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Abstract: 
The rapid adoption of reverse-cycle vapour-compression air-conditioning systems in 
residential buildings has produced an escalation in both total and peak electricity 
demand, necessitating a high level of investment in electricity infrastructure, and 
raising concerns over energy security and environmental issues. To address these 
issues, solar air-conditioning systems can be used in dwellings as a demand-side 
energy management solution. Two common types of residential solar systems are 
grid-connected photovoltaic (PV) systems and domestic water heating systems. Both 
types can be integrated with appropriately selected and sized energy storage in 
order to power counterpart electrically or thermally driven air conditioners. Previous 
studies of solar air-conditioning systems tended to focus on solar assist air 
conditioners backed-up by fossil fuel energy, rather than on solar standalone 
systems that use only solar energy to meet the entire cooling and heating load 
demand of the building. This was attributed to large size and high investment cost of 
solar systems. This paper reviews previous studies that have evaluated different 
types of solar air conditioners at the system and component levels. It reviews the 
potential options for selecting the three major components, i.e. solar collector, 
energy storage and the air conditioner unit, in order to select an appropriate 
combination of components for designing a standalone solar air-conditioning system 
that can be optimised for low-energy single-family dwellings for various locations in 
Australia.  
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1. Introduction: 
Residential buildings account for about one-quarter of global final energy 
consumption. This energy is largely consumed in space heating, space cooling and 
domestic water heating [1]. Because the source of this energy is mainly fossil fuels, it 
has increasingly raised concerns over energy security and environmental issues. 
Although globally, to date, more energy is consumed for space- and water heating, 
energy demand for space cooling is continually increasing due to the need for 
improved thermal comfort and rising global temperatures [2]. The recent penetration 
of space-cooling technologies within the residential sector (commonly vapour-
compression air conditioners) is directly responsible for problems in meeting 
increased residential peak electricity demand. This increased peak demand has 
imposed high levels of investment in electricity infrastructure, including building 
peaking power plants and upgrading the transmission network [1,3,4]. In order to 
recoup the investment costs, utility companies implement demand charging schemes 
that unfairly encompass all consumers. In Australia, network costs comprise 40–50% 
of household electricity bills [4]. The projected increase in the number and size of 
dwellings that require air-conditioning, fostered by economic development and 
population growth, is expected to increase both the use of residential air conditioning 
overall and peak demand for electricity [5]. To reverse this trend, international 
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research is taking two main directions: minimising the energy consumption of 
buildings via passive design; and seeking to power air-conditioning systems via 
renewable energy.  

Solar energy forms the largest free form of renewable energy that can be 
collected and used on-site, but has inherent shortcomings due to its intermittent 
nature. Energy storage presently represents the weakest link in the energy domain, 
but plays an important role in matching solar energy availability to patterns of usage. 
Residential air conditioning is commonly electrically driven but can also be thermally 
driven. Both solar collectors and energy storage can be integrated with residential air 
conditioning to form a demand-side management solution to the energy issues 
associated with air conditioning.  

The two types of solar systems commonly in used in dwellings are grid-
connected photovoltaic (PV) systems and domestic water heating systems. Despite 
the sustainability benefits of these systems, their present deployment is associated 
with some shortcomings. On one hand, grid-connected PV systems cannot 
substantially reduce the peak load demand associated with residential air 
conditioning because there is a temporal mismatch between the early evening peak 
in demand and that of photovoltaic power output, which occurs around midday [6]. In 
addition, high penetration of grid-connected PV systems will lead to fluctuations in 
grid stability, due to the intermittent availability of solar energy [7]. On the other hand, 
domestic water heating systems, which unavoidably need to be oversized to meet 
demand in winter, often need to be covered in summer to avoid stagnation issue. 
The function of both these systems in a residential setting improves if the energy 
produced is used directly to power air-conditioning systems.  

Solar air-conditioning systems can be classified as solar-assisted and solar 
standalone systems. In a solar-assisted air conditioner, only a certain fraction of 
energy used by the system is solar energy, whereas the rest is derived from a 
backup system based on conventional fossil fuels. In a solar standalone air 
conditioner, all of the energy used by the system is derived from solar energy that is 
either collected or stored energy. The performance criterion that measures the solar 
contribution can be described by the load solar fraction, with unity value referring to a 
totally off-grid air conditioner that uses only solar energy to meet the entire cooling 
and heating demands of the building [8]. Previous studies have mainly focused on 
solar-assisted systems, while less attention has been given to standalone solutions. 
This is attributed to deployment challenges associated with the required large size of 
the solar collectors and energy storage components and resulting high investment 
cost [9-11]. However, the performance, size and cost of solar air-conditioning 
systems depend on the technologies employed for the main components. Despite 
the ready availability of many different components, no previous study has proposed 
an optimal component configuration [12] or a system that can meet the entire 
thermal load of a building and perform equally well in various climates [13]. This 
paper reviews previous studies of solar air-conditioning systems and their main 
components to assess the feasibility of integrating suitable standalone solar air-
conditioning systems within energy-efficient single-family houses in three Australian 
climatic zones.  
2. Previous comparative studies: 

Solar air-conditioning systems modify the humidity and temperature of indoor 
air to match those of the design criteria for thermal comfort. The system components 
required to cool and dehumidify moist air are generally more complex in operation 
and construction than those required to provide heating [14]. Thus, previous studies 
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have focused on solar cooling technologies that offer the possibility of combining 
with space and/or domestic water heating. After reviewing a considerable number of 
studies on solar air-conditioning systems, it is apparent that, besides focusing on 
solar-assisted systems, most previous studies evaluated only a particular type of 
solar air-conditioning system and provided little comparison of different options. The 
few notable comparative studies that we found are reviewed briefly in the next 
section.    

The first comparison of solar air-conditioning systems was conducted by 
Ayyash et al. [15]. The study concluded that a fair comparison between electrically 
and thermally driven air-conditioning systems should take into account the electricity 
required to operate auxiliary components. The authors assessed this consideration 
of energy saving in their follow up publication, under operational conditions 
appropriate to Kuwait [16]. Much later, Syed et al. [17] compared 20 types of solar 
air-conditioning systems assembled from different kinds of solar collector and air-
conditioning unit, and concluded that the coefficient of performance (COP) of the air 
conditioner components was the most influential parameter on the maximum 
achievable solar fraction of each system. Balaras et al. [13] compared 50 European 
solar-assisted air-conditioning projects for performance and cost, and pointed out 
that different outcomes can be obtained under different loading and climatic 
conditions. Mokhtar et al. [10] systematically assessed 25 combinations of 
components forming solar-assisted cooling systems under Abu Dubai climatic 
conditions. They found that the cost of the solar collector and the performance of the 
air-conditioning components were the most influential parameters on overall system 
economics, and that although it was possible for the solar load fraction to approach 
unity, this required large, uneconomical storage. Several subsequent publications 
reached the same conclusion. Fong et al. [11] evaluated five kinds of solar-assisted 
cooling systems in Hong Kong, all of which required grid electricity and a heat source 
to back up the system whenever there was insufficient solar energy. This conclusion 
was supported by similar findings by Gupta [9], who after comparing three types of 
solar-assisted air-conditioning systems to condition a house in Phoenix, Arizona, 
showed that besides the cost and technical challenges, approaching a solar fraction 
of unity would necessitate large solar collectors that might be larger than the roof of 
the house. In response, Fong et al. [18] examined the possibility of using building 
façades, but after comparing two solar air-conditioning technologies with both 
mounting strategies, they strongly recommended roof mounting over façade for 
obtaining higher solar fraction. The importance of the footprint size of the collector on 
the social acceptance of solar air conditioning was supported by Otanicar et al. [12]. 
The same study compared the initial cost of several kinds of solar air-conditioning 
systems and found that, along with cost reduction, improvement in component 
performance also determines the optimum size and cost-effectiveness of future solar 
air-conditioning systems.  

Moving to comparisons of life cycle cost, Wu et al. [19] compared three solar-
assisted cooling systems for a commercial building in seven Australian cities, and 
found that the life cycle costs of the systems without storage arranged differently 
when electrical and thermal storage costs were included. In a recent study, 
Baniyounes et al. [20] compared two types of solar-assisted cooling systems for use 
at two sites in Queensland. For the same collector type and area, each cooling 
technology reached different solar fraction and different values at each site.  

The review of the literature suggests that the following factors should be taken 
into account for an appropriate residential solar air-conditioning system: i) power 
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consumption by auxiliary components; ii) selecting an air conditioner with high COP; 
iii) optimal mounting of the solar collectors to achieve higher solar fraction; and iv) 
reasonable  component and hence system economics. It was noted that in each 
comparison study, different types of solar air-conditioning system were selected to 
provide the best option, but none of these systems were optimised to achieve a solar 
load fraction of unity.  
3. System components: 

Solar air-conditioning systems consist of main and auxiliary components. The 
performance of the systems primarily depends on the technology selected for its 
main components, namely: 
    3.1 Solar collection system 

These are either photovoltaic panels that convert solar energy directly into an 
electrical current (conversion efficiency of around 15%) [21] or thermal collectors that 
produce heat, with efficiency and temperature depending on the type of the collector. 
Flat plate collectors produce heat at 30 to 90°C, whereas evacuated tubes operate 
between 50–200°C [22]. Concentrating collectors provide heat at higher 
temperatures [23]. For residential buildings, flat plates and evacuated tubes are 
preferable, due to the cost and complexity associated with the tracking mechanism 
of concentrating systems. However, in situations with high thermal loads and limited 
roof area, concentrating collectors may provide the best option where direct solar 
radiation is available. 
   3.2 Air conditioner unit 

Electrically driven air conditioners such as evaporative coolers require little 
electricity to operate, which can be met by PV panels [14]. The cooler can operate 
with a saturation efficiency between 85% and 95%, but cannot operate efficiently in 
humid climates where the wet bulb temperature of the outdoor air exceeds 21°C [24]. 
A direct evaporative cooler can be combined with an indirect evaporative cooler, but 
its function is still limited in humid climates. Vapour-compression air-conditioning 
systems can remove both sensible and latent heat from moist air, and as such are 
suited to all climates. The cooling COP of modern vapour-compression air 
conditioners typically ranges between 4 and 5 [25]. However, as the system uses a 
mechanical compressor for cooling and dehumidification, it first needs to reduce the 
air temperature below the dew point to dehumidify it, and must then reheat the 
dehumidified air to the design comfort condition. As a consequence, such systems 
consume relatively large amounts of electricity, which implies the need for a large 
and thus expensive PV system [26]. However, these systems can be designed to 
operate in reverse in winter, thereby providing space heating. In such cases, the 
capital investment of these systems can become more reasonable. 

Residential air conditioners can also be thermally driven, where heat energy is 
used to produce cooling by means of a refrigerant/sorbent pair in a closed or open 
sorption cooling cycle [27]. In a closed cycle, chilled water is produced as a result of 
absorbing or adsorbing the refrigerant by a sorbent. Absorption chillers such as 
single-effect using lithium bromide/water, require heat at around 85°C to operate with 
a COP of about 0.7. In comparison, double-effect systems can operate with a COP 
of 1.2 but need heat at around 130°C [28]. Adsorption chillers that use water/silica 
gel as the working pair have an average COP of 0.59 and operate at temperatures 
between 52 and 82°C [13, 29]. The low COP of the thermally driven chillers, 
particularly the adsorption type, implies the need for a large flat-plate collector, which 
can be impractical for dwellings with limited roof space [14].  
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The overall solar COP refers to cooling energy produced in relation to the solar 
energy used; in both PV-powered vapour-compression and thermal collector-
powered heat-driven chillers, COP cannot exceed unity. This performance limitation 
is due to the low efficiency of PV panels despite the high COP of vapour-
compression systems, and also the low COP of thermally driven chillers, despite the 
comparative efficiency of thermal collectors [31].  

Open sorption systems produce conditioned air directly by absorbing or 
adsorbing moisture from the air to dehumidify it, using a hygroscopic desiccant 
material as a sorbent [28]. These desiccants are either in the form of a concentrated 
liquid or a slowly rotating desiccant wheel. Depending on the desiccant materials 
used, a solid desiccant requires heat at temperatures between 50 and 100°C, 
whereas a liquid desiccant needs temperature between 50 and 80°C [30]. Because 
desiccant systems are efficient only in removing humidity from the processed air, 
they are often hybridised with an evaporative cooler or a smaller capacity chiller in 
order to cool the moist air. This decoupling provides better control over the amount 
of latent and sensible energy that needs to be removed from the processed air. 
Hybridisation also enables the system COP to exceed unity, which cannot be 
achieved with separate thermally driven air conditioners [31]. 
   3.3 Energy storage  

The heart of any solar system is the energy storage unit. Solar air conditioners 
can be equipped with electrical and/or thermal storage. Banks of lead-acid or lithium 
ion batteries can store surplus electricity produced by PV panels [32]. Thermal 
storage systems retain hotness or coolness via sensible, latent or thermochemical 
storage. Sensible thermal storage mechanisms such as stratified water tanks provide 
effective storage for heating, ventilation and air-conditioning systems [33]. Sensible 
storage is relatively cheap, but the low energy-storage density of such systems 
necessitates a large storage tank.  

Latent thermal storage can store thermal energy at any desired temperature 
with high energy-storage density, and allows charging and discharging energy at 
constant temperatures [34]. The storage requires a reproducible phase-change 
material that has melting/solidification temperature matching the operating 
temperature of the demand. The most flexible latent thermal storage design option 
suitable for residential use is a container with pre-made macro-encapsulated 
modules [34].  

For liquid desiccant systems, concentrated liquid desiccant can also be stored 
in a separate tank to facilitate dehumidification of air when required. The advantage 
of this form of storage is that it is thermally loss-less and has a high energy-storage 
density that exceeds those of sensible and latent thermal energy storage [35].  

Task 32 of the International Energy Agency’s heating and cooling framework 
researched the potential for coupling these three storage options with solar air 
conditioners to reach high solar fractions. The task, however, was limited to heating 
and cooling systems for low-energy single-family houses in typical 45° northern 
latitudes [36].  
4. Configuration and control 
In addition to using different component options to form an entire standalone solar 
air-conditioning system, the main components can be configured in different ways, 
leading to differing system performances. Thermal storage can be either hot storage 
coupled with a thermal collector, or cold storage coupled with an air conditioner unit 
on the demand side. Hot storage has the advantages of extending and stabilising the 
operation of thermal chillers, in addition to providing space heating during winter, 
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whereas the advantage of cold storage is that it enables the use of reduced storage 
by a factor equivalent to the COP of the air conditioner [37]. Air conditioners can also 
be equipped with hot and cold storage; and can also incorporate different storage 
materials that enable a higher solar fraction and the use of a smaller air conditioner 
that operates efficiently at full capacity to charge the cold storage while still meeting 
the peak cooling demand [38]. To enable reliable comparison between electrically 
and thermally driven systems, a small set of PV panels and battery bank can be 
used to operate auxiliary components, such that thermally driven air conditioners 
function as electrically and thermally standalone systems. Table (1) shows possible 
component combinations and configurations for standalone solar air-conditioning 
systems suitable for residential buildings.  
 

Table (1) Possible component combinations and configurations for residential 
standalone solar air-conditioning systems. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Air-conditioning an entire house requires installing a centralised air conditioner. 

For any solar-powered centralised air-conditioning system, the size of the solar 
collector and energy storage must be optimised such that daily and thus the yearly 
load for solar fraction approaches unity. The operational strategy for the system 
needs to cover the logic of operational modes (heating or cooling) and other control 
strategies associated with each mode, such as defining the sequence and priority for 
which components are running according to set point values, and which action 
should occur in response to changes in the load or weather conditions. Most 
importantly, it should determine the logical response to the following common 
storage actions [24]: charging the storage; discharging the storage; charging the 
storage while meeting system demand; meeting the load solely by discharging from 
storage; and meeting the load by discharging the storage in combination with direct 
air conditioner operation.  
5. Climate and buildings  

The ability of any solar air conditioner to handle heating and cooling loads is 
influenced by the climatic conditions of the site and the characteristics of the building 
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it serves. Meteorological parameters such as temperature, humidity and intensity of 
solar energy influence the magnitude of the thermal loads [39]. Globally, there is a 
growing demand for space cooling, but presently, some countries predominate in 
space cooling load and others in heating. Australia has a wide range of climatic 
zones, with the result that different regions dominated by significantly different 
demands for either cooling, heating or both. This variability makes it difficult to 
implement a particular standardised solar air-conditioning type for Australian homes 
[3]. Climatic conditions also influence the performance of a solar air conditioning  
through its components. High-intensity solar energy increases the collection/ 
conversion efficiency of thermal and PV collectors, while high temperature and 
humidity reduce the COP of the air conditioner. Therefore, a solar air conditioner with 
standardised components is unlikely to perform equally well in differing climates [39].  
         The building design also influences the magnitude and pattern of thermal 
loads. Thermal comfort loads can be substantially reduced by improving the thermal 
performance of the building fabric, and by passive solar design. The IEA promotes 
the idea that the energy efficiency of residential buildings should be achieved via 
tight regulation of building codes [5]. In Australia, strict energy efficiency measures 
have been introduced into residential building codes through a six-star rating, which 
is the mandatory measure in all Australian climate zones [40]. Such regulation can 
reduce energy consumption for air conditioning in dwellings to a certain extent but 
cannot actually eliminate it [41,42]. Thus, if the considerable adverse contribution of 
present day conventional heating and cooling systems on both total energy use and 
peak load demand for electricity is counted, then giving serious consideration to the 
development and optimisation of standalone solar domestic air conditioner becomes 
more favourable.   
6. Deployment feasibility: 

Deploying any technology depends on the availability and cost of components. 
Presently, the residential air-conditioning market is dominated by electrically driven 
systems, whereas thermally driven systems for small-scale applications have only 
been available in the last few years [43]. Several companies presently offer small-
scale absorption and adsorption chillers of capacities from 4 kW to 17 kW [44]. 
Although these companies have a stronger market presence in Europe, the potential 
for technological diffusion to other markets would make the wider deployment of 
these chillers more viable. 

 The cost of solar air-conditioning systems can be measured by life cycle cost, 
which consists of capital, installation, operational and maintenance costs [9]. As 
solar standalone systems only use solar energy, they have negligible operational 
cost, whilst the capital cost dominates the life cycle. Currently, the cost of electrically 
driven solar air conditioners is dominated by the cost of PV panels, while that for 
solar thermal air-conditioning systems is dominated by the thermally driven air 
conditioner unit. Although the increasing affordability of PV panels implies that 
electrically driven systems are more cost competitive, a number of factors [43] 
suggest that thermally driven systems may still be favourable, including: i) the 
possibility of combining space cooling, space heating and domestic hot water 
heating; ii) the substantial reduction in the cost of small-scale heat-driven chiller units 
since 2007; iii) low maintenance cost; iv) long lifespan; and v) the recent 
simplification of installation by pre-engineering units with integrated cooling kits [43]. 
Unlike the declining costs of collectors and air conditioner units, the cost of energy 
storage is projected to remain relatively stable [12]. Economic analysis using the 
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present costs of components can justify the cost effectiveness option for a single-
family residence for any particular location. 

 
 

7. Standalone project models: 
The use of dynamic simulation is required to investigate the interaction between	  

climatic conditions, building thermal loads, and the performance of a standalone 
solar air conditioning system designed to accommodate the entire building load 
throughout the year. The development of a methodology for modelling and 
simulating a complete system partly depends on the selected software. The present 
study uses Transient System Simulation (TRNSYS), developed at the University of 
Wisconsin-Madison. The software enables the configuration of all main and auxiliary 
components of any system; their integration with a multi-zone building; systematic 
modelling under the climatic conditions of any site; and dynamic monitoring of the 
system operation throughout the year [45]. The components used to model the solar 
air-conditioning system include those in the standard TRNSYS library, the TESS 
(Thermal energy specialist) library, and two more components developed previously 
by researchers at the University of South Australia. 

Climatic variation and the minimum energy efficiency specifications for 
Australian residences were used to investigate the feasibility of deploying the 
technology in three of Australia’s vastly different climatic zones. In order to facilitate 
the comparison of different standalone solar air-conditioning options, all systems 
were sized to condition a single model house, based on the floor plan of a typical 
two-storey, three-bedroom detached home that dominates the Australian residential 
market [46]. The selected house has a conditioned floor area of 180 m2. For the sake 
of generalising the result for particular houses, the thermal performance of the house 
was adjusted to meet the NatHERS (Nation widehouse Energy Rating Scheme) six-
star rating in each climate zone. This was achieved by adding energy efficiency 
features to the building until the total annual energy required for heating and cooling 
was 114 MJ/m2 in Melbourne, 96 MJ/m2 in Adelaide and 43 MJ/m2 in Brisbane, as 
assessed via Accurate Sustainability Software, which is accredited by NatHERS for 
star rating [41]. The next stage of the research will be to develop TRNSYS project 
models for different standalone solar air-conditioning systems and to optimise them 
for the modelled house in preparation for a comparative study to find the best options 
for each of these three climate zones based on cost considerations. 
8. Conclusion: 

The widespread introduction of vapour-compression air conditioners has led to 
increases not only in total energy demand which raises concerns over energy 
security and environmental issues but also high peak load, which has imposed a 
strain on the existing electricity infrastructure. In contrast, solar energy systems and 
energy storage can be integrated with air-conditioning units in different 
configurations to provide a demand-side management solution that benefits both 
utility companies and householders. Previous studies of solar air-conditioning have 
focused more on solar-assisted and less on standalone systems, which was 
attributed to their high capital cost and deployment challenges associated with large 
system size. However, the performance of a solar air-conditioning system is a 
function of the technologies used in the main components, particularly the solar 
collector, air conditioner unit and energy storage. On the other hand, the thermal 
load imposed on the air conditioner is determined by the energy performance of the 
building it serves and by the climatic conditions of the site, Hence, there is a need for 
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a comparative study of solar air-conditioning systems comprising differing 
combinations of components in order to determine which options are best suited to 
specific climatic zones and building operational conditions. System component size 
can be optimised for achieving unity load solar fraction throughout the year, taken as 
an objective for the optimisation. Local climatic variations in Australia and the 
adoption of a national minimum energy efficiency standard for buildings encouraged 
a systematic study of the feasibility of deploying standalone solar air-conditioning 
systems in three of the country’s vastly different climatic regions in order to identify 
the most cost-effective system.  
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