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Abstract 

Within the context of nearly Zero-Energy Buildings, it is debated that the energy-centred notion of design, proposed by 
regulatory frames, needs to be combined with a further focus toward users’ comfort and delight. Accordingly, the underlying 
theory of the research is that designers should take responsibility for understanding the heat flows through the building parts and 
its spaces. A design, which is sensible to the micro-thermal conditions coexisting in space, allows the inhabitants to control the 
building to their needs and desires: for instance, maximising the benefits of heat gain from the sun moving a series of internal 
partitions so as to avoid the danger of over-heating.  
It is thus necessary that existing simulation software tools are tested to the purpose of modelling and visualising the indoor 
thermal environment complexity. The research discusses how thermal comfort maps, which are prepared with the use of 
Computational Fluid Dynamic simulation method, could integrate energy simulation outputs to uphold qualitative architectural 
design decisions. Mean radiant temperature maps were thus used to design the retrofit of a small educational building in 
Copenhagen. The thermal opportunities of movable interior partitions (operated by the users) could be estimated, providing a 
new layer of information to the designer. The applicability of the thermal maps within an architectural design process is 
discussed adopting standard energy simulation comfort outputs as a reference. The capabilities and the limitations of the method 
are appraised. 
© 2017 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

On a global average, building-related activities consume more than 40% of a country's energy. The design based 
reduction of buildings energy consumption is an issue that the architectural practices are facing. In this context, the 
EU sets ambitious targets to ensure that from 2020 all new buildings will consume very little energy and has created 
the term “nearly Zero-Energy Building” or nZEB. Such policies are encouraging the use of energy simulation, which 
provides a prediction of the building consumptions and indoor conditions. Energy simulation is based on the concept 
of thermal zones, each of which is defined by single calculation points, which is an accepted computational 
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approximation of the heat complexity of a building. For example, energy simulation tools such as EnergyPlus do not 
model thermal stratification of air temperature within a space, nor model accurately a grid of points that constitute a 
space.  

In reality, a single energy thermal zone present several thermal micro-conditions. This is particularly the case of 
existing buildings [1] where there are multiple microclimates and thermal nuances within the same environment, 
which are leading to the concurrence of several mean radiant temperatures (MRT) inside a space. Existing buildings 
and historical buildings have thermodynamic logics, which are more complex than in contemporary, high isolated, 
and HVAC dominated ones. It is here argued that the thermal environment should be modelled to drive retrofit 
interventions. More specifically, thinking of architectural design process, it is considered key the use of visual maps 
of thermal comfort conditions generated by design. It is thus considered potential to use thermal maps of design 
scenarios as information that is complementary to energy simulation outputs. Temperature maps (i.e. mean radiant 
temperature map) can be calculated with Computational Fluid Dynamic (CFD).  

The intention of integrating an energy modelling information with localised information of the array of comfort 
conditions as a simple logical argumentation. Occupants do not feel the heat loss from the building. They fell heat 
loss from their skin, ergo it fundamental to model the intimate infrared relationship that occupants’ bodies have with 
all of the surrounding surfaces of the room. This type of information could be calculated for specific points even 
with energy simulation methods. However having a large the number of points requires a very laborious and 
customised inputting process. Nevertheless, the visualisation of the results is not automatic, and specific post-
processing (e.g. with parametric graphical tools such as Grasshopper) will be required.  

Moreover, what is the most important factor is to have spatial information (maps) that considers the impact of 
early design decision that is targeted to buildings that may have in different future functions. It is thus selected to 
adopt a metric such as the Mean Radiant Temperature (MRT). Following Standard ISO 7726 “The mean radiant 
temperature is the uniform temperature of an imaginary enclosure in which radiant heat transfer from the human 
body is equal to the radiant heat transfer in the actual non-uniform enclosure.” and ASHRAE 55 define MRT as “the 
uniform surface temperature of an imaginary black enclosure in which an occupant would exchange the same 
amount of radiant heat as in the actual non-uniform space (…) It is a single value for the entire body and may be 
considered a spatial average of the temperature of surfaces surrounding the occupant weighted by their view factors 
on the occupant.”. 

Obviously, MRT is a dominant element in the thermal comfort equation, which is a fundamental part of indoor 
environmental quality and building performance. This study looks at modelling the human comfort within an indoor 
environment, weighing MRT within an architectural design process. The MRT describes one of the main traits of the 
thermal environment. It is an intention to exclude from this map other environmental factors such as ventilation and 
air temperatures (in addition to humidity) which are strongly related to HVAC operations and users preferences. 
Within this discourse, a specific and crystallized operation of the building (e.g. a fix air temperature) is considered 
inadequate. It is thus necessary to create a map of thermal conditions that is free from the bias given by a specific air 
temperature. By not using comfort indexes are excluded personal factors related to the characteristics of the 
occupants (metabolic rate and clothing level) the latter are air temperature, mean radiant temperature, air speed and 
humidity). Here there is another factor that brought the authors to exclude PMV maps: the indoor thermal comfort 
equations that are at the base of standards such as PMV are based upon extensive indoor survey results, and the 
survey was unlikely carried out in extreme conditions, such as under direct solar radiation of a window. 

2. Bridging the gap between CFD research and the Architectural Practice 

 The context of its simulation is briefly presented. During the past two decades, Computational Fluid Dynamic 
(CFD) has been studied intensively in the domain of building environments. The literature on CFD and buildings 
application accounts for nearly 100,000 of papers, the particular use of CFD to simulate indoor microclimate counts 
about 1,500 articles. The latter is mainly concerned with topics such as indoor air quality [2] naturally ventilation [3, 
4], mechanical ventilation [5] or HVAC [6]. A few studies describe the use of CFD to evaluate thermal comfort [7-
11]. They are however related to a single space or room, in most of the cases, CFD is used to verify design solution 
and to compare models insulation with probe monitoring data. However, little research was carried out about to CFD 
in the context of designing a building with the use of MRT as a design factor. The relation between MRT and space 
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