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ABSTRACT 
 
 Recent predictions from the IPCC (2007) stating the possibility of temperature 
rises between 1.8°C and 6.4°C by the end of the current century have highlighted the 
importance of research in low energy and passive cooling technology. In hot-humid 
climates, energy efficient cooling systems can significantly decrease annual carbon 
footprint thus attenuating the pace of climate change. Studies are undertaken for a 
domestic building designed by the author entitled ‘Cool House’ by comparing a 
chilled ceiling and desiccant cooling system (CC) with the two most typical cooling 
schemes -natural ventilation (NV) and air conditioning (AC)- in the Puerto Rico 
climate. The CC system shows savings in energy consumption of up to 33 per cent 
achieving low carbon emissions with high levels of thermal comfort though not at an 
affordable cost.  
 
Keywords: passive and low energy cooling; radiant cooling; desiccant 
dehumidification; thermal comfort for hot-humid climates.  
 
 
1.0 Introduction 
 
 Recent predictions from the Intergovernmental Panel on Climate Change 
(IPCC, 2007) demonstrate the possible rise of global temperature between 1.8°C and 
6.4°C by the end of the current century. The augment even of one Celsius can signify 
a rise in annual peak energy consumption by up to 1,800 GW in tropical locations 
such as Tokyo, Japan (Murakami, 2006) and by 540 GW in the Mediterranean climate 
of Los Angeles, California, U.S.A. (Akbari et al., 1992). Predicted temperature rise 
will affect locations where not only temperatures are high but humidity levels are 
outside comfort ranges given that humidity control accounts for up to an extra 50 per 
cent in energy consumption (Dunster et al., 2008). 
 
 Buildings in hot-humid environments have to be mechanically conditioned to 
provide thermal comfort. In these climates where cooling is necessary, up to 87 per 
cent of residential energy can be consumed by active cooling devices (Brodrick, 
2011). Passive and low energy cooling solutions are proposed in the present research 
for tropical hot-humid locations within the plus and minus 40° latitude of the equator. 
This research is of an experimental nature and performs thermal simulations with the 
software Integrated Environmental Solutions Virtual Environment (IES-VE) of an 
average sized housing unit designed by the author entitled the ‘Cool House’ situated 
Puerto Rico, a tropical monsoon climate.  
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2.0 Optimum cooling and dehumidification schemes for hot-humid climates  
  
 Givoni (1994) and Santamouris (ed) (1996, 2007) have found that for hot-
humid climates passive strategies such as natural ventilation are only effective if 
strong winds are available on site. Givoni (1994) and Vangtook et al. (2007) 
recommend active radiant cooling as the strategy with most potential for delivering 
the necessary amount of cooling load that offsets high solar gains, since passive 
radiant cooling strategies are not possible because of high humidity levels and a lack 
of large diurnal ranges of temperatures. Vangtook et al. (2007) demonstrate how 
active radiant panels can achieve 45 per cent energy savings when compared to 
‘conventional air conditioning’. Kelly, J. et al. (2011) evaluate the efficiencies of 
residential central air conditioning (CAC) in respect to the potential operational 
savings from highly energy efficient models and the trade off from embodied energy 
contained in new more efficient CAC models in the U.S. They conclude that a CAC 
of 16 U.S. seasonal energy efficiency ratio (SEER) in a warm climate can reduce 
energy consumption by 13 per cent, green house gas emissions by 11 per cent and 
cost by up to 7 per cent when compared to a CAC unit of SEER by the minimum 
Federal efficiency standards before 2005 which is U.S. SEER of 10 for dwellings.  
 
 Givoni (1994), Niu et al. (2002), Dunster et al. (2008) emphasize as well the 
need for passive dehumidification. Niu et al. (2002) conclude in studies done for an 
office unit located in Hong Kong that 70 per cent of annual operating hours for 
desiccant regeneration are obtained with low-grade heat of less than 80°C, meaning 
that solar energy can be used to power the desiccant cooling system.  
 
 As for thermal comfort, the research of Humphreys (1979) and Nicol (2004) 
on adaptive comfort in hot-humid tropical regions validates why thermal comfort can 
be achieved at levels above the established comfort zone as said by the International 
Standard Organization. For indoor climate this is ISO7730 based on Fanger’s 
predicted mean vote (PMV) equations. Nicol and Humphreys (2000, 2002) have 
proven that occupants in hot-humid regions have a much higher level of tolerance to 
high temperatures and humidity. 
 
3.0 Case Study | Cool House 
 
 The IES-VE thermal simulations on the ‘Cool House’ compare a chilled 
ceiling and solar regenerated desiccant dehumidification system (CC) with the two 
most typical cooling schemes in hot tropical environments: natural ventilation (NV) 
and air conditioning (AC). The AC has the U.S. market’s highest available SEER of 
23 Btu/Wh, the equivalent to a ≥6 W/W model in the European market.  
  
 The ‘Cool House’ is a single-family detached unit of approximately 100 sq. 
meters of conditioned space with four occupants. The ‘Cool House’ is the result of a 
holistic approach on sustainable and passive design. Given that it will be analysed on 
its performance as a naturally ventilated building the layout and orientation of the 
‘Cool House’ is designed to exploit its environment’s strongest breezes throughout 
the year. The eco-materials selected for its construction are amongst the best rated by 
the “BRE Green Guide for Specification” (2008). The house also implements other 
environmental design strategies such solar control by optimum shading devices and 
glazing ratio above 30 per cent providing naturally illuminated spaces.   
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 So that the ‘Cool House’ functions as an everyday life home, internal 
activities, people, appliances, lighting and other equipments are assigned on IES-VE 
according to CIBSE Guide A: Environmental Design (2006) recommendations and 
pre-set software standards by the National Calculation Method (NCM). 

 
 

Figure 1: Floor plan, daily wind flow patterns and view of the ‘Cool House’. 
 
4.0 Comparative Analysis of Empirical Findings  
 
COMFORT 
Operative Indoor Temperature  
 As for comfort according to the “adaptive approach” and maximum operative 
temperatures for comfort provided by British Standard 15251 (2007) the AC and CC 
model results show excellent thermal performance in all rooms.   
 

 
 

Figure 2: Annual temperatures for the AC and CC systems of the ‘Cool House’. 
 
 As for the NV model, results show that dry-resultant indoor temperatures are 
similar to external dry-bulb temperatures because breezes are not strong enough to 
cool the rooms under peak day conditions even though simulations show that the 
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design intentions for wind flow patterns are working as predicted. Consequently, the 
indoor temperatures are frequently changing, a situation that often leads to discomfort 
in occupants. Even though this model’s dry-resultant temperatures in both bedrooms 
during the night time hours in the peak day of the months of January up until May are 
within the adaptive approach comfort limit, over 80 per cent of hours are above 24°C. 
Therefore natural ventilation produces discomfort during the night and can prevent 
sleep. As for the other areas of the house where temperatures are as well measured by 
the comfort limits of the ‘adaptive comfort approach’, during spring and winter 
months ventilative cooling can provide comfortable indoor temperatures during the 
early hours of dawn until approximately mid day.  
 

 
  
Figure 3: Annual temperature peak day external dry-bulb temperature plotted with the day’s internal 

dry-resultant temperature and “Adaptive Comfort” temperature limits and monthly comfortable 
periods of the ‘Cool House’ NV model. 

 
Internal Relative Humidity [RH] 
 The AC and CC systems maintain RH levels within the comfortable margin of 
40 per cent to 61 per cent (CIBSE Guide A, 2006). And in the NV model since the 
model is a free-running cooling scheme with no active controls there is no control of 
humidity. As such humidity levels on the interior are free running as well and very 
similar to those outside.  
 
‘Adaptive comfort approach’ versus PMV 
 Even though the ‘adaptive comfort approach’ is the best suited for this case 
because of its basis on real life date for hotter climate, PMV was still tested during the 
occupied hours of the year for all three models. Findings show that for the AC and 
NV model PMV values are not within the ±0.5 comfort ranges as the adaptive 
approach has predicted they would. However the CC thermal analysis shows PMV 
values during occupied hours within the recommended comfortable ranges by 
“ASHRAE Fundamentals” (2009) and “CIBSE Guide A” (2006) of ± 0.50. 
 
ENERGY CONSUMPTION AND CO2 EMISSIONS DUE TO COOLING 
SCHEMES  
 The CC system consumes 32 per cent less energy than the AC solely because 
it is coupled with a passive desiccant dehumidification system. Therefore the CC 
system’s heat rejection fans and pumps are receiving approximately 44 per cent less 
overall load from the house’s rooms. If the CC where not to be utilised with a passive 
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desiccant dehumidification system it would need to consume 9 per cent more energy 
than the AC SEER 23 to provide comfortable temperatures to occupants.  

 
Figure 4: Total annual energy consumption 
breakdown of ‘The Cool House’ of all models. 

Figure 5: Annual energy consumption 
breakdown of ‘The Cool House’ per system. 

 
  The carbon dioxide emissions are derived from the kilowatt-hours of energy 
consumed, that is the more energy a system consumes the more toxic it is. However 
annual energy consumption does not account for the totality of CO2 emissions that 
these cooling systems are emitting. Carbon is emitted from the point of manufacture 
nevertheless in natural ventilation the contraire occurs, since the process is completely 
passive. For instance, typical air conditioning equipment is made out of ferrous 
metals, aluminium and copper (Kelly et al., 2011), the CC is made out of embedded 
galvanized steel pipes on a concrete slab (Yannas, et al., 2006), all of which are 
categorized as highly embodied energy materials in their life cycle analysis.  
 
 Refrigerants utilised in air conditioners can be harmful to the environment. 
There are two types of commonly used refrigerants, R-22 and R-401a. The first was 
the most commonly used before it was banned in 2010 for being an ozone depleting 
material of an ODP of 0.055 (Kelly et al., 2011). However since this refrigerant –the 
R-22- has just been phased out of the market it is still in use.   
 
INITIAL COST COMPARISON  
 The overall initial cost -product and installation- of windows for the ‘Cool 
House’ is US$3,900.00 (£2,480.00) making the NV scheme 55 per cent more 
economical than the AC and 72 per cent more economical than the CC system where 
the cost per square meter of an installed window is approximately US$125.00 
(£80.00). And if the NV scheme works with the openings already appointed to 
construction costs it can result in being practically cost free.  
 
 The second best option in terms of price at the moment is the AC model, 
which has a higher price of US$8,500 (£5,400) than the average air conditioning units 
in the market because of its SEER value of 23. According to Brodrick et al. (2011) 
this higher initial amount is caused because of extra costs of the capacity modulated 
compressor, the variable speed indoor blower motor and the more complex and 
refined control system capable of determining the necessary loads for the equipment 
taking into account in more detail the room and exterior loads. This produces lower 
energy bills especially in a hot climate like Puerto Rico or any other climate within 
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this research’s target savings can be seen monthly, therefore faster payback will 
occur.  
 
 The price per square meter of a chilled ceiling system is of US$140.00 
(£88.00) obtained from Mumma (2002) defining a total initial cost at US$14,000.00 
(£8,880.00). Considering the fact that energy consumption is not significantly lowered 
by the chilled ceiling scheme alone, but only when it is combined with the desiccant 
dehumidification, which will implies an extra cost, there is no point in considering 
this cooling system for a single home unit in Puerto Rico or any other hot-humid 
location until prices are lowered or the system is widely commercialized.  
 
5.0 Conclusion  
 
 In conclusion, taking into account all factors such as comfort, energy 
consumption savings, and carbon emissions by the results provided from thermal 
modelling, the chilled ceiling and solar regenerated desiccant dehumidification 
system proves to be the best option for a cooling strategy in the climate targeted of 
hot-humid environments. A mixed system comprising of natural ventilation during the 
early hours of the morning, a chilled ceiling system during the afternoon and nights 
and solar regenerated desiccant dehumidification system constantly on, would be the 
most low carbon, comfortable and ideal strategy, if it were economically feasible. 
However when taking into consideration all of the above factors plus initial costs and 
the systems’ embodied energy and material intensity, the AC SEER 23 makes for a 
more feasible choice at the present moment.  
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