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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The radiant cooling air conditioning system has been widely applied, due to its features of better thermal comfort and efficient 
energy-saving. Most of the research on radiant cooling air conditioning system tends to concentrate on its cooling performance 
and energy-saving potential. However, the design methods of radiant cooling air conditioning system to guide its engineering 
application are rare. On the basis of the simplified human thermal balance equation and the linear relationship between the 
sensible heat loss and human thermal comfort achieved in our previous studies, the cooling performance of cooled surface is 
analyzed and then the method for determining the area of cooled surface is proposed in this paper. The numerical model is 
validated by experimental data and the calculation methods of cooled area are investigated with different boundary conditions. In 
addition, the PMV values in different heights and around human body are analyzed in detail. The results show that the calculation 
methods on account of the features of cooled surface could accurately predict the cooled area to maintain human thermal comfort 
under different conditions. Therefore, it is possible to determine the area of cooled surface in view of the relationship between 
human thermal comfort and thermal balance. This study could provide the guidelines for both the assessment of human thermal 
comfort and the system design of radiant cooling air conditioning system.  
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1. Introduction 

Radiant cooling air-conditioning system has been increasingly prevailed, thanks to its advantages of better 
thermal comfort and efficient energy-saving provision. Compared to conventional convective air conditioning 
system, the directly radiant heat exchange between human body and cooled surface makes people feel more 
comfortable [1]. In addition, the decreases of radiant temperature asymmetry and air temperature gradients could be 
the reasons for the better human thermal comfort under radiant cooling air conditioning system [2]. To have a better 
knowledge of the features of radiant cooling systems, a great deal of research on it has been done already. 

K. Nagano [3] researched on the control conditions of radiant cooling ceiling for human body in supine position 
with Predicted Mean Vote (PMV), and the results show that direct cooling effect by radiation could be achieved with 
less energy than convective system. S.G. Hodder [4] found that the vertical radiant temperature asymmetry has an 
insignificant effect on the overall thermal comfort of the seated occupants subject to the hybrid system composed of 
cooling ceiling and displacement ventilation system. Koichi Kitagawa [5] investigated the effect of humidity and 
small air movement on human thermal comfort under a radiant cooling ceiling by subjective experiments, and it is 
concluded that the most comfortable sensation vote is obtained when people feel slightly cool. D.L. Loveday [6] 
verified the feasibility of the design standard BS EN ISO7730 established based on the experimental studies on 
conventional convective system for radiant cooling system. In addition, some studies pointed out that the traditional 
design criteria, such as these based on dry-bulb temperature and operative temperature, are insufficient and the effect 
of radiation heat transfer on human thermal comfort should be considered when it comes to radiant cooling system 
[7-8]. 

As discussed above, it could be learned that the existing studies on radiant cooling system focused on either its 
cooling performance or the effects of environmental factors on human thermal comfort. However, the research on 
the design methods of radiant cooling system is rare. With the aim to establish the method determining the area of 
cooled surface, both the characteristics of human thermal comfort subject to radiant cooling system and the cooling 
performance of cooled surface are investigated in detail in this study. 

2. Simplification of the PMV model 

The widely acknowledged Fanger’s PMV model based on personal and environmental variables is accurate for 
thermal comfort assessment of occupants in near-sedentary and stationary conditions [9]. Fanger [10] correlated the 
PMV to the difference between the actual heat loss and the required heat loss for thermal comfort from human body 
by Eq. (1): 

[0.303exp( 0.036 ) 0.028]PMV M L                                              (1) 

where M is the metabolic heat production, and L is the human thermal load, defined as the difference between 
internal heat production and heat loss to the environment for a person hypothetically kept thermal comfort. The 
human thermal comfort level is affected by environmental conditions and human thermal balance. Due to the 
characteristics of radiant cooling system, the PMV model was reasonably simplified for near-sedentary human body 
in our previous studies, as shown in Eq. (2) [11]: 

0.0406 1.5117PMV Q                                                            (2) 

where Q is the total sensible heat loss from human body , consist of radiative and convective heat losses, W∙m-2. In 
addition, it has been concluded that the human thermal comfort subject to radiant cooling system could be directly 
evaluated from human sensible heat loss instead of complicated environmental factors [12]. So, based on Eq. (2), the 
methods to determine air-conditioning load and cooled surface area of radiant cooling system are investigated in this 
study. 
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