar extension lower than the actual system, which does not 356 

comprise any back-up chiller or heater, and 2 cases (200 m2, 240 m2) have a solar extension higher. In 357 

particular, for the system with 100 m2 collectors area for all the examined scenarios, solar fraction is about 358 

1, thus indicating a good match between demand coverage and solar energy availability. For the scenarios 359 

with higher extensions of solar field, excess heat exists, especially when the area of collectors exceeds 200 360 

m2. Indeed it is not technically nor economically beneficial to oversize the system in order to obtain solar 361 

fractions exceeding 1; on the contrary, it leads to extra costs due to the need of bigger components (pipes, 362 

pumps, storage tank). Aim of the presented analysis was to define under which design conditions, a system 363 

completely driven by renewable energy could be realised and, accordingly, the following analysis will be 364 

done considering a system having unitary solar fraction. 365 

 366 

 367 
Figure 8: Solar cooling fraction as a function of solar field area. 368 
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 369 

4.1.3 Solar heating fraction 370 

In analogy with what reported in the previous section, coverage by solar energy of winter demand for 371 

space heating has been assessed. In particular, as previously described, in such conditions, heat from solar 372 

panels is used for “free heating” of the building. It is worth noticing that, by using variable speed pumps like 373 

those included in the models, it is possible to assure that outlet from solar thermal collectors is maintained 374 

to the desired level.  375 

Solar heating fraction has been defined as the ratio between the energy supplied during heating season by 376 

the solar collectors and the energy needed for space heating:  377 

 378 

 ,hscollectors

heating

E
SHF

E
=  

(3)

 379 

As for summer season, winter season has been defined by the presence of a heating demand of at least 3 380 

kW for one week. Results are reported in Figure 9, where it is possible to see that, for the analysed climate 381 

conditions, with the exception of the system with solar field area of 25 m2, solar collectors are able to 382 

provide more energy than needed during winter.  383 

 384 
Figure 9: Solar heating fraction as a function of solar field area. 385 

 386 

4.1.4 Solar fraction 387 

The results presented for cooling and heating season were grouped considering total solar fraction, defined 388 

as the ratio between total energy supplied by solar collectors and those yearly needed for space heating 389 

and cooling: 390 
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collectors

heating driving ADS y

E
SF

E E
=

+
 

(4)

 391 

 392 

Results are summarised in Figure 10, presenting the same trend as the others, with the best combination 393 

being 100 m2 for solar field extension. The results obtained are particularly interesting since they allow to 394 

understand that it is possible to design a system entirely powered by solar energy, in summer conditions 395 

and, where climatic conditions during winter are not extremely severe, as in most Mediterranean and 396 

tropical countries, even during throughout all the year. 397 

 398 

 399 
Figure 10: Total solar fraction as a function of solar field area. 400 

 401 

4.1.5 Geographical installation 402 

To conclude the technical analysis and draw some more general results, which will allow for a detailed 403 

energy analysis, 5 different locations have been considered, apart from Shanghai: Messina (Italy), Cape 404 

Town (South Africa), Caracas (Venezuela), Kuala Lumpur (Malaysia) and Munich (Germany). The selected 405 

cities are at different latitudes and present different climates: from tropical climate for the cities near the 406 

Equator, to continental one for Munich where heating load represents the most part of the demand of the 407 

year, to Cape Town where a substantial balance between heating and cooling demand exists. For each of 408 

the city, a standard configuration has been analysed, i.e. the one with U-type evacuated solar collectors for 409 

a total area of 100 m2, which, for the city of Shanghai had evidenced the solar fraction closest to 1. To take 410 

into account the different latitudes of the cities, tilt angles of solar collectors has been varied according to 411 

what reported in [40]. Results are summarised in Table VI, in terms of solar cooling fraction and solar total 412 
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fraction. As expected, a wide variability of the investigated parameters can be obtained, considering the 413 

extremely different conditions of the various cities, but values of solar fraction, especially for cooling are 414 

still high, thus indicating the technical feasibility of a full solar fed system and its promising potential. In 415 

Table VI, seasonal COP of the adsorption chiller for each city has been introduced as well, for cooling mode. 416 

The COP is strongly influenced by external temperature, which, in turns, affects heat rejection temperature. 417 

The lowest value calculated is 0.28 in Kuala Lumpur, where the humid and hot climate negatively affects 418 

the performance of the chiller, while the highest value is the one found for Munich, where the external 419 

temperature never rises over 30°C, even during summer. Such values are certainly lower than those 420 

reported for absorption chillers [7], but the possibility of reaching high solar fractions, even with such a 421 

performance, further indicates the interest that adsorption technology might have in the future. 422 

 423 

Table IV: Results of simulation for different cities 424 

 425 

 426 

 427 

In order to obtain a parameter useful for the actual comparison and the design of the systems, a new 428 

different parameter has been introduced, the solar utilization factor, defined as the useful area of solar 429 

thermal collectors needed for the realisation of a solar cooling system with unitary solar fraction, for the 430 

examined conditions. It is worth noticing that, since for most of the examined cities summer cooling 431 

demand exceeds winter heating one, the obtained value would imply the satisfaction of heating demand as 432 

well. It has been calculated as: 433 

 
, ,

,

driving ADS y

collectors cs

collectors

E
UF

E

A

=   (5) 434 

 435 

Which can be expressed also in terms of the solar area needed for each kW of cold produced: 436 
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Considering that: 439 
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 440 

City Latitude Optimal 

tilt angle 

Average yearly 

temperature [°C] 

Seasonal  

Cooling COP 

SCF SF 

Shanghai 31° N 40° 15.8 0.37 1.40 1.60 

Caracas 10°N 10° 25.55 0.30 0.67 1.09 

Cape Town 33° S 30° 18.47 0.34 1.80 2.61 

Messina 38°N 30° 18.09 0.32 4.61 2.60 

Munich 48° N 45° 16.16 0.38 4.65 5.46 

Kuala Lumpur 2° N 10° 26.56 0.28 0.63 1.02 



 

16 

 

and 441 

 442 
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 443 

 444 

It can be rewritten in terms of typical design parameters of the system as: 445 

 446 
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 447 

 448 

Results are reported as a function of average temperature throughout the year for the examined cities in 449 

Figure 11. Values obtained highlight that, for the areas with higher cooling demand, up to 8 m2 are 450 

necessary to produce 1 kW of cooling using only renewable energy, while values of 4 m2 have been found 451 

for Messina, which is in good agreement with what reported in [41], and Cape Town. In Munich, 452 

apparently, the lowest area is needed to realise a solar cooling system. However, for the continental 453 

climate, heating demand becomes the key parameter when designing a system and, therefore, it should be 454 

considered of greater importance than for the other cities. Indeed, in Munich, for the examined 455 

configuration (100 m2 evacuated collectors, free heating during winter from solar collector), a solar heating 456 

fraction of 0.38 has been found, indicating that the need for a space heating back up system is necessary in 457 

this case. Fitting of simulated data has also been reported in Figure 11: it is possible to detect an increasing 458 

trend for higher temperatures. In Figure 12, the cities are compared on the basis of annual incident 459 

radiation on the surface of solar collectors: with the exception of Munich, the higher the annual incident 460 

radiation, the lower the surface needed for the production of 1 kWf. The results of Figure 12 and 13 461 

indicate that both temperature and irradiation held a significant influence on the performance achievable 462 

and sizing characteristic of a solar cooling system and should then be regarded, especially during the design 463 

process. 464 

 465 
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  466 
Figure 11: Specific utilization factor as a function of annual average temperature in the different cities. 467 

 468 
Figure 12: Specific utilization factor as a function of annual irradiation on the surface of solar collectors 469 

for the different cities. 470 

 471 

 472 

 473 
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5 ENERGY AND CO2 EMISSIONS ANALYSIS 474 

Purpose of the energy analysis is to compare, in terms of primary energy savings, the solar cooling system, 475 

examined for the various cities described in the previous section, with a traditional system employing an 476 

electric heat pump. Since the aim is to highlight the role of renewables for cooling and space heating, in 477 

simulating solar thermal systems it has been considered the area needed to obtain an annual solar fraction 478 

of about 1. The reference system is represented by a vapour compression R410 water cooled system. Like 479 

the solar thermal system, the electric-driven system has been simulated in TRNSYS employing the same 480 

weather data as the solar thermal system for the selected cities. 481 

 482 

For a traditional system, the primary energy consumption is given by [14]: 483 

 484 
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Where: 486 
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Instead, for solar thermal system: 488 

 489 
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Where: 491 
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 493 

National efficiencies for production in public electricity have been taken from [42] and are reported in 494 

Table V. 495 

Table VI: national energy efficiencies used in Equation 10. 496 

City National energy efficiency 

Shanghai 0.32 

Caracas 0.30 

Messina 0.44 

Munich 0.40 

Cape Town 0.37 

Kuala Lumpur 0.35 

 497 

 498 

Primary energy savings calculated, and primary energy savings normalized for solar field area are reported 499 

in Table VI. It is worth noticing that, especially in the hottest regions, consistent savings, up to 1 MWh/y can 500 

be obtained for a single square meter of solar panel installed, thus indicating a great potential for 501 

increasing energy efficiency. Such particularly favourable results, especially for Caracas and Kuala Lumpur, 502 

are determined by three concurring factors: the high annual solar radiation, which allows for a consistent 503 

energy output from solar collectors, the existence of a constant cooling demand, for more than 280 days 504 
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per year, and a national efficiency of primary energy production which is significantly lower than those in 505 

countries like Germany and Italy. 506 

Together with energy aspect, CO2 emissions should be regarded when analysing a renewable energy-based 507 
system. The environmental performance was evaluated through an approach based on the equivalent 508 
carbon dioxide emissions (CO2). The comparison is based on the avoided CO2 emissions of the adsorption 509 
cooling system if compared to a traditional ones.  510 

 511 
To this aim, avoided CO2 emissions have been calculated taking into account both the direct emissions, due 512 
to the primary energy consumption over year, and the indirect emissions due to leakage of refrigerants, as:  513 
 514 

2

2 2,trad 2, 410 410
trad ADS

ads R a R a

CO

PE PE
CO CO CO m GWP 



−
 = − = +         (14) 515 

Data for calculations of CO2 emissions from primary energy production are those taken from [43], while the 516 

following data have been defined used for calculations of indirect CO2 emissions: refrigerant charge of 3.3 517 

kgR410a [44], GWP of 1924 [44] and leakage rate of 10%, which is typical of domestic air conditioning 518 

systems[45]. Results are reported in Table VI, where consistent amount of avoided emissions can be 519 

observed. 520 

 521 

Table VI: Primary energy savings for the examined cities and avoided CO2 emissions 522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

CONCLUSIONS 537 

In this paper, a useful and reliable design tool for thermally driven solar cooling systems has been 538 

presented. It is based on a TRNSYS model and has been successfully validated by using the data of a real 539 

solar system installed in Shanghai: the error found comparing simulated and real data lies in the range of 5-540 

10 %.  541 

The validated tool has been used to carry out a detailed energy analysis considering 5 different locations 542 

apart from Shanghai: Messina (Italy), Cape Town (South Africa), Caracas (Venezuela), Kuala Lumpur 543 

(Malaysia) and Munich (Germany). 544 

For each of the city, a standard configuration has been analysed, varying at the same time some design 545 

parameters, such as tilt angles of solar collectors, thermal storage volume and the numbers of solar 546 

collectors.  547 

City Primary energy 

Savings [MWh/y] 

Specific Primary Energy 

Savings [MWh/(m2y]) 

tCO2/y 

avoided 

Shanghai 38 0.44 10.09 

Caracas 115 0.97 22.35 

Cape Town 28 0.63 5.09 

Messina 6 0.37 1.71 

Munich 13 0.76 3.87 

Kuala Lumpur 95 0.75 22.81 
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Results have been analysed in terms of renewable energy exploitation, introducing the utilization factor, a 548 

parameter indicating the net area needed for production of 1 kW of cooling using only renewable energy. 549 

In high cooling demand areas, up to 8 m2/kW are necessary (Kuala Lumpur, Caracas), while values of 4 550 

m2/kW have been found for mild climate areas (i.e. Messina). On the other hand, in continental climates 551 

(Munich), the heating demand becomes the key parameter and for Munich, considering the same area 552 

needed for cooling production with solar fraction 1, a solar heating fraction of 0.38 has been found, 553 

indicating the need of a space heating back up unit.  554 

Finally, the systems have been compared with reference ones employing traditional vapour compression 555 

electric chillers. Comparison highlights that, especially in the warmer regions, considerable savings in terms 556 

of primary energy and CO2 emission can be achieved. The energy and environmental analysis, show that is 557 

possible to yearly reduce the primary energy demand of almost 1 MWh per installed square meter of solar 558 

collectors and avoid the emission of more than 22 tons of CO2 in the atmosphere.  These values clearly 559 

indicate a great potential for increasing energy efficiency and reduce the carbon footprint of heating and 560 

cooling system by applying the solar technology. 561 

 562 

APPENDIX: MODEL DESCRIPTION 563 

 564 

In the present appendix, more detailed information on the model, TRNSYS types and the parameters used 565 

in the simulations are given. In Figure A.1, the flow sheet of the TRNSYS model including the main 566 

connections and types used is shown. In the following sections, the parameters and equations 567 

implemented are described; for the equations that are not indicated, the detailed procedures can be found 568 

in [36]. The time step chosen is 15 minutes. 569 

 570 

 571 

Figure A.1: schematic layout of the TRNSYS model employed. 572 

Building  573 

The building envelope has been simulated by means of TRNSYS type 56. In particular, two floors have been 574 
considered in calculation of the thermal needs: the ground floor with total surface of 335 m2 and a total 575 
surface of 125 m2 for the first floor, which corresponds to the offices served by the adsorption chillers. The 576 
main parameters implemented in TRNSYS are reported in Table A.1. Subsequently, the sensible loads of the 577 
buildings have been calculated for the entire year, and are depicted in Figure A.2, in the form of a load 578 
duration curve, by distinguishing heating and cooling contributions. The peak load found through 579 
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simulations is 17 kW, while the average one is about 8 kW, which is consistent with the sizing of the 580 
adsorption chillers. 581 

Table A.1: parameters used in the simulation of the building 582 

 583 

Parameter Unit Value 

Wall transmittance W/m2 K 0.35 

Window transmittance W/m2 K 1.65 

Roof transmittance W/m2 K 0.45 

Floor transmittance W/m2 K 0.28 

North wall area m2 106.87 

South wall area m2 31.26 

West wall area m2 31.26 

East wall area m2 79.62 

North window area m2 50.63 

South window area m2 62.54 

West window area m2 6.12 

East window area m2 6.12 

1st floor area  m2 335 

2nd floor area m2 125 

Total volume m3 728 

Air changes h-1 0.30 

Maximum ventilation rate kg/h 1200 

Heating season set-point °C 20 

Cooling season set-point °C 26 

 584 
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 585 

Figure A.2: load demand and load duration curve for the building in Shanghai for the entire year.  586 

Solar collectors 587 

The solar thermal field is realised by coupling two different types of solar collectors: U-type evacuated 588 
collectors and heat pipe tubular collectors. Both have been modelled by definition of an equation for the 589 
useful energy gain of the collector, based on experimental data, as described in [35].  590 

For heat pipe collectors, efficiency was obtained as: 591 

2
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For U-type collectors: 593 
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  (A.2) 594 

In both cases, for implementation in TRNSYS, a tested flow rate of 0.014 kg/(s m2) has been used. 595 

Such efficiency are corrected by TRNSYS routine, as described in [37] and more in details in [46], to take 596 
into account the effect of effective flow rate, tilt angle of the collectors and the number of collectors in 597 
series. For such a reason, the maximum efficiency of the arrays of collectors can, under certain conditions 598 
(e.g. very high flow rate) exceed the maximum theoretical values of 0.65 and 0.45. 599 

Storage tank 600 

The modelled storage tank is a stratified storage with heat loss coefficient of 0.95 W/°C. Internal heat 601 
exchangers have been considered for the connection of solar thermal circuit. For calculation on the thermal 602 
storage system, TRNSYS routines divide the tank into nodes, an energy balance being performed on each of 603 
them, as described in [36]. Dimensional parameters of the storage are given in Table A.2: 604 

 605 

 606 

 607 

 608 
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Table A.2: Parameters for the storage tanks used in the models 609 

Parameter Value 

Heat exchanger surface area [m2] 130 

Storage volume [m3] 2.5 

Storage height [m] 2.2 

Storage fluid Water 

Height of HEX inlet/outlet 0.10 m / 1.10 m 

Height of inlet/outlet for adsorber circuit 0.10 m/ 0.75 m 

Heat exchanger material Copper 

Heat exchanger length [m] 31.55 

Heat exchanger diameter  ¾” 

 610 

 611 

Adsorption chiller 612 

The environmental friendly silica gel-water adsorption chillers, used in the solar cooling system employs 613 

heat and mass recovery processes to improve the system performance. Each chiller is composed of three 614 

vacuum working chambers: two desorption/adsorption working chambers and one heat pipe working 615 

chamber. Only one vacuum valve is installed to fulfil the mass recovery between two 616 

desorption/adsorption working chambers. The evaporators are gravity heat pipe heat exchangers, which 617 

avoid using switch valves in chilled water circuit. A schematic layout of the system taken from [47] is shown 618 

in Figure A.3. 619 

The chiller is capable of working under the heat source temperature from 55 oC to 95 oC. The nominal 620 

refrigeration capacity is 8.5 kW when the hot water temperature is 85 oC. A more detailed description of 621 

the chiller and its performance can be found in [48,49]. As an example, in Figure A.4, the plots reporting 622 

cooling capacity and COP as a function of heat rejection temperature, are shown. They are calculated with 623 

chilled water temperature of 15°C. It is worth noticing that, when heat rejection temperature is lower than 624 

30 °C, cooling capacity exceeds the nominal one, and that the COP of the system keeps around 0.3 - 0.4 625 

under most practical conditions.  626 
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 627 

Figure A.3: The schematic diagram of adsorption chiller. The main components are: 1-left adsorber, 8-628 
right adsorber, 9-left condenser, 10-right condenser, 18-evaporator, 34-mass recovery valve. [ 629 
 630 

 631 

Figure A.4: Performance curves of the simulated adsorption chiller. On the left: cooling capacity as a 632 
function of heat rejection temperature. On the right: COP as a function of heat rejection temperature 633 

(chilled water outlet = 15°C). 634 

The adsorption chiller has been simulated in TRNSYS with type 909, which employs a performance map: 635 
cooling capacity and COP under different conditions (in terms of driving temperature, chilled water 636 
temperature and heat rejection temperature) from experimental data measured have been implemented, 637 
the solver interpolating them to find the correspondent values for each instantaneous condition. In the 638 
present study, the ranges of temperatures considered for the construction of the performance map are: 60 639 
°C-91 °C as driving temperature, 25 °C-40 °C as heat rejection and 12 °C-20 °C for chilled water.  640 
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Wet cooling tower 641 

The cooling tower employed in the model is a mechanical-draft, single cell counterflow cooling tower with 642 

thermal capacity of 35 kW, with maximum electric power consumption of 1.8 kW.  The heat and mass 643 

transfer performance of the cooling towers is given in terms of the NTU level achieved as  function of the 644 

water to air flow rate ratio as follows [50]: 645 

 646 
x

T

kaV L
C

L R

−

 
=  

 
     (A.3) 647 

 648 

Since data from constructor did not include values for the mass transfer coefficient and exponent, data of 649 

1.3 and 0.6 were employed, as suggested in [51]. 650 

Power consumed from the auxiliaries is obtained by multiplying the maximum power of the fans for the 651 

actual fraction of power: 652 

maxP P=        (A.4) 653 

Data employed for the simulation are summarised in Table A.3: 654 

 655 

Table A.3: Parameters for the cooling tower 656 

Parameter Value 

Design inlet fluid temperature  38 °C 

Design outlet fluid temperature 32°C 

Design fluid flow rate 7000 kg/h 

Design dry bulb ambient air temperature 35 °C 

Design wet bulb ambient air temperature 27.8 °C 

Design air flow rate 15 kg/s 

Rated fan power 1.8 kW 

Rated heat power 35 kW 

 657 

 658 

Fan coil 659 

Fan coil has been modelled with the method of bypass-fraction, consisting in the split of the air stream in 660 

two flows, one passing in the coil and exiting in saturated conditions, and the other bypassing the coil. 661 

Bypass fraction has been defined to 0.15.  662 

Efficiency of the coil can be expressed as a function of bypass factor as: 663 

 664 

_ _
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T T
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T T

−
=

−
      (A.5) 665 

With T being dry bulb temperatures. 666 

 667 

Pumps 668 

Pumps have been modelled by means of Type110 of TRNSYS as variable speed pumps, that can provide any 669 

outlet mass flow rate between zero and a rated value. The mass flow rate provided by the pump varies 670 
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linearly with control signal. Efficiency of the pump can be modelled by using a polynomial expression, but in 671 

the present case only the first order coefficient has been employed. A summary of the pumps, the nominal 672 

flow rates and efficiency is given in Table A.4: 673 

 674 

Table A.4: Features of the pumps for the modelled system 675 

Pump Nominal flow rate Power consumption at nominal 

Solar loop 1.25 kg/s 600 W 

Hot water chiller 1.0 kg/s 150 W 

Heat rejection chiller 1.38 kg/s 600 W 

Low temperature chiller 0.42 kg/s 100 W 

 676 

System management logic 677 

For a solar cooling system, management is a key issue, strongly affecting its operation. In the present 678 

simulations, the following controls have been applied: 679 

1. All the components of the system are turned on between 8.00 and 17.00. 680 

2. The pump of the solar loop is turned on only when the temperature on the surface of solar 681 

collectors is higher than the temperature in the lower node of the tank. 682 

3. The speed of the pump in the solar loop is varied continuously in order to maintain a constant 683 

temperature difference between the collectors and the tank (5°C). More specifically, the mass flow 684 

rate is varied linearly with the temperature difference between the tank and the solar collectors, 685 

according to an equation of this kind: 686 

m a T b=  +   (A.6) 687 

Where a and b are coefficient determined empirically through a first set of simulations, according 688 

to the approach described in [52] 689 

4. The pump of the driving circuit of the adsorption chiller is turned on when the temperature inside 690 

the tank exceeds 60°C, which is the minimum driving temperature for the adsorption chiller. 691 

5. The on/off and speed of the pump of the chilled water circuit are regulated in order to maintain the 692 

set-point temperature inside the office (26°C for cooling and 20°C for heating).  693 

It is worth noticing that the maximum flow rate for the pump in the solar loop has been changed according 694 

to the total area of the field, with the aim of maintaining the maximum temperature level inside the tank 695 

almost constant (around 95°C) for all the considered simulations. 696 

 697 
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