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RESUMEN 

 

En los últimos años, y a la luz de los retos a los que se enfrenta la sociedad, algunas 

voces están urgiendo a dejar atrás los paradigmas modernos —eficiencia y 

rendimiento— que sustentan a las llamadas prácticas sostenibles, y están alentando a 

repensar, en el contexto de los cambios científicos y culturales, una agenda 

termodinámica y ecológica para la arquitectura. La cartografía que presenta esta tesis 

doctoral se debe de entender en este contexto. Alineándose con esta necesidad, se 

esfuerza por dar a este empeño la profundidad histórica de la que carece. De este 

modo, el esfuerzo por dotar a la arquitectura de una agenda de base científica, se 

refuerza con una discusión cultural sobre el progresivo empoderamiento de las ideas  

termodinámicas en la arquitectura.       

Esta cartografía explora la historia de las ideas termodinámicas en la arquitectura 

desde el principio del siglo XX hasta la actualidad. Estudia, con el paso de los sistemas 

en equilibrio a los alejados del equilibrio como trasfondo, como las ideas 

termodinámicas han ido infiltrándose gradualmente en la arquitectura. Este esfuerzo 

se ha planteado desde un doble objetivo. Primero, adquirir una distancia crítica 

respecto de las prácticas modernas, de modo que se refuerce y recalibre el armazón 

intelectual y las herramientas sobre las que se está apoyando esta proyecto 

termodinámico. Y segundo, desarrollar una aproximación proyectual sobre la que se 

pueda fundamentar una agenda termodinámica para la arquitectura, asunto que se 

aborda desde la firme creencia de que es posible una re-descripción crítica de la 

realidad.  

De acuerdo con intercambios de energía que se dan alrededor y a través de un edificio, 

esta cartografía se ha estructurado en tres entornos termodinámicos, que sintetizan 
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VIII 

 

mediante un corte transversal la variedad de intercambios de energía que se dan en la 

arquitectura: 

-Cualquier edificio, como constructo espacial y material inmerso en el medio, 

intercambia energía mediante un flujo bidireccional con su contexto, 

definiendo un primer entorno termodinámico al que se denomina atmósferas 

territoriales. 

-En el interior de los edificios, los flujos termodinámicos entre la arquitectura y 

su ambiente interior definen un segundo entorno termodinámico, atmósferas 

materiales, que explora las interacciones entre los sistemas materiales y la 

atmósfera interior.  

-El tercer entorno termodinámico, atmosferas fisiológicas, explora los 

intercambios de energía que se dan entre el cuerpo humano y el ambiente 

invisible que lo envuelve, desplazando el objeto de la arquitectura desde el 

marco físico hacia la interacción entre la atmósfera y los procesos somáticos y 

percepciones neurobiológicas de los usuarios. 

A través de estos tres entornos termodinámicos, esta cartografía mapea aquellos 

patrones climáticos que son relevantes para la arquitectura, definiendo tres 

situaciones espaciales y temporales sobre las que los arquitectos deben actuar. 

Estudiando las conexiones entre la atmósfera, la energía y la arquitectura, este mapa 

presenta un conjunto de ideas termodinámicas disponibles —desde los parámetros de 

confort definidos por la industria del aire acondicionado hasta las técnicas de 

acondicionamiento pasivo— que, para ser efectivas, necesitan ser evaluadas, 

sintetizadas y recombinadas a la luz de los retos de nuestro tiempo. El resultado es un 

manual que, mediando entre la arquitectura y la ciencia, y a través de este relato 

histórico, acorta la distancia entre la arquitectura y la termodinámica, preparando el 

terreno para la definición de una agenda termodinámica para el proyecto de 

arquitectura. A este respecto, este mapa se entiende como uno de los pasos 
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necesarios para que la arquitectura recupere la capacidad de intervenir en la acuciante 

realidad a la que se enfrenta. 
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ABSTRACT 

 

During the last five years, in the light of current challenges, several voices are urging to 

leave behind the modern energy paradigms —efficiency and performance— on which 

the so called sustainable practices are relying, and are posing the need to rethink, in 

the light of the scientific and cultural shifts, the thermodynamic and ecological models 

for architecture. The historical cartography this PhD dissertation presents aligns with 

this effort, providing the cultural background that this endeavor requires. The drive to 

ground architecture on a scientific basis needs to be complemented with a cultural 

discussion of the history of thermodynamic ideas in architecture.  

This cartography explores the history of thermodynamic ideas in architecture, from the 

turn of the 20th century until present day, focusing on the energy interactions between 

architecture and atmosphere. It surveys the evolution of thermodynamic ideas —the 

passage from equilibrium to far from equilibrium thermodynamics— and how these 

have gradually empowered within design and building practices. In doing so, it has 

posed a double-objective: first, to acquire a critical distance with modern practices 

which strengthens and recalibrates the intellectual framework and the tools in which 

contemporary architectural endeavors are unfolding; and second, to develop a 

projective approach for the development a thermodynamic agenda for architecture 

and atmosphere, with the firm belief that a critical re-imagination of reality is possible.  

According to the different systems which exchange energy across a building, the 

cartography has been structured in three particular thermodynamic environments, 

providing a synthetic cross-section of the range of thermodynamic exchanges which 

take place in architecture: 
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-Buildings, as spatial and material constructs immersed in the environment, are 

subject to a contiuous bidirectional flow of energy with its context, defining a 

the first thermodynamic environment called territorial atmospheres.  

-Inside buildings, the thermodynamic flow between architecture and its indoor 

ambient defines a second thermodynamic environment, material atmospheres, 

which explores the energy interactions between the indoor atmosphere and its 

material systems.   

-The third thermodynamic environment, physiological atmospheres, explores 

the energy exchanges between the human body and the invisible environment 

which envelopes it, shifting design drivers from building to the interaction 

between the atmosphere and the somatic processes and neurobiological 

perceptions of users.  

Through these three thermodynamic environments, this cartography maps those 

climatic patterns which pertain to architecture, providing three situations on which 

designers need to take stock. Studying the connections between atmosphere, energy 

and architecture this map presents, not a historical paradigm shift from mechanical 

climate control to bioclimatic passive techniques, but a range of available 

thermodynamic ideas which need to be assessed, synthesized and recombined in the 

light of the emerging challenges of our time. The result is a manual which, mediating 

between architecture and science, and through this particular historical account, 

bridges the gap between architecture and thermodynamics, paving the way to a 

renewed approach to atmosphere, energy and architecture. In this regard this 

cartography is understood as one of the necessary steps to recuperate architecture’s 

lost capacity to intervene in the pressing reality of contemporary societies. 
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1.-INTRODUCTION 

 

This cartography explores the history of thermodynamic ideas in architecture from the 

turn of the 20th century until present day. Following the evolution of the field of 

thermodynamics, it tracks the gradual development of architectural ideas regarding 

energy and atmosphere. In doing so, this cartography intends to provide a historical 

grounding to the current efforts to define an architectural agenda for energy, hence 

giving to the cartography a projective dimension. The aim is to balance this scientific 

drive with a cultural exploration of the contexts in which these ideas were developed. 

This introduction briefly contextualizes the relevance of this exploration, explaining the 

importance of its structure and research method to succeed in its commitment.    

 

 

1.1.-THE ARCHITECTURAL ARENA 

During the last decades architecture has been driven by two opposite veins which can, 

to a large extent, help to contextualize and understand the pertinence of this 

cartography.   

During the last decade architecture has increased its loss of political agency. This 

tendency towards disempowerment started with the critical assessment of the 

Modern Movement, consolidated with the introduction of critical architecture,1 and 

has in recent years lost momentum through post-critical architecture.2 It has posed the 

impossibility of making any serious critique to the economic or political status quo. 

Considering that architecture is a marginal a-critical material practice and, assuming 

that political agency within the discipline is not possible, critical and post-critical 
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architecture have sought respectively either refuge in disciplinary autonomy or a-

critical immersion in capitalist dynamics. As a result it can be argued that architects 

have taken refuge in cultural questions, refusing to face the challenges reality posed.  

In parallel, during the last two decades has appeared a growing awareness for 

environmental problems which has permeated design practices. From interior design 

and architecture, to urban design, landscape architecture, urbanism and planning, the 

interest in the environment has spread to every single design scale. Responding to 

social demands it initially promised to reinvigorate architecture’s engagement with 

reality, but unfortunately it has reinforced architecture’s a-critical drift. Labeled under 

the generic tab of sustainability, this new driving force has, far from being used to 

renovate the design disciplines, either retreated into a regionally-inflected or low-tech 

approach3, or aligned with market forces extending the post-critical project in a 

renewed green guise. Architects, concentrated in cultural questions, have been 

incapable to take hold of this new demand for an ecologically-sound architecture, 

which has motivated —in part due to its technological implications— it’s assumption 

by the field of engineering, further disempowering architecture. Engineers have 

unfolded a quantitative approach which has focused on optimizing existing design 

protocols —from sophisticated climatic thresholds to the integration of energy-

efficient systems— but regrettably, the current building thermodynamic models have 

remained unquestioned. As a result architects role still is limited to the post-critical 

design of iconic facades,4 now attuned to an enhanced functional climatic 

performance, trapped in a politically disengaged and greenwashed architectural 

practice. 

Fortunately things are beginning to change, and the dead-end these two veins had 

apparently reached are converging to build a more robust architectural agenda. 

Several voices are urging to restore political agency to architecture which, in the light 

of current and future challenges such as climate change, diminishing resources and 

growing social and economic inequalities, is more urgent than ever.5 In parallel, other 
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authors are reclaiming the need to escape from the perpetuation of modern energy 

paradigms and the creed of performance and efficiency on which the so called 

sustainable practices are relying, and are posing the need to rethink, in the light of the 

scientific and cultural shifts, the thermodynamic and ecological models for 

architecture.6 This historical cartography aligns with this effort, providing the cultural 

background that the definition of a thermodynamic approach to architecture needs. 

 

 

1.2.-THERMODYNAMIC SHIFT 

The need to introduce the thermodynamic shift7 to architecture was not originally 

connected to sustainability but was staged by several critics8 who foresaw in the 1980s 

the need to actualize design practices with the development of the new scientific 

epistemology, demanding to shift from a mechanical equilibrium-based model to a 

thermodynamic far-from-equilibrium model. This revision introduced a new 

understanding of material reality which had the potential to transform architecture. 

Under this perspective buildings were not isolated objects, but matter and energy 

aggregates —open thermodynamic systems— which actively interacted with the 

environment and its changing boundary conditions. Interestingly, this proposal did not 

only reclaim a new scientific outlook, but also a concomitant cultural change. 

In recent years, pressed by the need to find new paths to renew the obsolete 

equilibrium paradigm on which the so called sustainable practices are still relying, the 

1980s early proposals to introduce far from equilibrium thermodynamics to 

architecture have been gradually assimilated and materialized in concrete projects. At 

least two fields of enquiry can be distinguished. First, buildings can be understood as 

material and energy systems nested in broader ecological contexts.9 Far from being 

considered isolated objects, buildings operate in an expanded field, which links its 
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structure to distant ecosystems around the geo-biosphere where its material 

constituents come from. This places the building’s structure beyond the visual 

dimension of architecture placing buildings logistics within the field of ecology. The 

second field of enquiry studies the thermodynamic interaction between buildings and 

the atmosphere.10 As part of the boundary layer between the earth’s crust and the 

atmosphere, buildings establish thermodynamic interactions with the non-visible 

atmospheric phenomena. Depending on a multiplicity of climate-to-building 

interactions —such as orientation, vegetation or porosity— architecture can induce a 

particular microclimate. This introduces architecture to the field of atmospheric 

thermodynamic interactions, which is the field of enquiry on which this dissertation 

focuses. 

 

 

1.3.-HISTORICAL CARTOGRAPHY 

The pertinence of this atmospheric cartography has to be framed within the current 

need to renovate architecture through the lens of thermodynamics. The drive to 

ground architecture on a scientific basis needs to be complemented —which is one of 

the principal objectives of this cartography— with a cultural discussion of the history of 

thermodynamic ideas in architecture.  

This cartography explores the history of thermodynamic ideas in architecture, from the 

1850s and until present day, focusing on the energy interactions between architecture 

and atmosphere. This exploration has a double-fold objective. On one hand it has a 

historical commitment. It aims to view the history of architecture in the light of the 

passage from equilibrium to far from equilibrium thermodynamics. The aim is not only 

to provide specific knowledge —ideas, concepts and strategies— but also to acquire 

the critical distance with modernity that present endeavors need, providing a historical 



THERMODYNAMIC  ENVIRONMENTS                                                                                                                                             INTRODUCTION 

 

5 

 

knowledge which enriches and is critical with univocal scientific approaches. On the 

other hand it has a projective dimension. It intends to explore those past experiences 

which are relevant for the development of an atmospheric approach to architecture 

and, in doing so, it attempts to strengthen, refocus and sharpen the intellectual 

framework in which contemporary architectural endeavors are unfolding. It maps key 

experiments with the aim of connecting past references to current endeavors. 

As a historical survey which studies the thermodynamic interactions between 

architecture and atmosphere, it needs to be framed in the context of previous 

histories of architecture, particularly of those which have attempted to integrate 

architecture with the peripheral fields of knowledge.11 Similarly to previous 

cartographies it deploys an integrative approach. For instance, Reyner Banham in The 

Architecture of Well-Tempered Environment aimed to bridge the gulf between 

architecture and environmental technologies. However this cartography has a far more 

expansive agenda, exploring the convergent integration of the thermodynamic 

interactions between outdoor microclimate, architecture, interior atmosphere and the 

human body.  

The science of thermodynamics started in the mid-19th century pressed by the need to 

understand the energy processes involved in steam engines. Influenced by the 

Newtonian scientific paradigm, its initial formulation staged the field of equilibrium 

thermodynamics, by which energy systems, isolated from its environment, displayed a 

steady-state behavior in coherence with the first law of thermodynamics. The 

appearance of the concept of entropy undermined the alleged permanence and 

stability of material structures, driving them into the realm of non-equilibrium 

thermodynamics. This idea of irreversibility was further expanded in the 1950s by Ilya 

Prigogine with the discovery of dissipative structures, probing that in entropic 

processes matter and energy dissipation become, far from equilibrium, in a source of 

order.12 The shift from equilibrium to far from equilibrium thermodynamics became 
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the driving force of a new scientific epistemology which shifted from a steady-state, 

closed and mechanical world to an open, active and qualitative world. 

Interestingly, the passage from equilibrium to far from equilibrium thermodynamics 

can also be traced in the history of architecture in the shift from mechanical to passive 

climate control. The modern building —on which surprisingly current design and 

building practices still rely— was essentially formed by a lightweight prefabricated 

envelope which was serviced by an air-conditioning system. The insulated and sealed 

envelope reduced to a bare minimum the thermodynamic interactions with outdoor 

climate, reducing boundary conditions to linear conductive13 exchanges with the 

environment, as is presently embodied in the concept of U-value. In addition, the 

emphasis laid on attaining an insulated climatic island converted indoor space in a 

closed steady-state system. These two questions conceptualized buildings on the basis 

of equilibrium thermodynamics. Moreover there existed a correspondence between 

the air-conditioning steady-state model and the human thermal homeostatic comfort 

model. This physiological model considered that comfort was attained when the body 

acquired thermal equilibrium with the mass of conditioned-air which enveloped the 

body. On this concept relies Ole Fanger’s Predicted Mean Vote (PMV) comfort index 

which is which is the thermal comfort assessment method used currently by the 

ASHRAE. As a result it can be argued that the current understanding of the energy 

exchanges in design and building practices limited to equilibrium thermodynamics.  

However, the history of architecture brings forth experiences which have 

conceptualized buildings as open thermodynamic systems. The shift from equilibrium 

to non-equilibrium thermodynamics was staged by Victor Olgyay’s bioclimatic 

approach. Even though Olgyay considered he had grounded his work on equilibrium 

thermodynamics, the deliberate use of energy exchanges between building and 

outdoor climate clearly ushered the idea that a building was an open thermodynamic 

system in interaction with an ever-changing outdoor climate. This shift questioned the 
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steady-state model and introduced architecture into the realm of non-equilibrium 

thermodynamics.  

This endeavor makes an alternative exploration of modern design practices and 

building processes, bringing forward a wide range of questions which, even though 

have been obviated from academic architectural discussions, form part of mainstream 

construction practices. Questions such as outdoor climate, the performative 

capabilities of matter assemblages or physiological human comfort, have been 

systematically excluded from architectural discussions —and relegated to the domain 

of engineering— but are essentially connected to the anthropological dimension of 

architecture as climatic shelter and are deeply entrenched in architecture, being 

therefore necessary to bring them forth in the light of current challenges such as 

climatic change, material and energy shortages, and global inequalities. This research 

has as one of its underlying objectives to accept these questions as an integral part of 

the discipline of architecture.  

As a result this cartography brings forward figures such as Willis H. Carrier, Victor 

Olgyay or Baruch Givoni who, even though have had until know a relative importance 

in the history of architecture, played an essential role when exploring the connections 

between architecture, atmosphere and energy. Similarly, the cartography draws on 

scientific disciplines such as climatology, microclimatology, meteorology, material 

sciences, physiology or neurobiology, and to its protagonists —figures such as Rudolph 

Geiger or Eugene F. DuBois—, which have traditionally been subsumed to the 

prevalence of architectural design, but which under the lens of thermodynamics are 

being recast and are recovering the relevance they deserve to have.  

Notwithstanding, contrary to a teleological view of history which would understand 

the passage from equilibrium to non-equilibrium thermodynamics as a paradigm shift 

which discredits previous ones, this cartography maps a wide range of references —

from Carrier’s psychrometric mechanical atmospheres to Olgyay’s passive bioclimatic 
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approach—, with the aim of presenting the substrate out of which a thermodynamic 

approach to architecture could be distilled. From this perspective, modern ventilation 

and air-conditioning techniques, having been questioned due to its energy intensity, 

have nevertheless succeeded to explore the range of scales —from macroclimate to its 

physiological effects— which are connected to atmospheric design. Likewise climatic 

typologies have introduced the idea that through matter and space, architecture 

interacts with local climate to provide indoor microclimates. Obviating paradigm shifts, 

this cartography mediates between the historical and the projective, disclosing a 

variety of thermodynamic experiences which, even though need to be critically14 

assessed, refocused and calibrated in the light of current challenges, pave the way for 

the development of a renewed agenda for an atmospheric architecture. 

 

 

1.4.-THERMODYNAMIC ENVIRONMENTS AND 

THERMODYNAMIC PATTERNS 

This historical survey aims to discuss the evolution of architecture against the 

backdrop of thermodynamics. One of its principal objectives is to integrate energy and 

architecture. Its structure and research methodology should therefore cater for both 

thermodynamic exchanges and architectural questions. First, it should address 

thermodynamics in a clear and synthetic manner, and be pertinent and coherent with 

the interests of architecture. Second, it should be compatible with its historical and 

projective character.  

Thermodynamics is the field of physics which studies how material systems exchange 

energy. Unlike ecology, which has been applied to design practices —in most cases— 

in a metaphoric way, thermodynamics has the ability to connect in a precise way 

atmospheric and architectural interests. Questions such as the external massing, the 
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internal spatial structure, the material systems or its program —which on the other 

hand are topics which have been extensively debated in the architectural arena— have 

a decisive influence on the regime of thermodynamic exchanges that take place in a 

building. However, the potential thermodynamics offers to inform architecture is 

hampered by the inherent difficulty to synthesize the wide variety of thermal 

phenomena taking place in a building. This complexity has prevented from 

understanding the thermodynamic flows which take place in buildings and, as a 

consequence, to acknowledge how these questions affect architecture. This 

cartography requires a structure which provides a synthetic cross-section of the 

different thermodynamic exchanges which take place in architecture, and a research 

methodology which is enables heat exchange pattern recognition.    

Energy flows take place whenever there is an energy gradient —either a temperature, 

a pressure or a height difference— between a source and a sink. While energy flows 

occur spontaneously and are difficult to visualize, heat sources and sinks can be easiliy 

identified. Recognizing sources and sinks enables to identify the systems which 

exchange energy, delimiting the range of action of thermodynamic exchanges. 

According to the different systems which exchange energy across a building, this 

cartography can be structured in three particular thermodynamic environments: 

territorial atmospheres, material atmospheres and physiological atmospheres. And 

within each of these three environments, it will be necessary to recognize the 

thermodynamic patterns being induced by energy flows. This means identifying the 

kind of heat exchange —convection, conduction, radiation, evapotranspiration—, its 

transfer medium, scale and effects, and its interaction with architecture, 

acknowledging the patterns of thermodynamic exchange across a building. These two 

questions, thermodynamic environments and thermodynamic patterns, constitute the 

structure and research methodology of this research.  

As a spatial and material construct immersed in a thermodynamic field, there is a 

continuous bidirectional flow of energy between a building and its context, defining a 
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the first thermodynamic environment: territorial atmospheres. Buildings, as an 

extension of the ground, exchange energy through particular thermodynamic flows 

and known mediums —the atmosphere, the ground, the built environment,etc—, 

being particularly relevant the findings of the field of microclimatology and material 

sciences. Inside buildings, the thermodynamic flow between architecture and its 

indoor ambient defines a second thermodynamic environment, material atmospheres, 

which focuses on the energy interactions —atmospheric and other non-visual spatial 

phenomena—between architecture and its indoor climate. The field of material 

sciences is relevant for this environment. Exchanges are not limited to its material 

systems but also include other energy subsytems such as the buildings’ mechanical and 

electronic devices or the heat dissipated by its uses. Last and not least, there is a third 

thermodynamic environment, physiological atmospheres, which is defined by the 

energy exchanges that take place between the human body and the invisible 

environment which envelopes it. In this thermodynamic environment, exchanges are 

physical and chemical, displacing the focus of design from building to the interaction 

between the atmosphere and the somatic processes and neurobiological perceptions 

of users. This tripartite structure reduces the apparent complexity of thermal 

phenomena to a synthetic number of subsystems, paving the way for thermodynamic 

pattern recognition. 

Some voices have argued that the scales and geometries of energy exchanges do not 

correspond with the ones used in architecture, reclaiming the need to decouple energy 

systems from the scale and geometry of architecture, and to remap them in its own 

realms.15 However, to define an architectural agenda for energy, this can only be done 

within the parameters and orders of magnitude which pertain specifically to 

architecture, focusing on those questions and situations in which thermodynamic 

exchanges and architectural issues converge. Therefore it is not only important to 

acknowledge the thermodynamic exchanges, but also to understand how these 

interact with architecture. It is not only important to identify the thermodynamic 
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environments, but also to identify the thermodynamic patterns which characterize 

them. In this regard this cartography explores within each thermodynamic 

environment which are the specific architectural questions —context, spatial and 

material strategies, program and the psycho-somatic reactions of the human body— 

which partake in energy exchanges, trying to define an integrative vision which is 

relevant for energy and architecture. As a result, contrary to the proposal to decouple 

and remap energy systems, it can be argued that it is necessary to find the common 

ground for thermodynamic interactions and architecture. 

The framework of this historical cartography presents a set of thermodynamic 

environments which dissect the wide range of thermodynamic exchanges taking place 

in a building in a synthetic manner, delimiting the complexity of thermodynamic 

phenomena to three particular situations. In addition, within each of these realms, this 

cartography maps those climatic patterns which pertain to architecture’s apparatus 

and which, therefore, are relevant for architectural discourse. Therefore it can be 

argued that these thermodynamic environments present three spheres on which 

designers need to take stock. It recognizes the thermodynamic exchanges taking place, 

finds the particular architectural situations in which these unfold, identifies its patterns 

of behavior, and defines the tools have the capacity to design and modulate 

thermodynamic flows. As a result it can be reasoned that the structure and 

methodology reinforce its projective character, paving the way for the development of 

an architectural agenda for atmosphere and energy. 

 

(A historical cartography of the ecological relationships between architecture and 

territorial ecosystems is still pending). 

                                                            
1With a strong influence of the Italian thinker Manfredo Tafuri, this idea was originally conceived by 
Michael Hays in the article “Critical Architecture: Between Culture and Form” published in Perspecta 21: 
The Yale Architectural Journal, 1984. 
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2Similarly to the concept of critical architecture, the ideas underlying the concept of post-critical 
architecture were shared by Europeans and Americans. It was first defined by Robert Somol and Sarah 
Whiting in the article “Notes on the Doppler Effect and Other Moods on Modernism” published in 
Perspecta 33: The Yale Architectural Journal, 2002. The European version can be traced in articles such 
as Roemer van Toorn’s essay “No More Dreams? The Passion for Reality in Recent Dutch 
Architecture…and Its Limitations” published initially in Architecture in the Netherlands Yearbook, 2003-
04 (2004. Nai Publishers: Rotterdam) and its subsequent revision in Harvard Design Magazine issue no. 
21, Fall/Winter 2004.    

3This vein can be identified either in Kenneth Frampton’s resistance to consumerism and globalization 
through the concept of critical regionalism or in Lacaton & Vassal socially-engaged low-tech approach.  

4This argument has been exposed by Iñaki Ábalos in “Thermodynamic Materialism. Project (Site Plan)” in 
the forthcoming Thermodynamic Interactions edited Javier García-Germán. 2014. Actar: New York.  

5The demand for social and political engagement has during the last decade gained momentum. 
Countering the star system and its alignment with economical and political forces, an alternative low-
tech architecture has emerged which caters for a wider range of programs and social and economical 
contexts. The work of architects like Lacaton & Vassal or Rural Studio has been paralleled by the 
theoretical work of historians and theorists like or Felicity D. Scott or Reinhold Martin, which altogether 
pursue to reinvigorate the political project within architecture.       

6In this regard it is important to point out the work undertaken by the Department of Architecture at the 
Harvard Graduate School of Design. Under the direction of Iñaki Ábalos, a group of architects, engineers 
and historians, including Kiel Moe or Matthias Schuler, are seeking to reintroduce a convergent 
architectural practice which integrates its spatial, material and technological dimensions.  

7The thermodynamic shift refers to significant transformation in epistemology which took place along 
the 20th century and which shifted the closed, controlled, mechanical world of physics to the open, 
active and qualitative world of biology. Introduced by far from equilibrium thermodynamics, it 
transcended the framework of physical sciences to explain in qualitative terms the whole expanse of 
natural and social phenomena.     

8The introduction of Prigogine’s non-equilibrium thermodynamics to architecture was staged almost 
simultaneously and independently by Luis Fernández-Galiano and Sanford Kwinter. According to Fdez.-
Galiano Fire and Memory was written in 1982, and Kwinter claims that the essays which make the book 
Architectures of Time were written between 1984 and 1989.  

Fernández-Galiano, Luis. Fire and Memory. On Architecture and Energy. 2000 (1991). MIT Press: 
Cambridge, Massachusetts.   

Kwinter, Sanford. Architectures of Time. Toward a Modernist Theory of the Event in Modernist Culture. 
2002. MIT Press: Cambridge, Massachusetts; London, England.     

9This question was originally addressed by Howard T. Odum, introduced to architecture with the 
speculative work of Buckmister Fuller and John McHale, and years later developed by the field of 
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construction ecology. Recently it has been addressed by Kiel Moe who has attempted to understand the 
material basis of architecture on the context of ecological relationships: Convergence. An Architectural 
Agenda for Energy. 2013. Routledge: Abingdon, Oxfordshire. 

10This field of enquiry, which has a long tradition, is analyzed in through this dissertation.    

11In this regard it is important to mention both Reyner Banham’s Theory and Design in the First Machine 
Age (1960) and The Architecture of Well-Tempered Environment (1969) and Kenneth Frampton’s Studies 
in Tectonic Culture (1995) which, from opposite vantage points, attempt to integrate building 
technology and architectural design.   

12 Prigogine, Ilya y Stengers, Isabelle. La Nueva Alianza. Metamorfosis de la Ciencia. 1983. Alianza. 
Madrid. Chapter II: “La Ciencia de la Complejidad”, section 3: “De las Máquinas Térmicas a la Flecha del 
Tiempo”.  

13 Moe, Kiel. “Insulating North America,” Journal of Construction History, Vol. 27, January 2013, pp. 87-
106. 

14 In this context the word critical is not used in the sense it was used by Manfredo Tafuri and his 
readers, asserting the impossibility of criticism within architecture. On the contrary, critical is used in the 
belief that there exists the possibility of a critical re-imagination of reality.     

15This argument has been posed by Michelle Addington in several essays. See “The Phenomena of the 
Non-Visual” (in Softspace. From a Representation of Form to a Simulation of Space edited by Sean Lally. 
2007. Routledge and Architecture at Rice); “Energy Sub-structure, Supra-structure, Infra-structure” (in 
Ecological Urbanism edited by Mohsen Mostafavi and Gareth Doherty. 2010  Harvard University 
Graduate School of Design and Lars Müller Publishers. Pages 244-251); or “The Unbounded Boundary” 
(in the forthcoming Thermodynamic Interactions edited by Javier García-Germán. 2014. Actar: New 
York).  
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2.-TERRITORIAL ATMOSPHERES 

 

2.1.-INTRODUCTION 

The first thermodynamic realm —territorial atmospheres— considers the energy 

interactions between outdoor climate and the architectural frame. Whilst the next 

thermodynamic realm —material atmospheres— will explore the energy interactions 

between the architecture and the indoor environment, this realm discusses the 

thermodynamic exchanges that exist between a building’s context and its envelope. As 

a result climatic phenomena play a key role.  

This thermodynamic realm will explore the relationship between the built 

environment and meteorology from the beginning of the 20th century to present day. 

The first half discusses the relationship between architecture and natural climate 

through the lens of air-conditioning. Before air-conditioning appeared, the relationship 

between architecture and climate was mediated by climatic typologies, which 

oscillated between two extremes: those in warm and cold climates which constituted a 

barrier to outdoor climate, and those in temperate climates which took advantage of 

natural climate for human comfort. The discovery of man-made weather altered this 

situation, pushing air-conditioning engineers to explore the relationships between 

natural climate and architecture —and its indoor environment— in a novel way. The 

introduction of air-conditioning eliminated the idea of sheltering from or filtering 

outdoor climate, and concentrated on generating a new artificial indoor climate with 

independence of external conditions. This situation questioned what kind of climate 

should air-conditioning produce, which drove engineers to the analysis of natural 

climate from both a quantitative and a qualitative perspective. This question will be 

explored in the section Air-Conditioning and Macroclimate.1 Reproducing artificially 

natural climatic phenomena inside buildings had a side-effect. Man-made weather 
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production required not only understanding the physical variables involved in 

meteorology but also the attainment of laboratory conditions to control undesired 

boundary conditions, which isolated buildings from its climatic contexts. These 

questions will be explored in the section Sealed Envelopes. This disengagement from 

outdoor climatic conditions was, to a certain extent, the result of the reductionist 

climatic interpretation which resulted from the abstract numerical macroclimatic data 

meteorologists were beginning to register, which will be explored within the Air-

conditioning and macroclimate section. 

The second half of this section explores how the technological mediation that air-

conditioning had established between architecture and climate was transformed since 

the 1940s to explore new directions. Resulting from the ethic of frugality developed 

during the Great Depression and the energy restrictions during WWII, passive climate 

control began to build an alternative to air-conditioning systems. In this context 

appeared the work of the Olgyay brothers, which shifted the way in which 

thermodynamic interactions between climate and outdoor climate were 

conceptualized. Departing from the climatically-neutral building envelopes air-

conditioning engineers promoted, the Olgyays shifted from insulation to engagement, 

proposing a building envelope which reacted proactively to climate through massing 

and materiality. Victor Olgyay’s book Design with Climate attempted to create a 

rigorous corpus of knowledge about the relation between climate and architecture to 

provide architectural practice with a climatic toolbox. The deployment of climatic 

design strategies required a local understanding climate. The section Olgyay’s 

Microclimatic Architecture will discuss the shift from air-conditioning macroclimatic 

approaches to a site-specific climatic understanding of contextual energy flows. This 

section will be followed by Olgyay’s exploration of building massing and materiality in 

relation to climate. The section Form and climate. Optimum Form Criteria and Other 

Formal Strategies analyses the important relationship between external massing and 

the effect of contextual energies on architecture. Similarly, the section Climatic 
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Tectonics. Materials, Textures and Surface Effects studies the effect of the physical, 

optical and textural properties of envelope materials in its relationship with 

meteorological phenomena. Finally, this section will discuss contemporary positions 

which, in the light of climate change, are reassessing the climatic relationships 

between architecture, urban design and landscape architecture. The rise in global 

temperatures will transform the way in which urban space is inhabited. 

 

 

2.2.-AIR CONDITIONING AND MACROCLIMATE 

METEOROLOGY: A QUALITATIVE AND QUANTITATIVE APPROACH   

During air-conditioning’s pioneering years, the physical and chemical laws of 

meteorological phenomena were not fully understood.2 By the end of the 19th century 

the emerging fields of thermodynamics was beginning to generate some knowledge on 

the way gases behaved. The kinetic theory of gases3 provided a very convincing 

interpretation of the connections between heat energy and atmospheric behavior, 

establishing a mathematical relationship between temperature and pressure4 which 

was formalized in the thermal equation of state of a gas. These physical concepts were 

applied to the emerging discipline of psychrometrics which had began studying the 

dynamic interrelation between temperature and humidity in moist air. 

Even though thermodynamics and psychrometrics provided the physical concepts, it 

was meteorology the field which empirically researched how theory applied to 

atmospheric processes, finding the connection between mathematical formulas and 

real phenomena. From 1850 to 1900 the field of meteorology tested empirically the 

validity of the kinetic theory of gases through pressure and temperature 

measurements, validating the connections between the pressure and the temperature 

in the air that psychrometrics had postulated. During those years a group of 
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meteorologists worked to understand how the atmosphere behaved, testing 

empirically physical characteristics of the air such as dry-bulb temperature, wet-bulb 

temperature, dew-point temperature, relative humidity, barometric pressure, specific 

enthalpy, specific volume, humidity ratio or water-vapor pressure. These atmospheric 

observation data was arranged in tables of empirical psychrometric property values, 

which can be considered the first version of Willis Havilland Carrier’s psychrometric 

chart. These tables attempted to obtain “Vapor Pressure, Relative Humidity, and 

Temperature of the Dew Point from readings of Wet- and Dry-Bulb Thermometers”5. 

The work of the British meteorologist James Glaisher and American meteorologists 

William Ferrer and Charles F. Marvin developed the formulas and tables which would 

be years later used by the U.S. Weather Bureau, and which would also provide the 

basic data Willis H. Carrier used to create the rational psychrometric formulae and the 

psychrometric chart. Air-conditioning, as a system specialized in the “artificial 

regulation of atmospheric moisture” required estimates of the psychrometric 

properties of moist air. Around 1904 he graphed the meteorological data which 

connected specific temperatures to specific moistures, providing the first version of 

the psychrometric chart as is known today.6 Developed by air-conditioning engineers, 

it was later used by meteorologists, evidencing the mutually-enhancing cross-breeding 

that during those days took place between science and applied-science.  The 

psychrometric chart constituted an essential tool to diagnose and visualize the 

temperature and humidity transformations involved in air-conditioning. It enabled to 

understand the psychrometric processes occurring within an air-conditioning system 

to transform untreated natural outdoor air into a specific indoor climate.  

It is important to emphasize that outdoor climate not only constituted a scientific field 

of enquiry but was also discussed in social terms. The understanding of atmospheric 

phenomena did not only have a mathematical interpretation of physical phenomena 

but also unfolded a social and cultural dimension which reclaimed not quantities but 

qualities. The irruption of the Open-Air movement had an important influence in the 
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development of this qualitative vein. This group o social reformers was part of the 

back-to-nature movement which appeared as a reaction to modernization and the 

industrial city. They were very critical with the mechanical ventilation devices that had 

been implemented since the 1850s and strove to find natural models for the ideal 

climate. Seaside, mountain and country side climates were found the most appealing. 

Studying the composition of the air was a key factor. The analysis of the elements that 

made up these climates would be an important endeavour. Physical parameters such 

as the intensity of the sun —its heat, brightness and ultraviolet rays— of mountain air 

was believed to have an invigorating effect on the health of human beings.7 They 

championed open-window strategies and user control as a way of introducing fresh-air 

into buildings, championing maximum exposure to the effects of outdoor climate.   

The emergence of air-conditioning increased in a variety of ways the demand of 

climatic knowledge. The quantitative and qualitative lines of enquiry which have been 

discussed above were complemented by a third line which demanded objective 

climatic data to understand the climate of specific locations and calculate heating and 

cooling loads. If the quantitative and qualitative enquiry lines directed research to 

psychrometrics, thermodynamics, pshysiology, and to natural sites, the demand for 

objective climatic data drove professionals to the emerging field of meteorology. 

 

MODERNITY’S STANCE ON CLIMATE: A MACROCLIMATIC UNDERSTANDING 

At the turn of the 20th century, when air-conditioning was being developed, 

meteorology was a nascent field which was involved in weather data collection. 

Indifferent to the scientific methodologies in use at the time, it used statistics to 

predict the weather. Its initial activity consisted on data collection on temperature, air 

pressure and precipitation records, and by the 1840s it expanded to include data on 

storms and winds. Years later, in the 1920s, appeared an interest in the connection 

between solar radiation and climatic patterns, which motivated the study of the effect 
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of solar radiation on horizontal surfaces during the seasons, at different hours of the 

day and under a variety of atmospheric conditions. 

The data which meteorological institutions collected was connected to specific 

interests. At that time meteorology focused on agriculture, commerce and navigation 

and, as a result, focused in providing practical data to them. For instance, in the USA 

the Weather Bureau was part of the Department of Agriculture, and consequently the 

data they collected and the procedures they followed were instrumental to 

agriculture, which focused their activity on providing data on temperature and rain, 

and specific forecasts relative to questions such as flooding, frost or fire risk. Similarly, 

the interest of architects and environmental engineers on the effect of solar 

radiation—luminosity and heat— on buildings pushed for continuous records on the 

amount of radiation received on a horizontal surface to determine heating rates during 

the day and heat emissions during the night. 

Climate was understood through the data and procedures that the field of 

meteorology was producing. Climatic interpretation was based on discrete data, 

collected in independent and distant meteorological stations. The separation of 10, 

100 and even more kilometers between the points of observations made a unified 

picture when put together —making recognizable the general features of a region’s 

climate— but eliminated the singular microclimates of specific locations. This created 

the general assumption that meteorology dealt with large scale uniform and static 

stagnant macroclimatic phenomena. The format how data was made available was 

also problematic, providing long tables filled with independent numerical data, which 

made very difficult its handling. In addition meteorologist lacked the tools to 

interconnect the different climatic variables which hampered a holistic interpretation 

and generated the perception of a stagnant atmosphere8.  

To conclude it can be argued that the bureaucratic and instrumental interpretation of 

climate was attuned to the relationship between outdoor climate and architecture that 

air-conditioning promoted. The next section will explore this section. 
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ASHVE’S INSTITUTIONAL APPROACH ON CLIMATE 

Since the 1920s the American Society of Heating and Air-Conditioning Engineers 

published on an annual basis practice-based guides9 which condensed the concepts, 

procedures and the mechanical devices necessary for the design and implementation 

of artificial climate control systems. The study of these guides is very interesting 

because it is a clear statement of the way in which air-conditioning practices 

conceptualized outdoor climate. This section will analyze the official climatic 

interpretation developed by air-conditioning design, discussing the connections it 

established with meteorology’s state-of-the-art. 

It can be argued that the air-conditioning industry acquiesced the wide variety of 

meteorological phenomena which made up climate. To the basic climatic variables 

such as outdoor air temperature and the wind, have to be added more complex 

phenomena such as solar radiation and its interconnected effects: direct solar 

radiation, diffuse solar radiation or the radiation emitted by surrounding surfaces. 

However, even though climate was acknowledged as relatively complex phenomena, 

ASHVE guides only considered a reduced number of variables which emphasized 

general weather patterns overriding microclimatic questions such as topography and 

the proximity to water masses. The source was the rather imprecise statistic weather 

data provided by the meteorological agencies and bureaus. In addition, these 

meteorological records were used to generate abstract design temperatures which 

represented in absolutely nothing the dynamic meteorology outside buildings. 

The climatic data air-conditioning design required was obtained from national 

meteorological institutions which, as has already been discussed above, inferred a 

statistical and macroclimatic uniform understanding of climate. The data was 

tabulated in winter and summer charts which offered, for specific locations, its 

altitude, period of record, lowest and highest temperature; and annual, winter and 

summer average wind velocity and temperature. In addition it included design dry bulb 
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temperatures and wind velocity at design temperature. For example, the 1955 ASHAE 

guide offered a winter and a summer table with climatic data based on US Weather 

Bureau records for different stations. Each of the locations provided Design Dry-Bulb 

Temperature in Common Use. For locations without specific design temperature, the 

guide offered a reduced US map of Isotherms of Winter Outdoor Design Temperature 

which offered the possibility of making rough design temperature estimates 

interpolating between adjacent isotherms.   

This data was not always directly transferred from meteorological records, but was 

calibrated to include the effect of other climatic phenomena. Raw climatic data was 

processed with abstract formulas or with correction factors, to incorporate nuances on 

specific questions. For instance, when calculating the effect of air infiltration on 

heating and cooling load calculations, the outdoor design temperature incorporated 

corrections to assume air infiltration loads. Similarly, when calculating the total effect 

of solar radiation and air temperature over an outdoor wall surface, the complex 

interrelationship of the interrelated factors was simplified through the use of the sol-

air concept, which provided an outdoor air design temperature which “in the absence 

of all radiation exchanges, would give the same rate of heat entry into the surface”.10  

It is important to acknowledge the fact that the climatic variables were attuned to the 

steady-state thermodynamics conceptualization of buildings. Sealed and insulated 

envelopes reduced climatic contingencies to a uniform flow of heat generated by 

constant temperature boundary conditions. This understanding influenced the kind of 

tools that were developed to understand outdoor climatic performance, evidencing 

the disengagement air-conditioning unfolded in relation to outdoor climatic patterns. 

However, even though climatic concerns relied absolutely on constant design 

temperatures, it is surprising to discover that ASHVE guides gave relative importance 

to the influence of architectural features on the effect of outdoor climate. Among 

others, the following can be mentioned: building construction in relation to the size of 

cracks, the orientation and exposure of the building and the relationship to 
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neighboring buildings, and the relative area and resistance of openings and windows 

on the windward and leeward sides and their relative height from the ground. This 

interest in architectural elements was however connected to the attainment of an 

inert and air-tight building envelope oriented to control the ambitioned disconnection 

from outdoor climate.  

The fact that air-conditioning practices required the kind of reductive climatic data 

weather agencies were providing was not coincidental, but was the result of the 

Modern reductionist culture that permeated those decades. Unfortunately, even 

though meteorology has evolved consistently, the steady-state thermodynamics and 

the reductive climatic interpretation still are with us. It can be argued that the 

fragmented and data-based climatic interpretation that meteorological institutions 

were providing was attuned to air-conditioning procedures, but it also raises the 

controversy whether this reductive data, and the ways in which it was provided, 

affected the quantitative, aseptic and almost inexistent —stagnant—interaction 

between climate and architecture that environmental engineers had developed. This in 

turn raises the question whether a microclimatic and dynamic interpretation may have 

generated a more intense and engaged interconnection between climate and 

architecture which subsequent sections will discuss. It is thus necessary to actualize 

contemporary building thermodynamics to present-day climatic interpretation.  

 

 

2.3.-SEALED ENVELOPES 

THERMODYNAMIC INTERCONNECTEDNESS  

Environmental engineers had for long intuited that the atmospheric behavior of a 

building was extremely complex, recognizing a thermodynamic relationship between 

outdoor climate, architecture and interior atmosphere existed. Central heating heat-
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load calculations had for decades taken into account the effect of climate on buildings. 

For example, the 1895 Kent’s Mechanical Engineers’ Pocket Book proposed simple 

rules of thumb to understand the interdependence and effects between outdoor 

climate, building and indoor climate, providing rough estimates of the amount of 

central heating required based on local climate and building areas or volumes.  

The first air-conditioning systems failed to provide adequate environmental conditions 

throughout the entire building as a result of the lack of attention paid to the dynamic 

energy interactions between outdoor climate, the architecture of the building and the 

activities occupying it. Indoor climatic conditions were the result of the dynamic 

interconnections between the air-conditioning system and the industrial processes 

going on, and the pioneering air-conditioning systems did not take them on board. This 

situation demanded the kind of rationally holistic vision Carrier provided. According to 

Reyner Banham Carrier deployed a “spectacular exercise of comprehensive 

environmental quantification” knowing “not only the ability of his plant to handle air 

and the environmental hazards promoted by the factory’s machinery and work force, 

but also, for the first time, the heat-gain due to the effect of the summer’s sun on the 

building structure”11. This visionary understanding drew into the air-conditioning 

equation the thermal effect of the systems exchanging energy: first, the industrial 

processes taking place (machines and workers); second, the building (lighting and 

factory envelopes) and third, outdoor climate. Carrier’s managed to quantify these 

thermodynamic interactions, which enabled him design air-conditioning systems with 

precision and to offer performance guarantees. 

 

CLIMATIC GUARANTEES: TOWARDS FULL CONTROL 

The demand by industrials for precise atmospheric manufacturing conditions forced 

engineers to design mechanical systems which took on board the complex relationship 

between outdoor climate, activities taking place within the building and architecture 
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and indoor environment. The shift from the rough atmospheric conditions which the 

first environmental systems provided to the demand for precise climatic guarantees, 

gave an impulse to the development of air-conditioning. This impulse had a threefold 

effect: first, it generated the psychrometric knowledge about the behavior of air which 

has been discussed above; second, it developed the precise instruments and systems 

to measure and deliver precise climatic conditions; and third, it acquired an 

understanding of the thermodynamic interactions between the interior environment, 

the activities taking place, the building and outdoor climate.   

Whilst the delivery of precise temperature was relatively simple, the development of 

humidity control instruments was cumbersome. At an early stage air-conditioning 

systems developed the ability to increase humidity, but did not deliver precise 

humidity content. One of the pioneers of air-conditioning, Stuart Cramer, contributed 

to the development quantitative precision in humidification processes. In 1904 he 

patented a control instrument for regulating humidifiers automatically, which enabled 

to attain a precise quantity of atmospheric humidity. The development of 

dehumidification systems were more difficult to attain. The first one to succeed was 

Carrier, who developed a system which managed to attain precise quantitative control 

of humidification dehumidification processes with the use of an air washer. Incoming 

air was passed through a chilled spray of water, which saturated the air at a specific 

temperature. This process enabled to know the exact humidity content (100% relative 

humidity), and it was later heated to attain a precise humidity and temperature. As a 

result he patented in 1906 a dew-control system. 

Climatic guarantees not only forced engineers to perfection air-conditioning systems 

and instruments, but also to understand the thermal effect of outdoor and indoor heat 

loads over interior atmosphere. For a correct air-conditioning system design it was 

necessary to calculate internal heat loads with precision. Machinery, workers, lighting 

and other devices dissipated heat, which required making rough estimates to 

compensate the amount of heat emitted by these sources. Similarly, climatic 



THERMODYNAMIC  ENVIRONMENTS                                                                                                                      TERRITORIAL ATMOSPHERES 

 
 

25 

 

guarantees drove engineers to understand local meteorology and the effect of the 

building envelope over indoor climate. This required understanding the local climatic 

conditions and their effects on buildings (which will be discussed in the section Air-

Conditioning and Macroclimate). This effort required to refine previous methods based 

on building size for calculating heating and cooling loads, taking into account factors 

such as the building’s orientation, size of openings, construction and its degree of 

transparency.  

Paying close attention to the activities and architecture of the building improved the 

understanding of energy exchanges across a building, but did not provide a complete 

understanding of the thermodynamic interactions taking place, which would have 

required the digital simulation tools we currently have at hand. Engineers still 

depended on a judiciously interpretation of the relationships between climate, 

building, occupants, machinery and indoor climate to design air-conditioning systems. 

To increase environmental control and, due to the fact that machines and workers 

could not be disposed of, engineers focused on eliminating the effect of climate on 

buildings, pursuing the attainment of climatic islands which isolated buildings from 

local atmospheric conditions. 

 

FROM  AIRTIGHT TO THERMAL-TIGHT ENVELOPES 

The elimination of boundary conditions was a gradual process which took place in 

parallel to the evolution of environmental control systems. Initially humidification and 

ventilation systems ran independently. The combination of humidification and 

ventilation techniques promoted the introduction of air-tight envelopes. And years 

later, the combination of temperature and humidity control motivated the 

introduction of insulated envelopes. 
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Stuart Cramer not only succeeded to develop a humidity control system. His most 

important accomplishment was to merge humidity control and ventilation into a single 

system. Cramer introduced into ventilation systems the air-washer already in use and 

the humidity control systems he had developed, enabling to humidify the air to the 

desired point. Previous humidity-control systems did not provide ventilation. Fresh air 

was introduced through open windows and doors, which was controlled by factory 

workers who judged the dynamic relationship between machinery, building and 

occupants and acted consequently. However combining ventilation and humidification 

in a single device enabled to replace window ventilation with a mechanical system.12 

The only way to attain constant humidity levels across the factory was to close doors 

and windows, preventing the humidity-controlled air to escape outdoors. Cramer’s 

combination of ventilation and humidification enabled to acquire humidity within the 

demanded levels at the expense of a closed-window strategy. This, in turn, introduced 

the need of air-tight sealed envelopes, which was the first step towards the isolation of 

the factory interior from outdoor climatic conditions.  

The next step in the attainment of climatically inert buildings was the development of 

thermally-insulated envelopes. Cramer succeeded to provide ventilation and 

humidification in a single system. This was followed by Carrier’s development of 

another system which united ventilation, humidification and heating and cooling. If 

Cramer’s system revealed the need air-tight envelopes, Carrier’s improvement made 

evident the need to add thermal insulation to reduce the effect of outdoor heat and 

cooling loads on the building. The demand of thermal insulation drove environmental 

engineers to the field of refrigeration which had already developed this question. 

 

REDUCTIONIST APPROACH: ISOLATED LABORATORIES 

The complexity of thermodynamic interactions and the lack of tools to manage them 

forced engineers to choose a reductionist approach which would eliminate some of 
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the interconnected variables. This reductionist approach manifested in questions such 

as the psychrometric formulae, which limited atmospheric interactions to the 

relationship between temperature and humidity. It also became patent in the 

conscious elimination of the outdoor climatic variables, attaining climatic islands 

through sealed and insulated building envelopes.  

In 1922 the Harvard School of Public Health built the first psychrometric chamber. This 

chamber was a laboratory to test how different temperature-humidity relationships 

affected human beings, isolating cause-effect relationships between a specific 

atmospheric phenomena and the physiological effect on the human body. However it 

also presented sound evidence as to how environmental engineers conceptualized 

architectural containers. This chamber became an experimental micro-architecture for 

an air-conditioned environment. The psychrometric chamber was a small space 

enclosed by a insulated and air-tight envelope which provided isolation from outdoor 

climate. This inert envelope disposed of boundary conditions, providing psychrometric 

space were engineers could focus on the abstract design and management of indoor 

atmospheres devoid of external contingencies.  

It can be argued that the psychrometric chamber served as a conceptual model for air-

conditioned building envelopes. Instead of coping with external thermal loads which 

required complex calculations, buildings were sealed and insulated, reproducing the 

abstract laboratory conditions in which the psychrometric chamber —and most 

modern scientific experiments— were being undertaken. In fact the first air-

conditioning buildings happened to be factories and theatres, were reduced natural 

light requirements procured insulated envelopes. This de-contextualization created 

closed thermodynamic systems which, unlike open thermodynamic systems where its 

dynamics are connected to its boundary conditions, eliminated unwanted 

interferences enabling engineers to focus on providing particular climatic conditions.  
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However engineers, apart from conceptual models, needed pragmatic and real sealing 

and insulating building solutions. If the psychrometric chamber constituted a 

conceptual model, the refrigerator would be the real reference to which engineering 

firms would stick to insulate buildings.  

 

FROM REFRIGERATORS TO BUILDINGS 

Initially the connection between the air-conditioning and refrigerator industries had 

nothing to do with thermal insulation but with other questions. At the beginning of the 

twentieth century the refrigerator industry developed at a fast pace, managing to 

develop in 1928 a self-contained appliance without sewer connections. Enclosing all 

the machinery in a single casing, safe and automatic operation, mass-production and 

affordability fuelled its massive adoption. Not coincidentally some refrigerator 

companies had introduced themselves into the emerging residential air-conditioning. 

The refrigerator industry had delivered refrigerating solutions that were mass 

produced, small-scale and safe and simple to operate. This know-how could be easily 

transferred to air-conditioning. As a consequence the refrigerator became a model for 

developing small comfort air-conditioning systems.13   

However, the refrigerator industry provided more than practical knowledge on small-

scale refrigerating systems. The development of insulation theory appeared principally 

in the field of industrial refrigeration. The fast development of the refrigerator industry 

fuelled the research on insulation theory, developing methods, procedures and 

materials. When the building industry required insulated building envelopes, it turned 

to the refrigerating industry which had already developed the necessary know-how. 

The desire of air-conditioning engineers to eliminate boundary conditions was fulfilled 

by the knowledge which the refrigerator industry had developed on insulation. 14  
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Yet —according to Kiel Moe who has researched into this question with intelligence 

and vision15—, when this technical knowledge was transferred from refrigerators to 

buildings, it was applied directly, not considering the important differences that 

existed between refrigerators and buildings. 

The refrigerator’s performance relied on a rather simple thermodynamic conception. 

In first place refrigerators relied on steady-state thermodynamics. Unlike buildings 

which are subject to fluctuating outdoor temperatures, refrigerators operate within 

constant boundary conditions: a refrigerating temperature of 4-5˚C and a room 

temperature around 18-22˚C. In addition, refrigerators limited heat transfer 

phenomena across its envelope to conduction. Unlike building envelopes which are 

subject to conductive, radiant and convective heat transfer (and to combinations of 

these three), refrigerator heat transfer was limited to conduction. Reducing it to a 

conductive linear flow of heat simplified considerably the processes of heat transfer 

which, in turn, limited the envelope’s thermal range of action to insulation. This is 

something which can easily be probed as ASHVE guides repetitively asserted that “the 

rate of heat flow through the walls under steady-state conditions at design 

temperatures is (…) the basis for calculating the heat required”16, leaving transient 

flow and radiant and convective phenomena for special situations.  

The refrigerator’s simplistic thermodynamic conception was transferred to the building 

industry directly. However this transfer of knowledge did not always acknowledge the 

gap between the refrigerator and the building. According to Moe “The steady-state 

focus on conductivity in refrigerating materials is problematic when transferred to 

buildings” as it addressed only one mode of heat transfer —conduction— of the three 

involved in building assemblies. “Actual construction assemblies —Moe argues— are 

pervaded with imperfections, poor installations and, most importantly changing 

boundary conditions. The gap between the idealized assemblies assumed in steady-

state calculations and the transient reality is filled with other thermal behaviors and 

mechanisms”. 17 
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Following this argument, Moe reasons that along the 20th century architects have 

conceived buildings as refrigerators —steady-state systems— obviating the fact that 

buildings are subject to more complex thermodynamic phenomena. A building and a 

refrigerator can be summed up in two essential elements: a refrigerating machine and 

an insulated envelope. Buildings and refrigerators were designed according to the 

amount of energy they needed, establishing a linear function between the system’s 

refrigerating capacity and the envelope’s conductive R-value. As a result flimsy 

envelopes required more power whilst thick and well-insulated ones required less 

power. Sealing and insulating buildings reuced thermodynamic interactions between 

outdoor climate and the building massing considerably. Eliminating boundary 

conditions, engineers could attain full environmental control, focusing exclusively on 

indoor atmospheric design. 

This move towards refrigerating insulating technology would eventually become the 

prevailing constructive paradigm for air-conditioned envelopes along the twentieth 

century, the R-value and heat exchange balance sheets becoming the principal 

thermodynamic tools to evaluate the performance of envelopes. This paradigm 

obviated how walls behave through other attributes, such as its storage capacity, its 

effusivity or its diffusivity, which can indeed constitute a thermodynamic approach to 

architecture wired to the material reality of open thermodynamic systems. Building 

envelopes shifted from mediating between indoor and outdoor climates to 

constituting climate barriers to isolate indoor fabrication from the effect of outdoor 

climate. Interestingly this disengagement was connected to the reductive climatic 

interpretation that meteorological institutions provided at that time. 

Aqui puede ser interesante mencionar que dado que steady-state thermodynamic 

conceptualization sólo requería temperaturas máximas y mínimas de diseño, la 

interpretación climática que requiere es limitada. Puede servir como rótula a la 

siguiente sección. 
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2.4.-THE SHIFT 

Even though this chpater is devoted to the study of the interactions between climate 

and architecture, the refrigerator metaphor has prevented from doing so. The creation 

of artificial climates and the need to attain full control demanded sealed and insulated 

envelopes which reduced the thermodynamic interactions between building and 

climate to the bare minimum.    

Notwithstanding, this thermodynamic caricature has permeated modern building 

practices to become —together with lightweight prefabricated systems— the 

backbone of the modern building paradigm. The archetypal modern office building was 

essentially formed by a prismatic lightweight transparent prefab envelope which is 

serviced by energy-intensive Carrier air-conditioning system. It posed a universal 

architecture which could be implemented globally devoid of local climate. If it was 

possible to Modern Buildings in transparent envelopes —doing away with climatic 

adaptations— it was due to the introduction of power-driven energy-intensive 

environmental solutions which could make for the envelope’s environmental 

shortcomings. This was the central argument of Reyner Banham’s thesis that structure 

could be disconnected from outdoor climate.  

However this building paradigm probed to be overtly problematic, being severely 

criticized right from its inception. Initial skepticism was a consequence of the ethic 

frugality that developed during the Great Depression and persisted until the end of 

World War II. Energy and material shortages provoked rationing of goods and fuels 

which overtly questioned a building paradigm which was relied entirely on energy-

intensive environmental control. The kindling of the solar movement in the 1940s is a 

consequence of the social demand for energy conservation. This drive for frugality 
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would anticipate the 1970s interest in energy that appeared in the light of the 

environmental crisis.    

In parallel to the development of air-conditioning technologies flourished ideas on 

climatic determinism18, which extended the notion that the environment determines 

to a great extent culture. These ideas were applied to architecture, emerging the idea 

that vernacular architecture was adapted more to climate than to culture, 

understanding that the principal formal and constructive characteristics of vernacular 

typologies being related to its climatic environment. From this perspective, the air-

conditioning paradigm appeared to best suited to the cold European climate, but 

posed serious climatic problems when built in other places. It implemented universal 

environmental control systems overlooking the problems and solutions posed by 

specific regions and local climates. The same risk affected vernacular 

misinterpretations, which occurred when vernacular typologies were literally 

transferred to different climatic regions from their original locations. This trend would 

consolidate with the emergence of regionalism19 and the collapse of the colonies —

which kindled the interest in anthropology and the other cultures— generating a 

renewed interest in the relationships between climate and building and the vernacular 

climatic typologies that would reintroduce the anthropological relation between 

climate and architecture that air-conditioning had annihilated.  

The connections between architecture and climate awakened among architects the 

interest for microclimatology. During the first half of the 20th century climate had been 

considered to be homogeneous over large geographical areas. This uniformity was a 

consequence not only of the distant separation between meteorological stations but 

also of the generic tables and maps used to display weather records. However, close to 

the ground unfolded a variegated and changing microclimatology in continuous 

transformation according to subtle nuances in the kind of soil, topography, orientation 

or vegetation. This interest in microclimatology drove architects to the field of 

agriculture climatology, where extensive research had already been undertaken.  
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These cultural changes were the breeding ground in which an alternative climatic 

approach to architecture emerged. Air-conditioned buildings had reduced to a bare 

minimum the thermodynamic interactions with the environment. Climatic conditions, 

influenced by the bureaucratic and stagnant understanding of climate, were reduced 

to an outdoor design temperature. This abstract idea of climate, mediated by 

conductive heat transfer and insulation, rendered a continuous indoor climatic 

condition which was conceptualized as a thermodynamic steady-state system. 

However, the microclimatic approach which emerged in the 1920s would eventually 

transform the way in which the energy interactions between climate and building were 

conceptualized. This new understanding envisioned climate as complex interrelation 

between macroclimatic atmospheric phenomena and geography to generate specific 

microclimates. Unlike air-conditioned inert buildings, the bioclimatic approach 

transferred this complex climatic interaction to the built environment, engaging 

outdoor climate in a creative way to adapt it to human comfort and well-being. This 

shift from quantitative insulation to qualitative engagement harnessed climatic 

opportunities through architecture’s physical apparatus, opening spatial and material 

design strategies to engage actively an outdoor climatic open system.  

Notwithstanding, this engagement of climate through architecture did not affect 

interior space. In fact, it can be argued that bioclimatic architecture relied on the same 

steady-state thermodynamic conceptualization on which air-conditioned buildings 

relied. Bioclimatic architecture’s final objective, influenced by the thermodynamic air-

conditioned building model, was to attain an indoor steady-state indoor environment. 

Its final objective was to provide an indoor design temperature. However the way to 

achieve it changed. Air-conditioning sealed and insulated envelopes were replaced by 

an architectural-climatic complex which strove to achieve a thermal equilibrium 

between the environment and architecture.  

This shift will be discussed through the work of Victor and Aladar Olgyay. Even though 

their work posed a holistic vision that integrated climate, building and subject, it 
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focused —influenced by air-conditioning’s emphasis in the envelope over inside 

arrangements— on studying the thermodynamic interactions between meteorological 

phenomena and the envelope, being their contribution of vital importance to 

understand the evolution within the realm territorial atmospheres.      

 

 

2.5.- MEDIATING ENVELOPES. OLGYAY’S CLIMATIC 

ENGAGEMENT 

A first step towards renewed relationships between climate and architecture appeared 

in the 1940s through the experiments of the solar movement20. The energy 

conservation drive that appeared during the Great Depression gave place to a set of 

experiments with domestic architecture which sought to increase winter indoor 

temperatures harnessing solar radiation. This experimentation developed along two 

enquiry lines. First, a quantitative line developed by mechanical engineers connected 

to the academic environment and which would develop the first solar collectors. And 

second, a qualitative line developed by architects and which would focus on domestic 

experiments through private commissions for single houses. This domestic 

experimentation developed glazed south-oriented facades which collected long-wave 

sun radiation. This thermodynamic strategy was reinforced by elemental architectural 

strategies which, through rules-of-thumb, connected parameters such as building form 

to its performance.   

The tension between the quantitative and qualitative lines of the solar movement, 

together with the emerging drive for alternatives to the universal air-conditioned glass 

box, was the breeding ground in which the Hungarian architects Victor and Aladar 

Olgyay began to work. The solar movement interest in interconnecting the sun and 
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architecture awakened the interest of the Olgyays for regional architecture and  

climatic typologies. Unlike the solar houses which had focused exclusively in solar 

radiation collection, the reference to climatic typologies expanded considerably the 

scope of their work, driving them to work on how architecture can engage a wide 

variety of meteorological phenomena and with a wide range of architectural and urban 

strategies. 

However, conscious about the experiential rules-of-thumb basis of vernacular 

architecture, the Olgyays understood the urgency to provide a systematic and rigorous 

methodology that would enable practitioners to harness with scientific rigor all the 

potential of climatic free-energies to attain thermodynamically balanced built 

environments. They extended the economically-driven concepts underlying solar 

architecture to other fields of knowledge —physiology, meteorology and building 

physics—, amplifying the solar house’s quantitative-technical bias to a wider range of 

meteorological phenomena and to the qualitative and culturally-inflected realm of 

architecture. 

 

PATTERN-RECOGNITION AND QUANTIFICATION. TOWARDS A RATIONAL APPROACH  

The Olgyays were interested in climatic typologies21 for various reasons. Unlike 

Modern architecture which could be globally implemented devoid of local climatic 

contingencies, climatic typologies established a different relationship between 

architecture and climate. Climatic architecture, through a site-specific and experiential 

understanding of local climates, had developed the architectural strategies that 

adapted them to local climate, attaining a balanced equilibrium between local climatic 

conditions and architecture. This equilibrium was the result of a piecemeal approach. 

Perfected generation after generation of anonymous builders, a precise combination 

of forms, dimensions and building systems resulted in a precise climatic performance. 

However they were also conscious of its limitations. Restricted in scale, climatic 



THERMODYNAMIC  ENVIRONMENTS                                                                                                                      TERRITORIAL ATMOSPHERES 

 
 

36 

 

typologies limited their use to domestic architecture and other simple constructions. In 

addition, adapted to the physiological tolerance of other cultures, they provided 

comfort standards which were way under contemporary expectations. 

Viewing the potential of climatic typologies to provide a specific climate, the Olgyay’s 

sought a reasoned methodology to adapt architecture to climate. Their objective was 

to learn from regional architecture to develop a rational methodology which in a series 

of simple steps would provide designers the practical tools to adapt a project to the 

climate in a given location. The idea was to give scientific rigor to the “good-enough-

for-general-purposes vernacular procedures”.22 The new methodology would provide 

the analytical tools underlying the performance of traditional climatic typologies, 

enabling to pursue the climatic adaptation of larger and more complex programs. This 

methodology was initially was developed during the 1950s at the MIT and initially 

outlined by Victor and Aldar Olgyay in the report Application of Climate Data to House 

Design23 (1954). The acknowledged Design with Climate24 (1963) authored by Victor 

Olgyay would synthesized the bioclimatic approach to architecture. 

The rational methodology Olgyay proposed relied on equilibrium thermodynamics, 

seeking a balanced energy exchange between cliamte and architecture. For Olgyay any 

construction which uses natural climatic resources in favor of human comfort can be 

considered climatically balanced25 and, similarly, a human being has a sensation of 

comfort when achieves thermal equilibrium with the environment envelopes it. 

Olgyay’s bioclimatic architectural approach sought to mediate between climate and 

human physiology, establishing a thermodynamic balance between both 

environments. This meant that any climatic pattern between the atmosphere and a 

building acquired stability the mutual balance of its energetic content, which situated 

his thermodynamic conceptualization in the realm of steady-state energy systems. 

Once climatic and bioclimatic needs are completely understood, it is possible to render 

a thermodynamic equilibrium within the closed system that is constituted between 

climate and a building.    
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Even though their methodology aimed to replace old rules-of-thumb with scientific 

enquiry, the bioclimatic approach resulted from a judicious combination of traditional 

and modern tools. Initial ideas on how specific spatial and material arrangements 

provided particular performances —pattern-recognition— were provided by a 

qualitative approach to existing climatic typologies. These first climatic intuitions 

would later be engineered through the wide range of analytical methods that had 

been developed by air-conditioning industry, testing their validity and extending their 

scope of solutions to novel scales and situations. In this way the qualitative bias of 

climatic solutions within traditional architecture was balanced with a quantitative 

approach, compensating the techno-scientific drive with a cultural approach.  

 

MULTIDISCIPLINARY APPROACH: TOWARDS BIOCLIMATISM 

The Olgyay’s in the early 1950s acknowledged that the procurement of a rational 

methodology would only be procured through a multidisciplinary approach. This 

intention was originally addressed in a series of articles26 and later in the research 

conducted at MIT27. This demand for a multidisciplinary approach led the Olgyay’s to 

other fields of knowledge, learning from the disciplines of microclimatology, human 

biology and physiology, thermodynamics and building physics. It is noteworthy that 

these incursions had already been undertaken by the air-conditioning engineers, the 

Olgyays going over them from the vantage point of architecture. Victor Olgyay did not 

limit himself to speculate about the need to merge architecture and climate, but 

documented himself on the state-of-the-art of the different fields of enquiry he was 

interested in.28 In Design with Climate he showed interest for the fields of 

meteorology, thermodynamics, human biology, physiology and medicine, and to 

influences and cross-breeding between these disciplines.. In addition he studied how 

the knowledge in these disciplines had been applied to the built environment, as their 
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extensive knowledge of the air-conditioning concepts and processes on meteorology, 

physiology and building physics evidences. 

The rational methodology was formed by a series of gradual steps which started 

analyzing the regional climate and ended designating precise architectural climatic 

strategies. The first step consisted in a macroclimatic analysis of a given location — 

regional evaluation— and which gave a clear idea of its macroclimatic data: solar 

radiation, temperature, humidity, rainfall and wind, and its variations along the year. In 

addition microclimatic questions were considered. The second step assessed the 

physiological reaction of humans those climatic conditions —bioclimatic evaluation— 

introducing the temperature and humidity data in a psychrometric chart. In third 

place, once the climatic and physiological conditions had been analyzed and 

processed, the turn came for the selection of the most appropriate technical solutions, 

which included among others site selection, orientation, shadow-casting, shape, 

aerodynamics or materials selection. Design strategy designation was the result of a 

careful analysis which traded-off between conflicting questions, establishing a 

hierarchical set of ordered climatic procedures. In last place, but most importantly, 

came architecture which gave cultural sense to these assemblage of disparate ideas. It 

established the relative order of importance of architectural strategies —spatial, 

material, technological, economic, social, etc— and integrated them in a coherent and 

memorable whole with cultural transcendence. 

This holistic understanding of architecture led Victor Olgyay to define a bioclimatic 

approach —“Bioclimatic Approach to Architecture”29 (1952)— which envisioned 

architecture as a membrane between the climate and the body. The word bio-climatic 

had already been used by German micro-climatologists to define the climate of 

animate organisms. However Victor Olgyay used it for the first time in the architectural 

environment —bio-climatic architecture— uniting under a single term the fields of 

biology, climate and architecture. It is noteworthy that this concept combined the 

quantitative and the qualitative, the technical and the cultural, modern air-
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conditioning procedures with ancient climatic typologies, providing a hybrid outlook 

which successfully mediated between nature and culture. 

It is important to point out that the Victor Olgyay’s multidisciplinary approach laid 

special emphasis on climate, focusing on the thermodynamic interactions between 

architecture and meteorology over other important questions such as the study of 

physiological atmospheres. The next section discusses the climatic culture which 

unfolded during those years.    

 

OVERLAYING GENERAL WEATHER PATTERNS AND MICROCLIMATISM 

When meteorological records began to be taken in the 1850s, it was soon 

acknowledged that close to the ground the climate was different. The exposure of 

meteorological instruments to the layer of air closest to the ground influenced notably 

the readings. The need to attain uniform measurements that would be useful for a 

large geographical area led to situate instruments away from the ground at a standard 

height of 2 meters. This new height eliminated meteorological noise and provided the 

uniform and generic data which became usual at the turn of century. However the 

increasing use of meteorological data for a wider and more specific range of scientific 

activities demanded meteorological institutions to deliver more precise information 

than had done until then. For instance, in the subfield of agricultural meteorology, it 

was found that plants were severely affected by the climate near the ground which 

meteorological readings were avoiding. The demand for more specific and precise 

meteorological data would develop the field of meteorology and would eventually end 

up introducing the concept of microclimate. In this context of change has to be 

situated the pioneering work developed by the German meteorologist Gregor Kraus, 

which was years later expanded by his disciple Rudolph Geiger.   

According to Geiger, the difference between macroclimate and microclimate has to do 

with its proximity to the surface of the earth.  Whilst macroclimate deals with the 
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general meteorological patterns in the atmosphere, microclimate studies the intense 

thermodynamic interactions that take place between the lower part of the 

atmosphere and the ground, which actually play relevant role in general 

meteorological patterns. This does not mean that microclimatology superseded 

macroclimatology. On the contrary, it developed a new climatic understanding which 

interconnected general dynamics to local situations, showing in turn how local 

questions affected general patterns. Unlike macro-climatology which had a 

quantitative bias, Geiger’s microclimatic interpretation was an overtly qualitative 

exploration, giving precise and well-documented descriptions of experiential 

phenomena. Geiger explained without recurring to mathematical demonstrations how 

many atmospheric phenomena —heating, cooling and evaporation atmospheric 

processes— start in the disturbance area close to the ground. He probed that in this 

boundary layer there is an intense interplay between the sun, the wind and the 

ground.  As a result this layer does not only have an intense horizontal variability but 

also vertical variability, displaying “(g)reat climatic differences can result within the 

shortest differences by reason of the kind of soil, its form, the plants growing thereon, 

variable shading or  sunniness, different wind protection, and many other 

circumstances”.30  

The book Climate Near the Ground written in 1927 by Rudolph Geiger made a great 

contribution to the field of microclimatology, establishing for the first time the wide 

range of natural and artificial phenomena which generated microclimates. It is 

noteworthy that Geiger posed that humans should “find the climate best suited to the 

preservation and development of his bodily and spiritual powers”, which entailed not 

only finding the most appropriate microclimates but also the conscious modification of 

microclimates. “While the weather, and specially the macroclimate, is free from 

regulation by man, the microclimate is relatively easily affected and molded to his will. 

In this lies the far-reaching practical significance which microclimatology has for 
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human life. Man can consciously control climatic conditions for himself and also for the 

plants and animals on whose welfare he depends.” 31  

The book is divided in two parts. The first part studies “the microclimate existing near 

the ground by virtue of its proximity to the ground”32, analyzing the sheer 

thermodynamic interactions and effects between the ground and the atmosphere. 

First it studied the multiple ways in which the heat moves to and from the ground to 

the atmosphere and the temperature range resulting from these heat flows. In 

addition, it explored the effects of these heat exchanges in the humidity, wind speed, 

visibility and other atmospheric factors.   

Whilst the first part of the book studied the thermodynamic interaction between the 

ground and the two meters of air over it, the second part studied the microclimate in 

relation to topography, plants, animals and man. In this section Geiger studied in detail 

the effect that these elements had on local climatic dynamics, affecting temperature, 

humidity distribution and the effect of the wind. His studies did not only discuss the 

effect of natural accidents on microclimatology, but also the effect of artificial 

constructs engaging a multi-scalar exploration which embraced the thermodynamics of 

the human body —the realm which was studied by the field of bio-climate— clothing, 

bed, room, building and mechanical microclimate, to end studying the industrial city 

micro-climate. 

Interestingly, the climatic approach that Victor Olgyay unfolded was to large extent 

indebted to Geiger’s studies. His climatic understanding shares the idea that macro 

and micro climatic phenomena were interconnected. Geiger’s ideas on how 

macroclimatic phenomena interacted with local contingencies to generate 

microclimates shaped strongly Olgyay’s ideas about how local microclimates are 

generated, how humans make use of them, and how architecture can, using the same 

atmospheric-material interactions, design new microclimates. For instance the 

knowledge Geiger develops on the surface effects of the ground —texture, reflectivity, 

heat specific capacity, etc— are closely connected to the surface effects of materials in 
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heat exchanges across building envelopes the Olgyays described. The following section 

discusses the influence of Geiger’s microclimatic outlook on Victor Olgyay’s bioclimatic 

architecture. 

 

OLGYAY AND CLIMATE: QUANTITATIVE STATISTIC DATA VS QUALITATIVE 

MICROCLIMATISM 

The macro and micro relationships that Geiger developed not only influenced their 

ideas on climate but also the tools and procedures Victor and Aladar Olgyay displayed 

in the rational climatic methodology. Their methodology used first macroclimatic data 

to analyze regional climates and its effect on human physiology. Following this initial 

assessment, it used microclimatic data to interpret how those initial macroclimatic 

conditions could be modulated through specific design strategies to meet human 

needs. Interestingly microclimatology did not supersede macroclimatology, but ran 

side by side, unfolding a double-sided approach where a macro-quantitative climatic 

analysis complemented a micro-qualitative climatic design approach. 

 

This macro-micro methodology was developed by Aldar and Victor Olgyay in the early 

1950s at MIT with the purpose of “utilizing available climatic data in the design of 

better buildings”. The climatic data used in this report had been published in 1949 by 

the American Institute of Architects33 and it was based on regional readings recorded 

by the US Weather Bureau stations. Even though they claimed microclimatic correction 

measures were necessary,34 they accepted the temperature and humidity data 

provided by the US Weather Bureau. They thought it was valid for building design 

purposes arguing that temperature and humidity readings at living level are close 

enough to AIA macroclimatic observations and therefore could be used without 

corrections. As a result they used these records to provide bioclimatic evaluation —

which will be discussed in detail in the physiological atmospheres chapter— finding to 
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what extent the macroclimate of a specific location met the physiological comfort 

standards.  

Following Geiger, the Olgyay’s believed that whilst macroclimate was free from human 

regulation, microclimates could be consciously modified by humans to adapt climate 

to their needs. The knowledge microclimatology had developed was used not only to 

evaluate local microclimates but also, and most importantly, for the development of 

climatic design strategies. In consequence, the knowledge on how local conditions 

affect general climatic patterns —for instance, the effect of the thermodynamic 

characteristics of the ground35 on air temperature— was employed to understand how 

wall materials can affect building climates. 

Victor Olgyay in Design with Climate discussed how slight variations in topography may 

affect the range of temperatures. Cold air dynamics and the effect of solar radiation on 

slopes can have important microclimatic effects. The fact that cold air is heavier than 

hot air motivates cold air to make its way under warm air, moving until equilibrium is 

attained. “The cold air from the high ground flows to the lower places and is replaced 

by warmer air from above these lower places”36 forming what is called “cold islands” 

or “cold lagoons”. The interaction of cold air and topography determines the range of 

temperatures along a valley cross-section generating the periodic mountain wind or 

down-valley wind— which according to Olgyay makes intermediate side slopes the 

most convenient for human inhabitation. The effect of solar radiation on slopes has an 

important effect on the microclimates which are generated. The amount of solar 

radiation a hill receives depends on its slope and orientation. Slopes receive more solar 

radiation than neighboring horizontal surfaces, which causes the side wind, which has 

an important effect on the local microclimate. Similarly water masses have a greater 

capacity to store heat than the land due to the high thermal capacity of water. The 

difference in temperature between water masses and its shores also generates air 

movements according to daily and seasonal rhythms.  
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The presence of vegetation had also an important effect on the microclimate. Plants, 

as living organisms, have a specific heat and water economy which affect the heat and 

the moisture content of the soil in which they are located, and thus tend to lower 

radiant and air temperatures. Olgyay asserts that during summer months lawns can 

have temperatures from 5 to 8°C lower than non-vegetated areas. Unlike vegetated 

areas Olgyay already acknowledged that urbanized areas, due to the presence of heat 

absorbing materials, tend to increase radiant and air temperatures. This has an 

important effect over the urban and suburban microclimate, urban centers having 

higher maximum temperatures which are negative during summertime heat island 

effect— but which are very beneficial —though usually overlooked— in the winter 

months.  

 

FROM INSULATION TO ENGAGEMENT 

The progress made in the field of meteorology rendered a more integral understanding 

of climate and microclimate. Microclimatology put forward the idea that there existed 

a complex interaction between climate and the ground and the idea that 

microclimates could be consciously modified. As a consequence, it gradually became 

clear that the thermodynamic exchanges between buildings and climate could 

generate a specific microclimate, transferring its knowledge to the field of 

architecture. This drew attention to climatic typologies which had for centuries 

modified climate to provide microclimates.  

 

This new climatic perspective shifted the way in which thermodynamic interactions 

between climate and architecture were conceptualized. Unlike air-conditioning 

technologies which sought isolation from outdoor climate, the new knowledge on 

climatic patterns enabled an active and creative engagement of architecture with local 

and regional climatic contingencies. What is at stake is not only that microclimates 

were engaged in an interactive way, but principally that microclimatic opportunities 
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were harnessed through architecture’s physical apparatus, by means of its spatial and 

material systems. The next section discusses the new —architectural and landscape— 

design strategies that this new understanding of thermodynamic interactions between 

climate and building unfolded. What this complex interaction requires is to confront 

complexity layer by layer and process by process, developing a new approach which 

attempts to systematizes the multiple thermodynamic interactions. This itinerary will 

start with macroclimatic variables — the effect of solar radiation on buildings— to end 

up with microclimatic questions —the effect of the kind of soil on the air temperature. 

The question remains how to integrate them.  

 

 

2.6.-FORM AND CLIMATE. THERMODYNAMIC FORMAL 

ENGAGEMENTS 

ORIENTATION AND ARCHITECTURE? SOL-AIR STRATEGY 

The most elemental interaction between climate and architecture is connected to the 

effect of solar radiation on buildings. These thermodynamic interactions are a result of 

the combined effect of heat radiation and air temperature, and are effected through 

the orientation of buildings. 

The effect of solar radiation on orientation started in the field of agricultural 

microclimatology which, in the 1910s, began studying how the changing solar radiation 

impinging on different sides of a plant —and years later on the slopes of a mountain or 

the facades of a building— generated distinct microclimates. These early experiments 

evidenced that the amount of incoming solar radiation depended on the altitude of the 

location, the solar altitude or the angle of incidence probing.37 The amount of solar 

radiation absorbed by the ground determined, in turn, the air temperature of the layer 

near the ground. These studies were applied to other objects like mountains and even 
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buildings38 to find the effect of solar radiation on the air temperature, providing the 

qualitative knowledge to design microclimates in relation to its orientation. 

The qualitative knowledge microclimatology was providing was years later reinforced 

by quantitative studies which gave mathematical rigor to initial perceptions. 

Interestingly this quantitative approach was used by the air-conditioning engineers 

who understood the heating and cooling loads as the combined effect of solar 

radiation and air temperature. The sol-air concept was developed to ease the 

calculations of cooling loads. According to the ASHVE guides the effect of the outdoor 

heat on buildings was the result of the complex interaction of, among others, direct 

and diffuse solar radiation, radiation from the ground and other objects, the 

absorptivity, reflectivity and emmisivity of building materials, and air temperature. The 

interrelationship of the previous factors was abstracted and simplified through the sol-

air temperature concept which “is the temperature of the outdoor air, which, in the 

absence of all radiation exchanges, would give the same rate of heat entry into the 

surface”.39 For its calculations engineers used the data on the thermal effects of 

radiation which was already available through meteorological agencies such as the US 

Weather Bureau.  

The air-conditioning industry was only interested in the sol-air concept to calculate 

heating and cooling load calculations. Orientation was taken on board as a numerical 

value, not affecting the qualitative dimension of a building. Yet, the need to harness 

climatic opportunities changed the way in which thermal exchanges were being 

conceptualized. The aseptic calculation of outdoor design temperatures gave place to 

a qualitative design strategy which enabled to find the best orientation to harness 

solar radiation. 40 Olgyay assumed that whilst air temperature had a constant value on 

a given site, the radiant temperature varied according to orientation. This implied that 

during the winter months a building orientation should maximize the amount of 

impinging sun radiation —to increase low air temperatures— whilst on the summer 

months it should reduce it to a bare minimum. He developed a graphical method41 to 



THERMODYNAMIC  ENVIRONMENTS                                                                                                                      TERRITORIAL ATMOSPHERES 

 
 

47 

 

find out a balanced orientation that would be beneficial all year round. By means of 

sol-air diagrams he managed to visualize which orientation provided balanced sun 

radiation throughout the year. 

Olgyay delivered precise design recommendations for four different climatic areas, 

determining the most favorable orientations to attain an optimum balance between 

the impinging winter and summer sun radiation. Even though the approach was 

appropriate for single-loaded simple and isolated typologies, it however evidenced its 

limitations when applied to more complex buildings or situations. 

 

OPTIMUM FORM CRITERIA? THERMAL ENGAGEMENT THROUGH FORM 

The new demand to harness climatic opportunities required not only designing the 

best exposure, but also finding the connections between building form and incoming 

solar radiation.  

This kind of connections between building form and climate had been considered for 

years. For instance, Jean Dollfus in his acknowledged Les Aspects de L’architecture 

Populaire dans le Monde42 suggested that there are formal similitudes between the 

range of climatic typologies located in similar climates around the world, suggesting 

connections between morphology and performance. Olgyay speculated that specific 

building shapes were better adapted to a given thermodynamic environment.43 44 To 

probe this he calculated the amount of solar radiation a prismatic building received on 

four different climatic regions. For this end he used the quantitative sol-air method the 

air-conditioning industry had developed to calculate heat flows across envelopes. The 

study showed there existed great differences in the thermal stress of each facade and 

the roof. In addition his analyses evidenced that solar radiation values varied according 

to season. This revealed that it was necessary to assess the relative importance of the 
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thermal stress on each face of a building, in order to establish the role that form plays 

on the effect of solar radiation on buildings. 

To assess the connections between a given shape and its thermodynamic performance 

Olgyay developed the optimum form criteria45 which established the idea that there is 

an optimum form which dissipates the minimum amount of heat in winter and which 

absorbs the minimum amount of heat in summer. The insulation paradigm created 

inert envelopes which tended to cancel heat exchanges between buildings and the 

environment. In contrast, this new thermodynamic approach used building massing to 

maximize the benefits of an active engagement with climate. Winter design criteria 

shifted from reducing heat emissions to the bare minimum to absorbing the maximum 

solar radiation. And summer design criteria shifted from absorbing the minimum 

through insulation to maximizing the heat dissipation through shape. The objective 

was to find a balanced external massing which attempted to trade-off between its 

winter and summer performances. This approach to solar radiation-building exchanges 

gave a new active role to architecture, which began modulating its heat exchanges 

with the atmosphere through formal strategies.  

Comparative studies were undertaken to test the performance of different building 

shapes with equal building systems under equivalent thermodynamic environments. 

Studies tested one-storey houses examining up to 11 plan arrangements with different 

proportions —1:5, 1:4; 1:3; 1:1,5 and 1:1— following east-west and north-south 

orientations. This test was repeated in four different regional climates Minneapolis, 

MN; New York metropolitan area, NJ; Phoenix, AZ; Miami, FL— with the aim of giving a 

set of design guidelines to attune building form to climate. Design guidelines applied 

the optimum form criteria to find the most balanced building form for each regional 

climate. In cold climates low air temperatures are not compensated by solar radiation 

gains which made Olgyay recommended a 1:1,1 compact proportion in plan. For 

temperate climates he recommended 1:1,6 proportion east-west elongated plans 

which maximized solar radiation during winter months and minimized its impact in 
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summer months.  For warm and dry climates an elongated plan best adapts to winter 

conditions, but harsh summer conditions make a square plan with a patio the best 

solution. And lastly for warm and humid climates Olgyay recommended 1:1,7 

proportioned east-west elongated plans — reduction of east and west orientations— 

and permeable envelopes to maximize natural ventilation.  

Interestingly Olgyay’s engagement did not limit to external massing but also to what 

he termed “volume effect” which was the ratio between enclosed volume and 

enclosing envelope. He argued that if a given cubic building is blown up 4 times its 

initial volume, its enclosed-volume-versus-envelope ratio would be reduced from 1:6 

to 1:4 , having an important reduction on the climatic stress.  According to Olgyay 

whilst in a house the 90% of cooling loads is due to climate effects, in large building 

cooling loads can be reduced to 60%, having its shape and orientation not so much 

importance. This in turn suggests that in large massive buildings the heat management 

of indoor space is relevant and increases with sheer size.  

The interconnections between building massing and solar radiation contributed to shift 

the way in which heat interactions were being conceptualized. Whilst the envelope of 

air-conditioned buildings interacted with climate solely through its heat conductivity—

the U-value of its envelope— Olgyay developed a new understanding in which a 

building interacted with the environment through its morphological attributes —

external massing, patios or perforations— giving to its boundary condition an active 

role which added to its quantitative dimension a qualitative one. In addition the 

volume effect attributed to the sheer size of buildings a thermodynamic potential that 

had until then been obviated. Interestingly, Olgyay’s optimum form criteria attempt to 

balance the winter and summer performances, introduced a new way of approaching 

architecture. Natural rhythms eluded optimization, and the best solution was not 

univocal but resulted from a negotiation which traded-off between its winter and 

summer performances.  
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SOLAR CONTROL 

Solar control appeared to be a solution which enabled to optimize a building’s 

relationship to the sun. If orientation and building form required to negotiate a 

balanced situation between absorption and protection, solar control provided a device 

which enabled to absorb winter solar radiation and reject summer sun radiation. It is 

important to point out that in lower latitudes building form can control solar radiation, 

therefore constituting a device which was primarily useful for mid latitudes.    

Solar protection was a question which was explored by Aladar Olgyay, who authored 

several articles46 and the book Solar Control and Shading Devices47 (1957), which 

would years later be included in Victor Olgyay’s book Design with Climate. His research 

combined architectural interest with technical rigor. Aladar Olgyay provided a precise 

method to design solar control according to incident radiation and a rigorous method 

to evaluate the effectiveness of the solar protection. Interestingly solar control was 

also discussed in economic terms, comparing the construction cost of the solar 

protection in comparison with the operation costs —energy expenditure— of 

mechanical air-conditioning, preceding the economical-ecological underpinnings that 

would appear years later.  

The first step was to evaluate if solar protection is necessary to achieve comfort, 

determining the performance of a potential solar protection in relation to the sun’s 

position. Next the kind, position and specific design of the solar protection device were 

determined, configuring the shadow profile as a ratio between its height and 

deepness. Finally the amount of façade which will be covered by the solar protection 

device was decided, evaluating the performance of the solar protection in relation to 

the optimum shadow profile. 
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The evaluation of performance was defined by the shadow coefficient. The shadow 

coefficient measures the total amount of solar radiation which is absorbed and 

transmitted by a window with glass and solar control system, in comparison to the 

amount of solar radiation which is absorbed and then transmitted by a window 

without a solar control system. The shadow coefficient used as a benchmark the 

prototypical modern sealed glass envelope, calculating the effectiveness of different 

radiation controls in relation to this model. Interestingly the shadow coefficient 

considered in its calculations not only the specific geometric arrangement but also 

other questions such as its material characteristics —albedo— and the influence of 

vegetation. 

It is interesting to note the emphasis lay on the architectural character of solar 

protections, complementing the heat quantitative analysis with an expressionist 

qualitative bias. The Olgyays emphasized its expressive character which elaborated on 

the light-shadow effects or to add independent architectural elements. This is probed 

with an array of photographs of built examples which range from a vernacular 

permeable clay block lattice wall to Le Corbusier’s precast concrete brise-soleil. The 

Olgyays show these examples as pure architectural expression, independently of size 

and scale, to show the geometrical patterns generated. It is interesting to note the 

emphasis laid on how a rigorous climatic approach can at the same time have 

innovative and creative architectural results.  

 

FROM AIR-LEAKAGE TO WIND VENTILATION. THE AERODYNAMIC EXPANDED FIELD 

Up until now the exploration of the thermodynamic interactions between atmosphere 

and building have focused on discussing the thermal effect on buildings. The effect of 

orientation, building massing and volume on climatic heat exchanges has been 

assessed. However these interactions cannot be limited to solar radiation and to air 

temperature. The atmosphere is the result of the complex interaction between many 
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factors, of which the wind plays a relevant role. Interestingly the effect of the wind 

depends on the interrelation between its physical properties —speed, direction— and 

the built environment —orientation, building massing, etc—, having therefore a direct 

influence over its architectural attributes. This section poses an alternative to airtight 

envelopes, discussing the thermodynamic interactions between the wind and the built 

environment.   

For air-conditioned buildings the wind represented a potential menace to its 

environmental performance. Full-environmental control required air-tightness to 

prevent air-infiltration and air-leakage. Air-infiltration was provoked by wind pressure 

differences and temperature differences around a building. By then it was already 

known that its effect was directly influenced by architectural factors such as its form, 

orientation, exposure and size of openings. “The effect of the wind —1955 ASHVE 

guide proclaimed— depends on the interrelation of the speed and the direction of the 

wind and the exposure of the building”.48 However, even though air-conditioning 

engineers acknowledged the interconnection of wind and architecture, they focused 

on the tightness of the building envelope to control indoor environments, obviating 

more active ways of engaging the wind through formal and material architectural 

strategies.  

The development of agricultural microclimatology posed a set of new questions that 

would transform the way in which aerodynamics was conceptualized in relation to 

buildings. At the turn of the century it was clear that the interaction between the wind 

and the ground affected its qualities, having the capacity to modify considerably local 

climatic conditions. The obstacles the wind encountered in the layer close to the 

ground diverted its flow and reduced its speed. This in turn transformed the 

temperature and humidity of the air, modifying the evaporation ratios and affecting 

other parameters such as the accumulation of snow. All these microclimatic variations 

had a considerable effect the growth of plants, and propelled research on the effects 

of wind-breaks on local micro-climates. Numerous studies were conducted on the 
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effect of shape and porosity on windbreaks on air movement models and on protective 

wind shadows. Multiple experiments with solid —cylindrical, triangular, laminar, etc— 

and vegetal barriers —different species of plants, bushes and trees— in different 

arrangements concluded that trees constitute the most effective wind barriers. 

Olgyay was acknowledged with the aerodynamic interactions that had been discussed 

by the field of microclimatology. Taking on board this knowledge he explored the role 

that building form plays on the interaction between the wind and buildings. In contrast 

to airtight envelopes which cancelled the interaction between buildings and 

atmospheric dynamics, Olgyay developed a new dialogue between a building and the 

wind. This interaction could be positive or negative, either protecting from the wind or 

enhancing thermodynamic exchanges. Protection measures were deployed to prevent 

air-infiltration, whilst ventilation measures aimed to enhance air circulation and its 

control. However both of them used design strategies through formal —and 

permeable— arrangements.  

It is noteworthy that introducing the wind did not decrease the interest in solar 

radiation. Quite the contrary, it propelled its integration. The drive for incoming solar 

radiation had promoted the use of orientation as its principal design tool. However, 

interacting with the wind required to orient buildings to the prevailing winds. This 

contradiction was solved correcting solar orientation according to local winds, trading-

off between its respective performances. Olgyay developed a synoptic diagram which 

synthesized the solar and wind interactions, integrating heat and aerodynamic flows. 

Interestingly what is at stake is the integration of the macro and microclimatic scales, 

pushing forward the idea that climate is a multi-scalar system of interrelated 

phenomena.    

Whilst air-conditioning bounded wind interactions to the envelope, Olgyay extend 

them to the realm of urban design and landscape architecture. This expanded field 

included not only building form —giving precise instructions regarding arrangement, 
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separation and height of buildings— but also landform and vegetation. Interestingly 

the wind-building interactions passed from quantifying air-infiltration for heating and 

cooling loads to a qualitative expanded field of action which balanced its quantitative 

inexactitude with qualitative enjoyment. As a result the wind-building interaction 

embraces a variety of realms and scales —atmosphere, buildings, mechanical services, 

landforms, vegetation, etc— understanding climate as a complex thermodynamic 

interrelated system. 

 

 

2.7.-CLIMATE TECTONICS: MATERIALS, TEXTURES AND SURFACE 

EFFECTS 

Up until now previous sections have studied the interactions between the 

environment and buildings from the point of view of building form and urban form. 

However it has been already discussed the importance of materials in determining the 

air temperature close to the ground. The sol-air concept acknowledged the capacity of 

materials to generate microclimates. This section discusses the role that plays the 

surface effect of materials in the thermodynamic interactions between the 

environment and buildings. Material processes can be determined exploring the 

phenomena that control surface effects. The studies undertaken in the field of 

microclimatology developed in a very consistent way the surface effects of materials in 

relation to the thermodynamic interactions established between the environment and 

the ground. Significantly these studies are absolutely relevant for architecture because 

they enable to determine not only how materials modulate incoming heat flows, but 

also the way in which materials affect atmospheric quality of outdoor spaces, and this 

can be applied directly to the pavement but also to walls.  
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Geiger argues that “(t)he temperatures of the ground consequently govern the climate 

near the ground to the greatest extent”49, and the temperature of the ground is 

determined by the kind of soil and its condition. The kind of soil has different effects 

upon microclimatology depending on questions such as its color, thermal conductivity, 

heat storage capacity, and the resulting speed of temperature increases and drops. 

Apart from its intrinsic physical qualities, the conditions of materials play a relevant 

role in thermodynamic exchanges. A given soil changes its thermodynamic behavior 

depending on its water content, porosity, firmness or looseness, state of cultivation or 

plant coverage50. For instance, plowing introduces air into the soil which decreases its 

conductivity and has a direct influence over the temperature cycle of the ground and 

the air near the ground. Obviously this knowledge can be transferred not only to urban 

design and landscape architecture, but also to enhance the thermodynamic 

engagement between buildings and the atmosphere.   

Back to the field of architecture, it can be argued that whilst orientation and building 

form control quantitatively the amount of sun radiation, materials control qualitatively 

its effects. Through its materials properties and multiscalar arrangements it modulates 

the qualitative attributes of inbound flows and outbound emissions. The research 

Olgyay undertook in relation to building materials focused in the effects of sun 

radiation over physical matter, and developed two principal questions: first, the 

entrance of impinging sun radiation across the surface of building materials and 

second, the transmission of heat across materials (which is discussed in the Material 

Atmospheres section).  

The thermal environment affects buildings through radiation and convection. Heat 

exchanges by radiation results from the combined effects of direct, diffuse and 

reflected radiation, and their thermal performance depends on how radiation is 

reflected or absorbed and emitted. For instance, those materials which reflect rather 

than absorb, and which have the capacity to emit at a fast rate the absorbed radiation, 

will generate cool indoor environments but overheated outdoor microclimates. The 
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reflection index of infrared radiation depends on the surface density and molecular 

composition. The reflection index of visible radiation is connected to the color of 

materials. White materials can reflect up to 90% of incoming visible radiation, whilst 

black materials can reflect a mere 15%. The diffusivity of materials measures the 

effectiveness with which materials absorb and store heat and the emissivity considers 

the capacity to reradiate heat which is not only related to incoming heat flows but also 

to the outdoor environment. Heat exchange by convection is a result of the thermal 

interaction between a wall’s surface temperature and the adjacent layer of air. 

Interestingly it is connected to texture and superficial arrangement of materials; 

corrugated surfaces increase its convection heat exchange index. 

It is important to point out that even though the formal and material climatic 

engagements have been discussed separately, their integration is necessary. An 

appropriate building form and orientation receives the desired quantity of solar 

radiation but needs its material qualities to harness it. For instance, a building located 

in mid latitudes has different absorption and reflection material capacities according to 

the season. It is however possible to integrate both requirements through formal 

strategies, locating absorbing materials in the parts which will receive winter radiation, 

and locating reflecting materials in the sides which are exposed to summer radiation. 

Incoming heat needs to be managed, and materials have the capacity to store, move 

and distribute heat.  

Climate-material thermodynamic interactions do not only occur at the building scale —

as the previous example has shown— or at the scale of heat transfer phenomena, but 

also at intermediate scales. It is significant that the scale of building assemblies has an 

important effect on the microclimates architecture can generate. Interestingly this 

scale has the capacity to interconnect the thermodynamic physical attributes of 

materials with the architectural scale of formal arrangements, rendering  
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2.8.-INFRASTRUCTURAL OPPORTUNITIES  

The range of interactions between buildings and its context has in the last years 

embraced other systems. Whilst Olgyay in the bioclimatic approach connected building 

to climate —principally the sun and the wind— recent experiments are expanding the 

scope of thermodynamic interactions to include a wider variety of energy sources and 

sinks.  

Even though Olgyay immersed in Geiger’s microclimatic knowledge, he was not 

interested in German’s exploration of underground thermodynamics. (…). Check 

Geiger’s  The Climate Near the Ground. 

However in the 1960s and 1970s appeared a renewed interest for underground 

architecture which sought the thermal stability under the ground, using it as a heat 

source during the winter moths and heat sink during the summer period. The fact that 

underground architecture was beneficial for human comfort was something evident in 

primitive and vernacular architecture, as was acknowledged by Olgyay in Design with 

Climate. Interestingly, unlike contemporary geothermal experiments, the low-energy 

proposals of the 1970s focused on the exploration of underground environments, 

proposing an interesting array of proposals which deserve further study. (…) Check 

Borasi and Zardini’s Sorry Out of Gas. 

During the last decade the search for alternative heat sources and sinks has reached 

infrastructures, which perform thermodynamic exchanges with buildings through the 

mediation of heat exchange systems. This emerging territory includes synergetic 

exchanges with local industries in proliferating district heating & cooling systems, but 

also more opportunistic situations in which buildings harness nearby dissipating energy 

from natural sources and sinks —such as underground water, rivers or the sea— or 
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artificial ones —such as the sewage system or nearby programs— establishing a 

parasitic attitude.  

 

2.9.-ASSESSMENT AND SPECULATIONS 

Shifting from macroclimatic data to microclimatic interpretation, Victor Olgyay’s 

climatic approach started analyzing the abstract effect of solar radiation on built form 

—evidenced in initial reports such as Application of Climate Data to House Design51—  

and gradually become involved with the local microclimates. Engaging phenomena 

such as the topography and vegetation or the effect of materials on atmosphere, 

finally acknowledged the complex interrelationships between climate and architecture. 

This articulated an alternative vision of how architecture interacted with climate, 

opening an expanded field which superseded building envelope to engage atmospheric 

phenomena in an innovative manner and which had important consequences not only 

in the contextual relationships it established, but also in the way it transformed 

architecture.  

Unlike air-conditioning practices, the thermodynamic interactions between building 

and environment were modulated through architecture’s physical apparatus. Form 

became one of the principal elements to establish a balanced interaction with the sun 

and the wind. Through the massing and orientation of a building, the exposure to the 

sun was controlled, adapting building proportions to the solar exposure of specific 

latitudes; the compactness or looseness of building morphology was attuned to 

volume-to-envelope ratios. The shape of a building and its openings controlled the 

effect of the wind on, for instance, the way in which cross ventilations took place 

within a building. As a result morphology became one of the principal elements 

through which climatic exchanges were engaged, connecting building massing and 

performance in a very direct way. Furthermore, free-energies were harnessed not only 
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through morphology, but as a combination of building form and materials. Form 

controlled the quantitatively the amount of solar radiation which affected a building, 

whilst the material attributes of the envelope controlled its qualitative effect, 

modulating through superficial effects —such as its reflexivity or texture— how the 

incoming heat affected the building. This new way of conceptualizing the environment, 

went beyond the architectural envelope to encompass topography and vegetation. 

The creation of microclimates was not only attained through the building’s structure 

but through a wide range of site-specific elements —topography, vegetation, etc— 

understanding that thermodynamic interactions are not circumscribed to the physical 

limits of the building but take place in expanded field of exchange. Interestingly, this 

complex set of thermodynamic exchanges between building and environment also 

included building services. Unlike the air-conditioning model which established a two-

sided confrontation between mechanical services and climatic forces, the bioclimatic 

approach considered building services to be another part of the equation on the open 

negotiation between indoor and outdoor climate.52  

However, it is significant that whilst the thermodynamic field expanded outwards, it 

did not extend indoors. The interior space was obviated, not considering the 

importance of its spatial and material arrangements to exterior climate, which is 

something that —surprisingly— still persists in current zero-energy design approaches. 

Even though the expanded field of thermodynamic exchange depicts a very different 

climatic engagement than the typical air-conditioned and insulated building, it can be 

argued that the thermodynamic conceptualization is similar. Both air-conditioned and 

bioclimatic buildings were conceptualized in the realm of equilibrium thermodynamic 

systems. It is true that the means to achieve equilibrium were different. Air-

conditioned buildings attained it through insulation whilst bioclimatic buildings 

through a sophisticated threshold which combined structural and landscape strategies. 

However both building models sought steady-state indoor temperatures —indoor 

design temperatures based on ASHAE investigations— and attained them through a 
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combination of boundary condition regulation and services which, in the case of 

Olgyay, relied to a large extent on the knowledge the air-conditioning industry had 

generated. 

What is surprising is that, having such a different understanding of climate, they can 

however share the same thermodynamic conceptualization. ASHAE engineers 

interpreted climate as a balanced system with minor macro-scale variations, which was 

naturally attuned to the steady-state thermodynamics of air-conditioned buildings. 

Contrary to this stagnant vision of climate, Victor Olgyay accepted the qualitative 

perspective opened by the field of microclimatology, which considered climate near 

the ground to be a complex system of interrelated variables. It can therefore be argued 

that the climatic understanding Olgyay posed corresponds to a different 

thermodynamic model and, existing a connection between a specific climatic 

interpretation and the architecture it unfolds, it can be speculated which is the 

architectural approach that this meteorological vision leads to. 

Since the 1950s the understanding of climate, the available tools to explore it, and its 

scientific and social interpretation has changed considerably. The introduction of 

digital technologies shifted meteorology forecasting techniques from subjective 

longstanding rules-of-thumb or years of experience watching similar patterns play 

out53 to objective numerical weather prediction and models. The use of digital tools 

opened the possibility to understand (and control) the open system dynamics that 

climatologists like Geiger had acknowledged qualitatively. Interestingly, the pioneering 

explorations of a computer-based approach to climate — the Meteorological 

Project54— was developed in Princeton University at the time when Victor Olgyay was 

developing at the Princeton Architectural Laboratory the thermoheliodon (1957). As 

computers evolved, models could engage a larger number of variables and 

approaches. By the 1960s the newly named field of Geophysical Fluid Dynamics 

included interdisciplinary connections in the models, “radiation, condensation, 

boundary layer, and ocean processes in their increasingly complicated models”.55 
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Future trends tend to include earth systems modeling rather than atmospheric 

modeling, linking “climate, weather, water, land cryosphere (ice), space weather, and 

chemistry to expand prediction systems to include environmental forecasts of air and 

water processes, and ecological processes”56, deploying an interdisciplinary approach. 

Climate modeling also opens to the way to climatic manipulation, which promises to 

transform the scale at which atmospheric design is tackled, rendering obsolete the 

current interest in urban design climatology. 

The tools that meteorology has developed since then have had an important influence 

on architecture. Architectural climate simulation software and parametric modeling 

has been developed on the basis of numerical weather prediction models. Climate 

simulation software has transformed the analogical approach that Olgyay used, giving 

a real performative basis to the rough approximations he provided. Olgyay made an 

important effort to provide operative tools to effectively interconnect buildings to 

climate. Relying on Geiger’s experiential understanding of climatic complexity, Olgyay 

succeeded to overlay a wide range of climatic parameters and to trade-off between 

conflicting phenomena. Even though he attempted to tackle complexity, Olgyay did it 

in an analogical way and limited to the restrictions imposed by available tools. The 

experiments he conducted were limited to the range of known climatic patterns 

derived from existing climatic typologies and to the balanced interaction between 

climate and building.  

Digital tools have opened new paths. Climate simulation software has enabled to 

deploy a real engagement with the physical thermodynamic reality of architecture. It 

has allowed visualizing the climatic performance of the atmosphere within a given 

space, and to understand how specific spatial arrangements, or choice of materials and 

mechanical services, affect the overall performance of a building. Furthermore, 

parametric modelling has enabled to set up numerical relationships between related 

questions, changes made to relationships instantly propagated to the whole model 

avoiding the need for constant changes with consecutive iterations, doing away with 
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analogical trade-offs altogether. As a result pattern-recognition needs to be replaced 

by pattern-exploration, shifting from the retrospective approach of provided by the 

long-standing performance of climatic typologies, to an innovative search for new 

climatic situations articulated by disparate questions such as the effect of material 

porosity or conductivity on the evolution of air temperature. Under this new 

perspective buildings can be viewed as open thermodynamic systems, in which indoor 

and outdoor atmospheric flows interact with material systems.  

However, this real scientific connection to the material and performative dimensions 

of reality needs to be compensated by a cultural drive which questions how to 

implement these technical potentials with the myriad cultural and economic contexts. 

Is there any sense in applying these technologies to lower technical and cultural 

environments? How do these technologies adapt to the building materiality of other 

cultures?  What are the opportunities to develop a opportunity to develop a politically-

engaged design approach? These questions bring forward the longstanding 

quantitative-qualitative debate. If simulation driven pattern-exploration is to be useful 

in a wide variety of cultural contexts, it needs to be complemented with analogical 

protocols which through simple rules-of-thumb enables a widespread implementation.  
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3.- MATERIAL ENVIRONMENTS 

 

3.1.-INTRODUCTION 

Whilst the previous thermodynamic realm —territorial atmospheres— explored the 

energy interactions between climatic flows and buildings, material atmospheres 

discusses the thermodynamic exchanges between the architectural frame and its 

atmospheric and electromagnetic indoor environment. In this realm architecture’s 

material structure plays a key role, being necessary to take on board its interior spatial 

and material constituencies.   

Traditional vernacular typologies displayed a precise connection between interior 

space and material considerations. Whilst the envelope mediated between outdoor 

climate and indoor environment regulating incoming and outgoing heat flows, interior 

space managed heat flows in time, controlling its storage and dissipation rates. 

Thermodynamic interactions between the structure and indoor atmosphere were 

controlled by its spatial arrangement and material constitution. Voids and built space 

were articulated according to heat and humidity requirements. And matter played a 

very important role, determining its thermal capacity to store heat and the rate at 

which heat was absorbed and released.    

Even though interior space played a relevant role in the thermodynamic behavior of a 

building, the introduction of air-conditioning transformed this situation. The reliance 

on an air-based model to heat and cold buildings rendered obsolete its spatial and 

material articulation, eliminating the relevance of interior space for indoor climatic 

management. This chapter will explore the relationship between interior space and 

climate in the first decades of the 20th century. The first part of the chapter will discuss 

the relationship between interior space and atmosphere through the lens of air-
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conditioning. The objective is to discuss what effect air-conditioning technologies had 

in the transformation of interior space. There were a series of factors which influenced 

in this transformation. The appearance of lightweight building systems and its massive 

implementation in prefabricated tract-housing reduced the thermal capacity of 

buildings hampering its ability to modulate climate. In parallel, the consolidation of 

Modern architecture transformed the character of indoor space, detaching its spatial 

and material arrangement from the environmental implications it used to have. The 

gradual reliance on air-conditioning to provide a comfortable, healthy and hedonistic 

new domestic landscape enabled architects to explore other interests rather than 

climatic ones. Users, enveloped in hot and cold masses of air, did not require the 

thermodynamic ablity of interior arrangements to modulate climate. This tendency for 

thermodynamic inert interiors had its technical counterpart in the ASHVE guides which 

showing obviating the spatial and material nuances of interior space, focused 

architectural action on the envelope. Interestingly, this tendency of building processes 

to dismantle the thermodynamic implications of interior space found its cultural 

proponent in Reyner Banham, which recognized in the combination of lightweight 

building systems and environmental services a new building paradigm.  

The second part of the chapter will discuss the interest that emerged decades later to 

recover the precise articulation between structure and indoor atmosphere that 

climatic typologies’ had displayed. Banham’s late acknowledgment of the rightness of 

structural climate control solutions came to recognize the array of experiments which 

since the 1940s had proposed passive climate control as an alternative to air-

conditioning systems. In contrast to the previous section which discussed how air-

conditioning progressively deconstructed architecture’s climatic adaptations, this 

section explores how passive architecture —paradoxically, as a result of this 

deconstruction— recovered the connection between structure and climate, 

emphasizing the importance of indoor spatial and material arrangements. The first 

section —Indoor Space, Solar Geometry and Aerodynamics—discusses how indoor 
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spatial arrangements can contribute to attain a comfortable environment. This will be 

followed by a discussion —From Form to Matter— of the importance of indoor 

material systems in the management and control of indoor climate, exploring the 

thermodynamic interdependency between space and tectonics. The thermodynamic 

exploration of indoor space also discloses the potential of the program contained in a 

building —discussed in the section Thermodynamic Mixer— for thermodynamic 

complementarities. Finally, the section will discuss contemporary architecture culture 

positions which vindicate a thermodynamic understanding of indoor space, evidencing 

the relevance of the material atmospheres thermodynamic realm.        

The shift from mechanical to structural climate control discussed in this block 

addresses the passage from steady-state systems to open thermodynamic systems 

which has been enabled by a digital-thermodynamic toolbox which attempts to 

introduce intelligence into matter.  

 

 

3.2.-MODERN AIR-CONDITIONING AND INTERIOR SPACE 

Up until the 1930s air-conditioning systems had been principally used in factories, 

theatres and cinemas. Built with massive building systems and with no need for an 

active indoor-outdoor connection, airtight-insulated building envelopes constituted 

inert envelopes which minimized not only the influence of outdoor climate, but also 

the thermodynamic exchanges taking place between architecture and the indoor 

atmosphere. Sealed envelopes with almost constant boundary conditions made these 

typologies the ideal insulated laboratories to undertake air-conditioning experiments, 

where manmade weather was effectively a steady-state atmosphere without the 

thermodynamic effect of the architectural frame.  
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However, the introduction of air-conditioning systems in houses and office buildings 

encountered a very different situation. The need for natural light and the desire for an 

intense indoor-outdoor connection, together with the use of prefabricated lightweight 

building systems that become widespread after WWII, transformed the ideal inert 

boundary conditions of factories, theatres and cinemas. This question was further 

increased by the drive for transparency the Modern Movement developed. Housing 

and office building envelopes became active thermal boundaries which exchanged 

constantly heat with the indoor environment, revealing the thermodynamic 

interdependence between building frame and indoor environment. In addition, unlike 

factories and theatres in which environmental instability was motivated either by 

processing activities or by human masses, the low enclosed-volume-versus-envelope 

ratio of houses and offices centered on architectural questions its environmental 

shortcomings. These reasons make house and office typologies appropriate to discuss 

the thermodynamic interactions between architecture and atmosphere. 

This section discusses the effect of lightweight building systems and Modern 

Movement’s spatial and material arrangements in the gradual loss of control over 

thermodynamic phenomena inside buildings. The need to alleviate the negative effects 

of spontaneous climatic phenomena occurring inside buildings motivated the 

appearance of air-conditioning technologies and, years later, the appearance of 

bioclimatic architecture, causing first the annihilation of interior space and later its 

redemption. 

 

LIGHTWEIGHT CONSTRUCTION: TOWARDS MATERIAL INERT INTERIORS 

The post-WWII building boom which took place in Europe and the U.S. was driven on 

the one hand by the need to rebuild destroyed cities and on the hand need to house 

returning veterans. It triggered a series of processes which would have enduring 

effects over the way in which interior space thermodynamic interactions would be 
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conceptualized. The building boom posed new challenges.1 The need to build houses in 

large quantities and to do it at a fast pace and at low prices, became the breeding 

ground for an important transformation in real estate, design and building processes 

which, up to that moment, had been essentially site-specific and craft-based, and 

reliant on the experience of local builders for climatic adaptations. The American 

building tradition had relied to a greater extent on lightweight systems —balloon 

frame2— which made the reception of modern lightweight building systems easier. 

Focusing on the American context this section discusses how the changes in materiality 

introduced by lightweight prefabricated building systems affected the climatic 

modulation of interior space. 

The huge demand implied building in great numbers, and at a fast pace and low cost. 

This motivated new opportunities for the real estate and housing businesses to 

operate on a nationwide scale. Companies such as Levitt & Sons Incorporation or the 

Lustron Corporation starting deploying housing models for different environments and 

climates along the U.S., developing typologies which eliminated any site-specific 

adaptation to local climate. Building orientation which had until then been an 

important question was obviated. Any knowledge from local-builders regarding local 

wind conditions disappeared. Other climatic adaptations such as porches, verandahs 

or overhangs were eliminated, and when maintained, were implemented as amenity 

devoid of its climatic performance. The use of universal models needed standard 

horizontal lots, which was achieved through bulldozing. Site-homogenization rendered 

a horizontal tabula rasa, without any topographic or vegetation which would provoke 

microclimatic nuances, fit for the deployment of generic prefabricated housing 

typologies.  

The single question which most affected interior climatic performance was the 

implementation of prefabricated building systems. Building in large quantities, fast and 

at reduced prices implied not only changes in the real estate formulas but also in 

building processes. The housing boom deployed the outburst of prefabricated housing 
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construction, bringing the industrial efficiency of mass-production to an until then 

craft-based construction industry. As Fuller had predicted decades before, the world’s 

ever-growing housing demand could only be met through a reduction in the material 

usage —ephemeralization— and through the massive use of industry —

prefabrication— which, as has already been mentioned, was something entrenched in 

American housing culture. However, it was not until the housing crisis of the post-

World War II years that the experiments in prefabrication developed decades by Fuller 

and others years before could be finally applied. Prefabrication meant off-site 

fabrication, shipping and on-site assemblage of components which required the use of 

innovations such as lightweight materials —industrially-produced wood and metallic 

alloys— and building systems, and the extensive use of modulation, standard 

components and dry construction. The reduction in material and energy usage saved 

building costs and contributed to ease transport and assemblage processes.  

These building practices affected building envelopes which, implementing lightweight 

facades and having a special like for big picture windows, lost the thermal storage 

capacity and thermal resistance traditional buildings used to have. This was principally 

remediated adding insulation materials which, even though it solved its lack of thermal 

resistance, did not cater for its thermal storage. The changes in the materiality of 

envelopes were paralleled by transformations in building massing. New housing 

developments eliminated elements such as porches or overhangs —which procured 

climatic adaptation— and produced pure geometrical containers failing to respond to 

fundamental problems of environmental performance. 

Prefabricated houses had flexible interiors and extendable distributions which could be 

easily disassembled and transformed to adapt to new situations. Indoor partitions 

were not load-bearing and therefore could be easily moved. This affected floor plans 

which were optimized not for climatic performance but for open-ended distributions. 

“Interior partitions might be omitted, completed later. As family grows, a second 

complete unit might be added. Actually this house allows greater flexibility than 
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conventional custom buildings”.3 It can be argued that the plans were arranged to 

house predetermined domestic programs, independently of other factors which can be 

taken into account when designing a house as, for instance, local climatic conditions. 

Indoor partitions were usually built with wood studs or steel substructure finished 

either with modular plaster board, plywood or pressed fiberboard panels.4 These same 

finishes were also used for suspended ceilings, usually built in plaster on metal and 

wood lath. Flooring was usually finished in wood, cork or linoleum, fixed over sub-floor 

panels attached to wood girders. Unlike masonry or brick load bearing walls and 

massive flooring, drywalls, suspended ceilings and light flooring had a limited heat 

thermal capacity, which reduced its ability to buffer climatic peaks but made them best 

adapted to temperate climates.  

Lightening building systems had a negative side-effect on the climatic performance of 

the house. Up until then thermal modulation had been undertaken by the whole 

building, including partitions, floors, ceilings and furniture. However decreasing 

thermal mass reduced the modulating effect and time lag of building systems, 

transmitting external situations readily. The prefab house, on account of its reduced 

environmental performance, was compensated increasing its thermal resistance to 

heat flow. Unfortunately all design efforts concentrated on the envelope where most 

environmental problems concentrated —impermeability, air-tightness and 

insulation— obviating the important role that interior partitions, flooring, roofing and 

other elements had played in defining interior climate.  

 

MODERN MOVEMENT SPATIAL PARADIGM AND ITS INFLUENCE ON INDOOR 

ENVIRONMENT 

The post-WWII building boom, not only transformed building industry patterns but 

also motivated important changes in the design of the domestic space and office 
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buildings. These changes were a consequence not only of the economically-driven real 

estate practices and building processes, but also of the social demands to provide a 

comfortable and hedonistic new built environment attuned to modern life. In this 

context Modern Architecture was perceived as the model which could provide this 

new way of life which, giving a new architectural direction which could meet society’s 

expectations. Modern Architecture promoted a new spatial paradigm that, added to 

the prefabricated lightweight building systems discussed above, contributed decisively 

to the devaluation of the thermodynamic performance of buildings. And this was not 

only a consequence of the use of transparent envelopes but also, and most 

importantly, of the spatial and material qualities of interior space.  

The Modern Movement’s moral drive for simplicity transformed the thermodynamics 

of building envelopes. The tendency for pure elemental prisms peeled off exterior 

elements doing away with architecture’s climatic adaptations. The elimination of 

exterior building elements was paralleled by the drive for pure transparent volumes. 

The dematerialization of building envelopes enabled indoor-outdoor interconnections, 

procuring one of the principal achievements of Modern Architecture. This 

transformation happened to be appealing for the new low-cost tract housing, enabling 

small houses to expand into the garden through a transparent building. In fact, large 

sliding picture windows would become together with swimming pools one of the 

paradigmatic features of middle-class suburbia in Europe and the U.S., being further 

accentuated by the acceptance of sunlight for purposes of health and lifestyle.5 This 

drive for transparent envelopes also affected office buildings, producing a poor 

environmental performance which deteriorated even more the meager climatic 

behavior of lightweight construction systems. 

Along with building massing, the spatial conceptualization of the Modern Movement 

contributed decisively to the environmental upheaval of buildings. The drive for 

isotropic, continuous and horizontal spaces annihilated the oriented and room-based 
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spatial arrangement of traditional buildings, which had until then provided an 

appropriate climatic modulation.  

Modern space was isotropic. Architects considered that space could expand in an 

abstract three-dimensional space devoid of limits or local contingencies. However, 

microclimatology had already acknowledged the natural tendency in buildings to 

generate according to orientation “a number of separate climates out of the single one 

preexisting near the ground above the building site”.6 Similarly to mountain slopes, 

buildings offered different climatic conditions according to the orientation of its 

facades. The drive for isotropy would dwarf the elemental thermodynamic 

relationships buildings established due to its relationship with the sun and the ground, 

eliminating the possibility of creating a climatically charged space. 

Modernity also invoked a continuous homogeneous interior space. The fragmented 

room-based subdivision gave place to an open and centrifugal distribution of spaces 

which championed a dynamic relationship between uninterrupted contiguous spaces. 

However, the room-based spatial configuration of traditional buildings had an 

important effect on its climatic behavior. Enclosed spaces harnessed with ease the 

climatic conditions provoked by orientation, creating a wider variety of climates within 

the same building, which in turn were attuned to different programs and uses. In 

addition individual rooms, have the capacity to intensigy the climates generated 

through orientation, constituting a spatial arrangement which is easier to heat up or 

cool down. The explosion of subdivided interior rooms into large single continuous 

spaces changed dramatically the thermodynamic performance of the traditional 

building, generating a continuous climatic middle-landscape with an accentuated 

inability to harness orientation-effected climates.     

Modernity’s isotropic and continuous space also displayed a tendency towards 

horizontality. This tendency affected houses and offices: the domestic space 

intensifying indoor-outdoor relationships through single storey-houses and office 
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buildings stacking identical floors which negated its vertical dimension. However the 

thermodynamic processes which take place in buildings unfold principally along the 

vertical dimension. Unlike horizontal homogeneous spaces, the vertical stratification of 

climatic phenomena produces interior spaces that are varied in temperature, humidity 

and luminosity. And the formal arrangement of the section plays an important role in 

the definition of a climatically varied building. “In section —Philippe Rahm argues— 

houses of the old neighborhoods of Baghdad (…) comprised a series of spaces rising 

from cellar to roof, with temperatures of 30°C on the ground floor, 42°C on the first 

floor, and 50°C on the roof. In terms of humidity this series was reversed as one 

climbed, going from 70% in the cellar to 15% on the roof terrace.”7    

 

HOW TO CONTROL THE SPONTANEOUS CLIMATIC EFFECTS OF MODERN 

ARCHITECTURE or THE NEED FOR AIR-CONDITIONING? 

In parallel to the material and spatial paradigms discussed above, the Modern 

Movement explored an environmental paradigm which sought for constant 

atmospheric values inside buildings. Reinforcing the drive for a continuous and 

homogeneous space, sought an isotropic atmosphere with constant temperature, 

humidity and luminance values, which finds its best evidence in the worn-out mur 

neutralisant and respiration exacte concepts Le Corbusier first mentioned in 

Précisions.8  However, the modern drive for a homogeneous environment was 

incompatible with the continuous and isotropic space they sought and the reduced 

thermal capacity of lightweight materials. Transforming its material and spatial 

structure had increased undesired emergent atmospheric phenomena —e.g. 

greenhouse effect— taking place inside buildings, and neglected the capacity of 

buildings to modulate climate in a passive way, paving the way to the introduction of 

air-conditioning.  
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One of the modern building elements which transformed the thermodynamic 

performance of buildings was the envelope. Prefabricated low-weight building systems 

together with the extensive use of glass reduced drastically the thermal storage 

capacity of envelopes. Unlike brick or masonry walls which reduced and lagged the 

intensity of outdoor heat flows, light-weight systems buffered the effect of climate to a 

lesser extent, transmitting outdoor weather patterns readily. However the effect of 

glazed envelopes, either curtain walls or picture windows was more severe as it 

permitted, for the first time, the massive introduction of solar radiation inside 

buildings. Until then, the principal threat to environmental comfort had been outdoor 

climate, which focused all the efforts on the building envelope. However, the irruption 

of solar radiation inside buildings short-circuited the envelope, generating for the first 

time an indoor environmental challenge. Incoming short wave solar radiation got 

inside buildings through glazed surfaces, heating up floors, walls and furnishings. These 

surfaces got warm and reradiate thermal radiation with longer wavelengths, which 

unlike incoming rays, could not go through the glass and got trapped inside the 

building, overheating indoor space.  

The modern choice of materials for indoor furnishings changed heat absorption 

patterns, further aggravating building overheating. The shift from load-bearing walls to 

post and lintel systems extended the use of lightweight partitions. In parallel, the 

replacement of massive floorings with light materials such as fitted carpets and 

linoleums limited the heat storage capacity of materials which could have accumulated 

long wave reradiated heat. Covering floor slabs with suspended ceilings contributed to 

the reduction of the heat storage capacity of interiors. This reduction of interior load-

lag effect resulted in an excess of energy which heated-up buildings. High thermal 

inertia materials would have buffered temperature increases, but their absence 

heated-up the air inside buildings to unprecedented levels.9  

Hot air changed the manner in which building climate control was tackled. The steady 

build-up of air temperature shifted the focus to the heat interactions between matter 
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and atmosphere, emphasizing atmospheric effects rather material ones. This also 

changed prevalent heat transfer modes, driving attention from radiation and 

conduction to convective heat exchanges. As a result it can be argued that the 

introduction of the convective mode in architecture was a consequence, not only of 

the introduction of air-conditioning technology, but also of the changes in materiality 

that modernity introduced which would force the use of air-based climate control 

technologies. Even though air-conditioning had already been implemented in office 

buildings with traditional envelopes, for instance the Millam Building in San Antonio 

(TX), the use of glazed facades propelled the use of air-conditioning inside buildings, 

effectively balancing the excess of hot air blowing-in cold air. The introduction of large 

volumes of air at constant delivery rates throughout the building provided so much 

thermal inertia to the atmosphere that it cancelled the loss of storage capacity in the 

structure and furnishings, literally subordinating the buildings and users to its 

atmosphere, and enabling the continuous isotropic space the Modern Movement 

sought. The interior climate would end up driving the heat exchange rather than the 

opposite, large masses of air filling up buildings, cancelling the thermodynamic 

interactions between building and atmosphere with sheer atmospheric power. 

However this “immersion in steady-state conditions was effective even if not 

efficient”. Air has a low thermal capacity to carry heat which makes it an inappropriate 

heat source or sink to control thermodynamic interactions between structure and 

atmosphere. This problematic would years later motivate —in the light of the 1970s 

energy crisis— the switch from constant to variable air volume systems (from CAV to 

VAV)10, and is nowadays kindling the interest for radiant rather than convective 

environmental systems. Interestingly both controversies question the continuous and 

isotropic spatial mode modernity championed introducing different spatial systems. 

 

THE ASHVAE GUIDES: OFFICIAL AIR CONDITIONING PRACTICES 
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At this point it is necessary to mention the American Society of Heating and Air-

conditioning Engineers, which provided the analytical and mechanical tools which 

Modern Architecture environmental feasible. This toolkit was provided through the 

ASHAE guides, which constitute an essential document to understand the interests and 

concerns of the air-conditioning industry during those years, constituting an eloquent 

statement of state of air-conditioning practices since the 1930s. Studying the ASHAE 

guides provides technical evidence about the thermodynamic model air-conditioning 

posed and about the kind of thermodynamic interactions —principally convective 

exchanges— that were effected between structure and atmosphere. It also gave 

important information regarding analytical tools and mechanical services. 11 In addition 

it provided interesting evidence regarding the disinterest for interior space providing 

thermodynamic control, which would end up transforming its material and spatial 

qualities.   

Since the publication of the first ASHAE12 annual guide, the complexity of the 

thermodynamic phenomena taking place in a building was acknowledged, recognizing 

that variables are numerous and always intricately interrelated13. The descriptions 

contained in the guides give details about the thermal and air-flow heterogeneity 

existing within buildings, which contrasts starkly with the homogeneous atmospheres 

they pursued. The interior is conceived as a dynamic thermal field resulting from a 

complex arrangement of heat sources and sinks such as empty rooms, basements or 

the ground. Similarly, air flows “can be best understood by visualizing the building as a 

complex chimney with a number of passages and a number of restrictions”14 rendering 

interior space as a complex aerodynamic environment with multiple interactions 

between emergent atmospheric dynamics and architecture.   

Even though the ASHAE guides are eloquent on the climatic heterogeneity inside 

buildings, air-conditioning practices sought a homogeneous and uniform climate. The 

introduction of large quantities of air provided enough thermal inertia to cancel any 

emergent atmospheric process that would render climatic heterogeneity possible. This 
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homogeneous environmental model was based in equilibrium thermodynamics. The 

insulated envelope provided an atmospheric closed energy system which —intended 

to— eliminate boundary conditions. The envelope enclosed a steady-state 

atmospheric system which, by sheer thermal inertia, cancelled thermal exchanges with 

the structure. This rendered a reductive and quantitative approach which however 

simplified enormously environmental calculations.   

So important was the environmental role of the conditioned-air input that any 

contingency was assessed solely regarding the sheer air-power that would be required 

to balance it. In fact ASHAE guides gave a detail description of the effect of envelopes 

or any kind of spontaneous atmospheric phenomena —such as stack effect— within 

buildings to in relation to the supply of conditioned-air to cancel it.   

Atmospheric inputs demanded sealed and insulated envelopes which reduced the 

thermodynamic interactions between building and climate to the bare minimum. 

Minimizing thermodynamic exchanges across the envelope implied, in turn, reducing 

interactions between the structure and interior atmosphere. Energy exchanges were 

reduced to conductive heat transfer across the building envelope. Heating and cooling 

loads were determined relying on outdoor and indoor design temperatures with the 

end of designing the air-conditioning output accordingly. The envelope not only 

cancelled boundary conditions but also provided an airtight container which 

eliminated conditioned-air filtrations.   

In addition to building envelopes, ASHAE guides also recognized the importance of the 

spatial arrangement within a building. Interior space generated emergent air 

circulation processes.  Whilst air flows motivated by differential wind pressures were 

the result of the interaction with the envelope —already discussed in territorial 

atmospheres—, air flows motivated by temperature differences were connected to 

interior space. The thermodynamic interaction between temperature differentials and 

vertical spaces generated the chimney effect which motivated outdoor air infiltration 
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and rising or descending air currents inside a building, generating considerable air 

exchanges both in one-story buildings and in tall multi-story buildings15, which 

coincidentally are the two typologies under discussion in this chapter. Spatial qualities 

were also connected to air temperature distributions. Air-conditioning practices 

considered the stratification of the air inside a room should be taken into account in 

heating and cooling loads. These spontaneous air flows were quantified as extra 

heating and cooling loads, and were compensated blowing in more air. 

Notwithstanding, structural measures were also considered, recommending for 

example “to seal off vertical openings, such as stair-wells and elevator shafts, from the 

remainder of the building”16 or more drastic measures which affected the topological 

organization of the building, recommending in exceptionally high buildings to design 

hermetic sections of no more than 10 floors each, which happens to reinforce the 

Modern Movement’s drive to stack independent horizontal spaces. Similarly ASHAE 

guides recommended ceiling heights under 10 feet which made the effects of 

temperature stratification almost negligible.  

Regarding interior material composition, ASHAE guides acknowledged the heat storage 

capacity of structure and interior furnishings, and the interferences it can provoke in 

air-conditioned qualities. However, it is not so much interested in the qualities of the 

load-lag effect —defining, for example, when and how will the stored heat be 

delivered— as in quantifying the amount of solar radiation getting through glazed 

envelopes to design air-conditioning services accordingly. A similar approach was 

considered when evaluating the thermal effect of materials on users’ comfort. Indoor 

design temperatures were derived from effective temperature which is a combination 

of dry-bulb temperature and relative humidity in the air, obviating the radiant 

temperature effected by materials, reinforcing the convective exchange model over 

the radiant model. 

Air-conditioned atmospheric thermal inertia was also threatened by heat sources 

within the conditioned space. ASHAE guides acknowledged that the heat supplied by 
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persons, lights, motors and machinery in programs such as theatres, cinemas or 

factories introduced unbalancing thermal effects inside the building. Whilst these heat 

sources did not affect the size of the heating plants17, they were taken into account for 

cooling load estimates, dimensioning the input of cold air accordingly to balance its 

effect.  

 

AIR-CONDITIONING TAKES COMMAND 

Even though Modern Architecture procured an innovative spatial and material 

paradigm, the drive for an isotropic, continuous and horizontal understanding of 

space, together with the attraction for glazed transparent buildings, played havoc on 

its climatic agency, failing —in general terms— to generate an environmentally-sound 

one which pushed post-war construction to its lowest degree of environmental 

performance. As a result, the new housing and office typologies developed during the 

housing boom made unavoidable the incorporation of mechanical climate-control. It 

can be argued that, even though the Modern Movement transformed architecture, it 

was mechanical climate control through sheer power the single question which 

enabled it. This section discusses the changes that the introduction of air-conditioning 

effected on housing and office typologies, probing that modern architecture not only 

demanded air-conditioning, but was thoroughly transformed by it.      

The introduction of air-conditioning in the domestic space was not an easy endeavor. 

Even though the technology had evolved considerably during the previous decades, it 

had not been adapted to its scale. It demanded great technical challenges which 

meant shifting  from bulky, expensive, integrated and precise installations to quiet and 

compact, cheaply mass-produced, easily installed and safely operated —but lacking 

the ability to regulate the humidity levels in a precise way— that houses needed. By 

the end of WWII the air-conditioning industry had succeeded to reduce the size of 

equipment, being technologically prepared to introduce mechanical control in the 
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domestic industry, but central air-conditioning systems were still expensive for low-

cost housing.  

The need to make feasible air-conditioning for housing drove several initiatives to 

cheapen construction costs that would pay for the incorporation of mechanical climate 

control. Carrier undertook studies which showed that indoor temperature variations in 

an unheated and un-cooled house due to the effect of structure were around 7˚F, 

which happened to be far less extreme than what used to be thought. The acceptance 

of this temperature fluctuation enabled Carrier to reduce the system by half, which 

obviously cut down the price accordingly.18 This experiment was followed by others 

which involved redesigning the house around air-conditioning, replacing architectural 

features that provided passive cooling and ventilation with air-conditioning machines. 

Complex housing layouts —like L and U-shaped typologies— which favored cross-

ventilation, doing with other climate-adaptation elements such as attic fans, movable 

sashes and screens, storm windows, overhangs or attic space.19 The majority of 

developers, driven by economic interests, eliminated passive climate control measures 

and entrusted comfort and livability to air-conditioning. The introduction of 

mechanical climate control into mass-produced housing started being a luxury, but 

ended becoming a necessity. And unfortunately it did not take into account higher 

operation costs which would end up being paid by owners. 

The influence of Modern Architecture had a great influence on the design of the 

domestic space in postwar years which was imbued in traditional housing aesthetics. 

Experiments such as the Case Study House program20 were important in the diffusion 

and subsequent adoption of a Modern lexicon in the post-war domestic space. The 

more than thirty projects commissioned from 1945 to 1964 showed how cheap 

prefabricated houses could be pleasant houses. Most of the houses countered 

cramped space with intensive indoor-outdoor relationship through the use of floor-to-

ceiling glazed facades and sliding doors, that would virtually extend inner spaces into 
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the gardens. The effort to eliminate boundaries between indoors and outdoors 

removing visual barriers entailed the use of large expanses of glass.  

Similarly to housing typologies, the spatial and material choices which were introduced 

in the office tower typology, together with the new set of aesthetic preferences in the 

design of building envelope, made unavoidable the use of air-conditioning. According 

to Banham by the 1950s “architects had by now more or less unanimously decided 

that their post-War skyscraper dreams were going to be realized in a starkly 

rectangular aesthetic”21.  This interest in pure rectangular prisms was matched by a 

novel attraction to lightweight glass facades which met the righteous moral imperative 

of transparency. Air-conditioning not only enabled the use of new building systems but 

also liberated the climatic-dependent shape of buildings that until now had been given 

for granted. Air-conditioning rendered obsolete the 19th century dependence on 

natural ventilation eliminating H, U, L and T plans and introduced plain rectangular 

deep open plans without ventilating shafts or light wells. The new building depths 

were enabled not only by air-conditioning but also by the massive deployment of 

fluorescent tube lighting systems. The 1938 mass-produced Lumiline launched by GEC 

and Westinghouse guaranteed efficient lighting at reduced heat gains, facts which 

enabled the construction of deep buildings independent of natural light. 22 Typological 

changes were further augmented by the distribution of mechanical services in 

hierarchical discrete networks (plant floors, vertical service shafts and horizontal 

distribution through suspended ceilings) and the displacement of the structure to the 

outer skin. These technical innovations enabled “a long overdue rationalization of the 

standard US office tower’s plan-form”, making possible the construction of rectangular 

plans with ancillaries (toilets, kitchenettes, etc.) and elevator and service shafts in the 

center, rendering the full-floor type plan a reality.23  

 

FROM REGENERATIVE TO STRUCTURAL ENVIRONMENTAL SOLUTIONS 
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At this point it is necessary to make reference to Reyner Banham, who was the first 

architecture critic who detected the radical transformations that the uninhibited usage 

of environmental technology was having on architecture. Banham claimed that there 

existed a genuinely American architectural tradition which had relied on energy-

powered environmental solutions rather than on structural ones to temper buildings. 

This building paradigm, which could be traced back to the campfire, had tended to 

build flimsy lightweight envelopes warmed-up by energy-intensive devices. It required 

the supply of abundant and cheap fuels and the commitment to develop sophisticated 

mechanical services such as air-conditioning. Interestingly, according to Banham this 

American building paradigm is rooted on the American passion for the great 

outdoors24, an enthusiasm which had as most salient consequences the transparency 

of building envelopes and disinterest for interior space, which passed to be 

conceptualized as a climatically-controlled outdoor. For Banham “if dirty old nature 

could kept under the proper degree of control (sex left in, streptococci taken out) by 

other means, the United States would be happy to dispense of architecture and 

buildings altogether”.25 

Following the example of a light-weight balloon-frame heated-up by a patented 

Franklin stove, the prototypical Modern Movement office building is essentially 

formed by a prismatic lightweight transparent prefab envelope which is serviced by 

energy-intensive Carrier air-conditioning system. This building paradigm was best 

illustrated by the Environment Bubble. Devised by Banham and drawn by François 

Dellagret26, it comprised an inflatable transparent almost inexistent building envelope 

and an energy-powered climate control gizmo. It condensed not only the idea of 

regenerative climate control, but the basis of an expendable energy-based anti-

monumental plug-in architecture which would be later complemented by the utopian 

democracy implied in Supestudio’s Continuous Monument.  

For Banham air-conditioning technology was a “portent in the history of 

architecture”27 as it had debunked all the architectural limitations imposed by outdoor 
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climate. Its most important contribution was to separate structure from atmosphere. 

Buildings no longer need to adapt their structure in shape and material to climate —

“all precepts for climatic compensation through structure and form were rendered 

obsolete”28— enabling the deployment of universal models with independence of 

location. Liberated of climatic restrictions, architects become free to explore any kind 

of building form and material choice. 29 Air-conditioning did not only succeed to 

transform architecture but also was the most successful device for environmental 

management ever achieved, providing total control over the temperature, humidity 

and composition of the atmosphere, indicating the historical shift from structure to 

operation.  

Even though the Environment-Bubble paradigm claimed the separation of climate from 

structure, Banham would end up acknowledging that structural and mechanical 

climate control are intimately intertwined. The attainment of environmental full-

control was systematically hampered by emergent climatic phenomena motivated by 

the spatial and material arrangement of a building —for instance, the stack effect 

described in the ASHAE guides—, evidencing that the interior atmosphere is 

dependent on the architectural frame’s boundary conditions. According to Banham 

this meant understanding the “entire environmental complex at the site as a single 

entity”, deploying a rational holistic vision which viewed “building shell, technical 

equipment, topographical and climatic conditions” 30 as an interconnected realm. 

In fact, the 1984 second edition of The Architecture of Well-tempered Environment — 

in the light of the 1973 energy crisis— added a new chapter in which the former 

prevalence of the power-driven environmental mode was questioned. Whilst the 1969 

edition constituted a passionate plea for energy-driven environmental control, the 

1984 edition admitted that there are multiple available climate-control methods, 

ranging from structural to power-driven solutions. Banham underlines the fact that a 

sophisticated approach to environmental systems may not involve the use of 

technology or complex environmental systems like air-conditioning, but “is more a way 
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of using available equipment and resources with cunning and intelligence” arguing, 

that climatic typologies like the “snow-domed igloo of the Eskimo remains a paragon 

of environmental ingenuity and geometrical sophistication”. This final recognition of 

vernacular climate control solutions motivated the distinction between structural and 

regenerative solutions to be overcome, “after which all the older modes and 

technologies have a different air, and need to be rethought over afresh”31.  

 

 

3.3.-A RANGE OF METHODS 

Banham’s late acknowledgment of the rightness of structural climate control solutions 

came to recognize the array of experiments developed since the 1930s which posed 

passive climate control as an alternative to air-conditioning systems, understanding 

that architecture’s spatial and material structure was connected to its performance 

over time. 

Even though air-conditioning theory understood atmosphere independently from 

structure, its practical implementation had evidenced that there existed a closed 

connection between a building’s spatial and material arrangement and its tendency to 

behave climatically in a particular way. It is interesting to note that the implementation 

of air-conditioning has always involved a complex negotiation between passive 

phenomena and technological measures. For instance, the ASHAE guides recognized 

that emergent phenomena such as the chimney effect were the result of temperature 

differentials in vertical spaces. This kind of spontaneous phenomena was studied to 

provide a basic understanding of the thermal air flows that exist in a building, not to 

use them synergistically but to counterbalance them, providing enough environmental 

mechanical power to offset its effects.  
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Similarly, in the discussion over the economic feasibility of the introduction of air-

conditioning in housing, there were several initiatives which advocated for hybrid 

solutions, half way between structural and power-driven climate-control. The 

proponents of cost reduction argued that traditional cross-ventilation strategies should 

be replaced by mechanical ones but, on the other hand, championed a range of 

possibilities —such as orientation, landscaping or insulation— to reduce heat gains in 

summer and heat losses in winter, engaging in a sophisticated balance between 

mechanical and structural passive control.32 

However, these natural tendencies can be read in negative as phenomena which 

hamper environmental full-control, which leads to mechanical compensatory 

measures, but can also be read in positive, which drives us to an understanding close 

to climatic typologies where emergent phenomena are used to temper buildings. This 

opens a new territory where spatial and material systems are derived from its 

performative capacities, requiring the understanding and systematization of the 

thermodynamic interactions between structure and atmosphere.   

Unlike the previous sections which discussed how air-conditioning progressively 

deconstructed architecture’s climatic adaptations, the forthcoming ones explore how 

passive architecture —paradoxically, as a result of this deconstruction— recovered the 

connection between structure and climate, emphasizing the importance of the indoor 

spatial and material arrangement in environmental modulation. The interest in passive 

architecture sparked in the late 1930s as a consequence of the ethic of frugality 

developed during the Great Depression and, in subsequent years, as a result of the 

WWII energy restrictions. This interest was materialized in the construction of the first 

solar houses which sought for a solar geometry that reorganized the topology of 

indoor space. This initial interest for solar architecture would eventually expand to 

encompass the totality of meteorological phenomena, addressed by the bioclimatic 

approach developed by the Olgyay brothers. The first section —Indoor Space, Solar 

Geometry and Aerodynamics— discusses how indoor spatial arrangements can 
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contribute to attain a comfortable environment. This is followed by a discussion —

From Form to Matter— about the importance of indoor material systems in the 

management and control of indoor climate, exploring in Givoni’s view the 

thermodynamic interdependency between space and tectonics. The thermodynamic 

exploration of indoor space also discloses the potential of the program contained in a 

building —discussed in the section Thermodynamic Mixer— for thermodynamic 

complementarities. Finally, the section explores contemporary architectural positions 

which vindicate a thermodynamic understanding of indoor space, evidencing the 

relevance of the material atmospheres thermodynamic realm.        

 

 

3.4.-INTERIORS, SOLAR GEOMETRY AND AERODYNAMICS 

Due to the fact the air-conditioning industry indoor considered the building’s envelope 

the most important architectural element, indoor space was not a priority.  

The air-conditioning industry considered indoor climate to be a result of mechanical 

air-conditioning, paying no attention to the influence of outdoor climate. Ignoring 

outdoor environment made the building’s envelope a barrier between the outdoor 

climate and indoors well-tempered environment, concentrating all efforts on this 

element. As a result air-conditioning manuals focused on understanding and defining 

the effects of outdoor climate on envelopes, devoting whole chapters to the winter 

and summer loads on heating and refrigeration. The emphasis on the envelope 

downplayed the relevance of interior spaces, whose spatial configuration was studied 

to avoid internal draughts —spontaneous thermodynamic phenomena taking place 

inside buildings— which could undermine the attainment of indoor atmospheric full 

control. The Olgyay’s acknowledged that thermal comfort depends not only on air 

temperature but also on the radiant temperature of material surfaces. However, 
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indoor temperatures were considered constant, which was a consequence of 

mechanical climate control providing constant temperature air inputs. 

However, if the absolute dependency of indoor comfort on mechanical climate-control 

is questioned —which eventually happened in the 1950s— spatial questions begin to 

arise. When cross-ventilation or nocturnal cooling are considered as alternatives to 

mechanical ventilation, issues such as the depth of a building or its internal spatial 

distribution are taken on board. From this perspective, those spatial questions which 

were discussed on air-conditioning manuals only to eliminate their effects, are 

incorporated into architecture.  

This section explores how spatial concerns were re-introduced into architecture’s 

interiors. An introductory section introduces the importance of heat collection and 

transport mechanisms on spatial questions. This will be followed by Olgyay’s 

experiments on cross-ventilation. The section will conclude discussing how the solar 

collection initiatives introduced a spatial dimension into architecture. 

 

SPACE AND THERMODYNAMICS 

Thermodynamic flow occurs whenever there is an energy difference —a temperature, 

pressure or height gradient— between two systems. For instance, in an air transfer 

there should be either a pressure or a temperature gradient between a source and a 

sink. In addition, all thermodynamic flow is spontaneous and irreversible: whenever 

there is a gradient, an inevitable thermodynamic flow is generated which tends to 

equalize the energy difference between the two systems. 

Accepting these energy flows occur spontaneously and irreversibly, it is also true that 

they can be intercepted by devices that either use them or block them, store them or 

release them in doses. As a spatial and material construct, architecture can capture, 

transport, store and release energy, and thus modulate the flows of energy which 
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traverse it. As a conglomerate of space and matter, it interacts thermodynamically 

with existing phenomena to provide a varied, healthy, comfortable indoor 

environment for its users.  

In any temperature gradient in a building, heat is transported by convection, radiation 

or conduction. Convection processes transport energy via the air, so the spatial 

structure inside a building is important to understand them. The shape and 

proportions of the vertical spaces are crucial to the performance of the convective cell 

that is created. Updraughts influence the temperature distribution and the air speed, 

hence their ability to heat, cool or ventilate a space. Similarly, pressure differences in 

the envelope of a building can create air currents which, when suitably channelled 

through the configuration of the interior space, can create the desired climate control. 

Although these flows can move in any direction in a space, the most relevant one for 

architecture is along the vertical plane—the spatial dimension in which buildings are 

measured with gravity, solar radiation and geothermy. Air also moves along the 

vertical plane, due to either temperature gradients or natural or artificial pressure. 

 

SOLAR MOVEMENT AND SUNSPOTS 

During the Great Depression years and until the end of WWII, the climate of frugality 

imposed by the economic downturn and the rationing and energy shortages of war-

time, inspired a set of experiments which explored the connections between 

architecture and energy savings. During these years a group of pioneering architects 

explored the possibilities of solar radiation to temper houses, developing the first 

proposals of what years later would be named the solar house. It is interesting to point 

out that the design of these houses contributed to develop a set of design strategies 

interior climate was modulated through glazed windows and particular indoor 

arrangements.   
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William Keck is considered the first architect to develop a solar house33, “using solar 

energy for space heating in a deliberate critical and creative manner”. Working against 

mainstream mechanically air-conditioned building practices, Keck is noteworthy for 

understanding the need for a precise architectural spatial orchestration to attain a 

well-tempered indoor environment. His understanding of what would be later called 

direct-gain materialized in a south-oriented building with a long and narrow linear 

organization of space and floor-to-ceiling triple Thermopane glazing for solar 

collection. Unlike standard building practices which alleviated glass curtain-wall 

overheating through air-conditioning Keck, reversing the side effects of modern 

technologies, used the sun radiation trapped behind glazed facades to heat up houses. 

His houses can be considered the first example in a large lineage which can be traced 

up to Glenn Murcutt’s linear houses. It is significant that Keck’s investigations did not 

limit to solar geometry —both solar collection and protection— but also sought 

technical rigor, becoming the first experiments to calculate the amount of heat 

generated due to solar radiation. Interestingly these calculations were a consequence 

of the energy accounting systems developed by Transeau in the 1920s and which 

gathered momentum in the 1940s through the work of Lindeman34 to evaluate the 

process of solar energy capture and ecosystems use. Fred Keck’s initiative sought to 

balance quantitative energy accounting with qualitative thermodynamic design.  

William Keck’s conscious spatial manipulation of the plan was years later 

complemented by an array of experiments which also worked out the section. Keck’s 

solar houses had already introduced the need of solar protection through roof 

overhangs which followed section solar geometry. Subsequent experiments 

introduced a sophisticated section which enabled the penetration of sun radiation 

across the house. This is the case of Frank Lloyd Wright’s Solar Hemicycle (1943-44) or 

Henry N. Wright’s Ramirez House (1943-44) which stacked rooms in a stepped section 

to allow solar radiation to penetrate the double-storey south-looking glazing and heat-

up the floor concrete slab and the rear north-oriented walls. It is interesting to note 
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that Henry N. Wright’s work included for the first time discussions on thermal mass as 

a way to control overheating through heat lag35 which will be described the next 

section From Form to Matter.  

In parallel Arthur T. Brown developed in the George L Rosenberg house (Tucson, 1949) 

the first example of —what would years later be called— indirect gain. Inverting Keck’s 

linear disposition of rooms facing south, Brown placed rooms facing north locating a 

single-loaded floor-to-ceiling glazed corridor to the south. The corridor collects solar 

radiation storing it in the corridor concrete block wall to radiate it later to the rooms 

facing north. Even though the corridor overheats and overcools —subject to outdoor 

climatic variations— the partition wall modulates indoor temperature, providing 

adequate indoor temperatures on a night and dayday and night basis. On this occasion 

and adequate calibration of spatial requirements has a positive effect on the climatic 

patterns the house performs, pioneering an integrated glass-house or sunspot which 

for the first time used consciously the thermal storage of the wall to accumulate heat 

and release it gradually. Interestingly, Brown debunked the Modernist functional credo 

and mainstream homogeneous mechanical air-conditioned atmospheres, echoing 

contemporary function-follows-climate meteorological landscapes as his house 

“enables the owner to be in or out of the sun as the weather —or his pleasure— may 

dictate.”36 

These pioneering experiments on direct gain and indirect gain reveal an intuitive 

knowledge about the need for precise spatial arrangements in respect to solar 

radiation. A careful three-dimensional orchestration of space contributed to enhance 

the thermodynamic processes of collection, storage and distribution. Examples such as 

Fred Keck’s Green’s Ready-Built Homes (1945) or Arthur T. Brown’s George L. 

Rosenberg (1946) house evidence the plan and section were carefully designed to 

attain a comfortable indoor environment attuned to outdoor climatic changes. The 

solar houses developed in the 1960s and 1970s37 were indebted to these pioneering 

experiments.    
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OLGYAY AND AERODYNAMIC SPACE 

Influenced by the emphasis the air-conditioning industry had laid on the building’s 

envelope, the work of the Olgyay brothers focused on studying the envelope, looking 

for architectural —morphological or material— strategies which would reduce the 

negative effect of outdoor climate. In their multiple experiments, both Aladar and 

Victor Olgyay followed literally the ASHVE guides’ recommendations, understanding 

indoor climate as a result of outdoor heat transmission. They concentrated their effort 

on studying architectural strategies to modulate the effect of outdoor climate on 

indoor climate and, in doing so, obviated the capacity of interior spatial and material 

arrangements to modulate indoor climate. Notwithstanding, it is important to point 

that Victor Olgyay developed interesting experiments over the effect of the spatial 

arrangements on air circulation. This section discusses his experiments on the effects 

of wind on indoor air currents.  

The experiments developed along the 1920s and 1930s in the ASHAE Lab disclosed the 

importance of air speed regarding human comfort. Air speed was an important climatic 

factor to cancel the effect of high temperatures and humidity levels. Either through 

convective cooling or evaporative cooling, high air velocities could offset high 

temperatures and relative humidity of tropical climates. Victor Olgyay acknowledged 

this situation and explored the effect of indoor spatial arrangements on cross-

ventilation.  Following the extensive knowledge developed by the ASHVE guides on 

spontaneous air-movements inside buildings38, Victor Olgyay distinguished two kinds 

of indoor air movements first, those ones which are caused by wind pressure 

differences (infiltration) and second, those ones which are caused by temperature 

differences (convection)39. However this knowledge was used in a very different 

manner: whilst ASHVE guides used it to counter spontaneous currents and attain full-

control, Olgyay used it to potentiate emergent climatic phenomena.     



THERMODYNAMIC  ENVIRONMENTS                                                                                                                          MATERIAL ATMOSPHERES 

 

94 

 

The experiments Olgyay developed had to do with wind pressure air movements. His 

interest in wind-generated air currents had to do with their capacity to alleviate 

discomfort. These, compared to convective currents, had a higher speed and therefore 

were more effective to balance high temperature and humidity ratios.40 His lack of 

interest in convective air movements is evidenced in the brief section devoted to 

ventilation due to temperature difference, where Olgyay noted the capacity of vertical 

spatial arrangements —atria and to vertical shafts in high-rise buildings— to generate 

vertical ventilation.   

Victor Olgyay’s research used the two-dimension wind tunnel in Princeton University 

Forestry Research Center, which enabled to simulate the effect of the wind on indoor 

arrangements. This wind tunnel made visible air currents through kerosene smoke jets, 

enabling to visualize the interaction between these smoke jets and Plexiglas building 

models. When a model was introduced into the wind tunnel, the set of parallel smoke 

jets interacted with the openings and indoor arrangements, being able to visualize the 

effect of the air currents on the models’ spatial configuration. Smoke jets getting closer 

indicated high air speed and low pressure, whilst increasing distance indicated low air 

speed and high pressure. Similarly smooth smoke jets indicated laminar flow, whilst 

blurry jets indicated turbulent flow. Olgyay developed two sets of experiments. The 

first set was connected to the effect of envelope openings on air currents and was 

developed with section models; and the second was connected to the effect of 

different spatial distributions on air movements and was developed with plan models.  

The wind tunnel experiments with openings probed that the size and orientation of 

openings is connected to the flow and speed of the air current. The experiment 

revealed that the flow of air is higher when windward openings are smaller than 

leeward openings. Similarly it evidenced that small windward openings provided high 

air speeds —Venturi effect— which resulted very beneficial in hot and humid climates. 

In addition to size and orientation, the location incoming windows also affected the 

circulation of the air. Incoming windows located on the upper end of rooms orient air 
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flows along the ceiling whilst incoming openings located on the lower end of walls 

induce air flows along the floor. Paradoxically the location of outcoming windows did 

not affect the direction of the flow. Another set of experiments was developed to test 

the influence of window and brise-soleil design on indoor air flow, evidencing the 

important effects these had on its speed and direction. As a result the location of 

windows has to be attuned to the kind of activities which take place within the room: 

sitting activities would require low windows while standing activities will require high 

windows.  

The second set of experiments dealt with interior arrangements. These probed that 

direct and obstruction-free air flows guarantee maximum speed of air. On the other 

hand, blockages from furniture, equipment or wall distribution provoke turbulent air 

flow and as a consequence reduce the speed of the air current. Olgyay tested different 

wall arrangements, trying to find the spatial dispositions that would minimize flow 

obstructions, assuring an adequate air flow and speed across the building. In general 

partitions arranged in parallel to the flow of air guaranteed adequate ventilation 

conditions, enabling a smooth air current throughout the building.      

These simple experiments had already been undertaken in the Texas Engineering 

Experiment Station (College Station, Texas)41, but were for the first time published for 

an architectural audience, constituting a clear statement of the capacity of 

architecture to modulate air-flow through the design of space. However this research 

focused on small-scale typologies with simple distributions, standard ceiling heights 

and reduced building depths, displaying interesting solutions but limited in scope. But, 

can these climatic patterns, attuned to the scale and peculiarities of domestic climatic 

typologies, be applied to the complex building typologies the contemporary city is 

generating? And, can these climatic lessons be transferred to the complex behavioral 

patterns contemporary typologies are demanding?  
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VERTICALISM AND THERMODYNAMICS: CONVECTIVE DYNAMICS  

Victor Olgyay’s research on interior space air-dynamics acknowledged the existence of 

convective air movements in multi-storey buildings generated by temperature 

differences, however he was not interested in these air flows arguing that its low 

speed had a reduced impact on human comfort. Even though convective air 

movements did not interest Olgyay it is noteworthy their relevance for ventilation 

purposes. Recently convective air movements have acquired special interest for high-

rise buildings; subject to considerable height differences, high-rise buildings have an 

emergent tendency for natural ventilation.  

Along the 19th, as a result of the call for sanitizing and ventilating techniques, 

convective natural ventilation gained momentum. This led to the development of a 

sophisticated knowledge on natural convective ventilation42, among which Professor 

Ernest Jacob’s43 contribution should be pointed out for its pioneering expertise on the 

environmental performance of buildings Jacob’s showed how the building’s spatial 

configuration, its construction and even questions such as its illumination or central 

heating, should be arranged to control ventilation. However, these structures were 

problematic because they were custom-designed and required to adapt the whole 

building to the needs of air convection, which would eventually motivate the 

development of mechanical ventilation techniques. The development of the 

mechanical ventilation and air-condition technologies, together with the increasing 

size and complexity of buildings and the activities these contained, would eventually 

dampen the interest in convective natural ventilation. 

Interestingly, the stack effect which air-conditioning practices tried to eliminate 

changing the topology of the high-rise building, regained interest through the 

development of natural ventilation techniques in high-rise buildings. This endeavor can 

be attributed to the work of Malaysian architect Ken Yeang, who developed a new 

vision for tropical high-rise buildings which, being critical with mainstream modern tall 
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buildings, championed a climatically-inflected architecture. The combination of a 

doctorate program in Cambridge University (1971-74) on ecosystem design and the 

study of Malaysian climatic typologies on his return to Asia44, generated the 

development of a set of design principles for ecologically-sound high-rise buildings 

which were years later published in the book Bioclimatic Skyscrapers.45 Design 

concepts reveal not only an interest in the thermodynamic interactions between 

outdoor energy flows and building envelope but also careful attention to indoor 

parameters which affect interior spatiality and materiality.  

Following Olgyay’s research for small and mid-size typologies, Yeang applied the same 

climatic strategies to high-rise building design46, studying the effect of building massing 

and volume-to-envelope ratios and orientation on its climatic performance. In addition 

he explored how the internal arrangement of the building could further compensate 

external climatic contingencies, proposing to locate structure and service core 

according to its thermal requirements. For instance, Yeang recommended locating 

service cores on east and west facades in geographical low latitudes to protect from 

solar radiation. Particularly interesting is the concept of skycourt, a sort of continuous 

recessed terraces which provides simultaneously solar protection and open spaces for 

social interaction. Providing a gradual transition between indoors and outdoors —

which is paralleled by a mutable façade which is sensible to environmental changes— 

 it is an expanded solar protection which is climatically adapted through the use of 

extensive vegetation, and which is discussed in the chapter territorial atmospheres. 

Passive design through vertical landscaping dampens the effect of local climate on 

skycourts —decreasing the outdoor design temperature for the interior— and 

contributes to reduce the heat-island effect, conferring a new aesthetic image which 

can contribute to develop the ecological corridors within the city.  

Yeang developed insight on the inherent capacity of the high-rise building to provoke 

interior natural ventilation through chimney effect. As an alternative to the difficulties 
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in cross-ventilation due to the increased effect of wind-speed with height, stack effect 

guaranteed natural ventilation due to the thermal and wind pressure differences 

between the basement and top floors of a high-rise building. Yeang conceptualized the 

high-rise as a bundle of chimney stacks —atria, double-leaf facades, service and 

elevator cores, stairwells, hollow floor slabs, office space, skycourts— which enabled 

the circulation of air from the basement to the top floors. Ventilation could also be 

combined with heating and cooling using, for instance, underground tunnels to cool 

down the air and sunspots to preheat it. However, what is at stake is the spatial 

reconfiguration of the high-rise building according to the needs and potentials of 

vertical air circulation. Unlike the horizontal stacking of the skyscraper, this novel 

topological arrangement is based in network of vertical spaces which, driven by 

temperature or pressure differentials, can contribute not only to microclimate 

production but also to enhance the social interaction within its grounds.      

It is important to note that Yeang’s research on the bioclimatic high-rise building has 

ran in parallel to the work of architects such as Richard Rogers and Norman Foster, 

providing a theoretical counterpart which has contributed to the shift switch from hi-

tech to eco-tech high-rise buildings.47 Pioneering projects such as Rogers’ Tomigaya 

Tower (Tokyo, 1990-92) and Foster’s Commerzbank (Frankfurt, 1991-97) together with 

Yeang’s research48 have contributed transform the field of high-rise design. 

 

 

3.5.-FROM FORM TO MATTER 

Olgyay’s drive for passive architecture was absolutely predetermined by the climatic 

knowledge generated by the development of air-conditioning. As discussed in previous 

sections, Olgyay followed the mechanical climate control principle of building envelope 

as thermal barrier.  As a result, his work concentrated on studying the thermal 
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modulation of outdoor climatic factors with external form and envelope building 

systems.  

However, Olgyay developed a series of experiments which explored cross-ventilation, 

introducing indoor space as a new bioclimatic realm. The most important consequence 

of bringing forth cross-ventilation was the introduction of outdoor climate indoors, 

thus introducing climatic variations into an interior atmosphere which, until then, had 

been understood as thermally stable. Interestingly, understanding that inside 

architecture existed a variable meteorology —and not the stable environment air-

conditioning engineers imagined— as variegated as outside climate, suggested that 

indoor materiality could also affect and transform it, adding a new variable to the 

spatial dimension cross-ventilation had introduced.  

This section discusses how material concerns were incorporated into the 

environmental design of interior space. Initially the solar movement will be explored to 

analyze those pioneering experiments in which materials were used as heat storages. 

This first episode will be followed by Baruch Givoni’s conscious introduction of indoor 

climate as a design variable and the modulation materials could provide.  

 

INDUCING MATERIAL BEHAVIORS. OLGYAY AND MATTER 

As mentioned in previous sections, the air-conditioning industry emphasized the 

thermal effect of the building’s envelope over any other kind of architectural element. 

It was considered a thermal barrier subject to linear conductive thermal loss, behaving 

homogeneously over time independently of outdoor climatic variations. This idea 

conceptualized the building as a balanced energy system between constant outdoor 

and indoor design temperatures. As a consequence, Olgyay’s Design with Climate 

focused attention on the envelope, paying no attention to indoor spatial and material 

arrangements. The envelope was studied from a double perspective: first, the effect of 
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impinging solar radiation and other meteorological phenomena on its external surface, 

which was analyzed extensively; and second, the transmission of heat across the 

envelope, which received limited attention.  

According to Olgyay the building envelope’s material systems have two effects over 

indoor atmosphere: first it modulates the outdoor cycle of temperatures and second, it 

introduces a time lag between the outdoor and indoor temperature cycles. Once the 

sun radiation has been absorbed by the building envelope, heat is transmitted through 

its internal mass. The heat transmission coefficient —U value, kcal/h.m²— is the 

physical parameter which measures the linear relationship between and the 

envelope’s materiality and heat flow, having the capacity to control the differences 

between the outdoor temperature cycle and the indoor temperature cycle. The 

insulation of a building modulates the daily temperature fluctuations, constituting for 

Olgyay the principal element in the search for thermal balance.49    

Whilst a part of the sun radiation is transmitted indoors, another part is stored in the 

building envelope. The heat capacity of a material —kcal/°C.kg— is the physical 

parameter which measures the ability of building materials to store heat, having a 

direct influence on the amount of heat that is transmitted to the interior. If a material 

has a great capacity to store heat, the amount of heat transmitted to the interior will 

be reduced, and hence the temperature variation will be smaller. Heat will not be 

stored indefinitely but will be released, having a retarded thermal effect on indoor 

temperatures which can be beneficial if is correctly attuned to daily heat variations and 

comfort demands. The speed at which matter releases heat is determined by its 

diffusivity50, which is inversely related to density and therefore connected to the sheer 

weight of materials. The heat flow would eventually reach the indoor wall surface 

establishing a constant indoor radiant temperature. 

According to Olgyay both the heat transmission coefficient and the storage capacity of 

building envelope’s need to be attuned to outdoor climate, determining the amount of 
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insulation and time lag that is beneficial for a specific climate51. For instance, if the 

average outdoor temperature is close to the comfort temperature, he considered 

essential to provide building materials with a high heat capacity which can store heat 

during the day and release it during the night. If the average outdoor temperature is 

way above or below the comfort temperature, it is important to provide materials 

which can insulate indoor climate from outdoor climate. If outdoor temperatures are 

within comfort temperatures during a period of time, building materials can absorb 

this heat at given time and release it slowly —low diffusivity— along the day. Each of 

these material situations can be further modulated through form and openings, either 

dampening or increasing the effect of material properties. 

 

FROM INDOOR DESIGN TEMPERATURE TO INTERIOR METEOROLOGY 

Victor Olgyay in the acknowledged Design with Climate discussed extensively the 

effects of climate on building shape and materials, giving minimal attention to the 

connections between indoor space, indoor climate and human physiology. Givoni, 

building on Olgyay’s work, developed a more holistic outlook. Starting with the same 

multidisciplinary approach, Givoni managed to combine climate, architecture and 

human physiology in a more integral way, emphasizing on the “interactions between 

the effects of the various factors”52 that exist within a building. Interestingly Givoni’s 

research did not limit to the effect of outdoor climate on architecture, taking into 

account the interaction between the architectural frame, the activities and events 

happening within a building, and the indoor climate. This interest for interior climate 

concentrated on the effect of building materials, devoting a whole section in the book 

Man, Climate and Architecture to the “thermophysical properties of buildings 

materials and the effect on indoor climate”, which analyzed how the thermodynamic 

properties of the materials which build interior space affect indoor meteorology.     
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As a consequence of his interest on the interaction between outdoor climate and 

architecture, Olgyay focused attention on the effect of solar radiation and wind on 

building envelopes. However these were analyzed in a simple and rudimentary way, 

considering them as solid and inert thermal barriers which operated between constant 

outdoor and indoor temperatures. In addition the envelope modulated thermal 

differences only through two thermodynamic variables: its conductivity and heat 

storage capacity. However, unlike Olgyay, Givoni studied building envelopes in a more 

integral manner. Instead of considering them as homogeneous and solid climatic 

barriers, he understood it as variegated wrap with different kinds of materiality and 

degrees of transparency —and hence different thermodynamic properties— which can 

affect in multiple ways indoor climate.     

First, Givoni studied envelopes in a more complete and rigorous way. Complementing 

its transmittance and heat storage, Givoni introduced new variables which gave a more 

precise understanding of the effect of materials on indoor climate. It is interesting to 

bring forth, for example, the surface coefficient which described the rate of heat 

exchange between a wall and the atmosphere. Already discussed by Olgyay, Givoni 

introduced the materials’ roughness or texture which, when increased, “contact is 

improved between surface air and the surface coefficient”53, augmenting the heat 

exchange. This introduces a new scale to the discussion: not only the climatic and the 

material microscopic scale but also the intermediate scale of the building material 

texture. Similarly Givoni introduced the effect of multilayered facades. The need to 

control the complex performance motivated further understanding as to how 

composite building systems affect thermal transmittance and the capacity to store 

heat, developing specific concepts such as the equivalent resistance-capacity product 

54.  

And second, building envelopes are not only solid and opaque but have openings 

which can by-pass the effect of the rest of the materials. Solar radiation enters through 

glazed surfaces and open windows, elevating the temperature of floors and partitions, 
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which in turn heats indoor air and other surfaces. Openings can have a wide variety of 

transparent and translucent materials with varying degrees of thickness and thermo 

physical properties, which can be selective to specific solar radiation wave lengths. In 

addition, openings bring outdoor air into direct and immediate contact with indoor 

surfaces, affecting interior climate. 

Olgyay’s thermodynamic understanding of architecture considered a unidirectional 

flow of heat from outdoors to indoors, taking on board exclusively the effect of the 

exterior climatic phenomena such as the sun or the wind. For Olgyay outdoor climate 

affected indoor climate indirectly, modulated through the thermodynamic effect of the 

building envelope. However Givoni thought that there are factors such as sun radiation 

entering the building through windows which can change the indoor temperature 

directly, bypassing the characteristic time lag of heat flow through walls and roof. 

Givoni extended the effect of outdoor climatic phenomena to indoor space, studying 

the direct effect of solar radiation and air penetrating through windows or of internal 

sources from a variety of “processes of habitation such as cooking, washing, use of 

electrical equipment, etc liberate heat inside the building”55, which had an important 

effect on the internal air and surface temperature. Interestingly this new 

understanding overcame Ogyay’s unidirectional flow across walls and posed 

bidirectional performance. 

Even though Olgyay considered indoor climate the result of the homogeneous 

modulation of outdoor climate, Willis H. Carrier had, as early as 1907, already 

recognized the importance of those heat sources on indoor climate “comprehending 

the entire environmental complex (…) as a single entity”56. Givoni’s contribution was 

not the reintroduction of Carrier’s variable indoor climate, but the idea that this 

climate could be modulated through interior material arrangements: 

“The materials within the internal space, such as floors, partitions and even 

furniture, also modify the indoor temperatures by affecting the heat capacity of 
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the structure as a whole and the rate of absorption of heat generated or 

penetrating within the building”57  

Givoni argued that materials affect the temperature of indoor air and indoor surfaces, 

and thus have a pronounced effect on the comfort of users. As a result Givoni 

researched how the thermodynamic properties of materials arranged within indoor 

space affect indoor climate, arriving to interesting conclusions regarding material 

selections in relation to indoor temperature patterns. Givoni argued that the principal 

properties of materials regarding temperature control are both the thermal resistance 

and the volumetric heat capacity of the internal wall layers. In addition, these two 

properties can be further specified if the heating and cooling sources are indoor or if 

they are outdoor. Their values determine the relation between interior air and interior 

wall temperatures.  

The thermal resistance determines the heat flow through a material. High thermal 

resistance causes rapid indoor heating and cooling whilst low thermal resistance 

causes slow indoor heating and cooling. These two scenarios can be enhanced if 

materials have low and high heat capacities respectively. In addition the effect of 

thermal resistance on indoor temperatures depends on the location of the insulation. 

When the insulation is located attached to the external side of the wall, it is more 

effective in dampening the absorption of solar heat radiation and outdoor air 

temperature increases. On the other hand, internal insulation reduces the absorption 

of heat generated within the building, making mechanical heating or cooling more 

effective. These questions were further specified studying the interactions of external 

color and thermal resistance on indoor temperatures.58 Interestingly Givoni noted that 

the improvement of indoor temperature relying exclusively on thermal resistance was 

limited to regions with outdoor maximum temperatures below 30°C. In climates with 

higher maximum temperatures outdoor climate modulation through heat capacity was 

required, evidencing the inability of low weight building systems to cope with passive 

climate control. 
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The volumetric heat capacity establishes the amount of heat required to increase the 

temperature of a unit of volume of a given material. Materials are heated differently 

by the same quantity of heat. Those materials with high heat capacities absorb heat 

from internal sources more rapidly and with lower air and surface temperature 

increases. And those materials with low heat capacities absorb heat from internal 

sources more slowly and hence the internal surfaces are heated more readily59. A 

building exposed to high thermal fluctuations —due either to external or internal 

heating patterns— can control indoor temperature variations through structural heat 

capacity. Using materials such as concrete in walls and floors will absorb the excess 

heat, dampening the surface and air temperature fluctuations. 

It is interesting to note that these questions may be applied as criteria for choosing the 

most appropriate building material according to physiological comfort requirements 

under different climatic situations. However what is really at stake is a shift from the 

building’s envelope to the structure as principal passive climate control strategy.   

 

A RANGE OF SCALES:  AN INTERRELATING MATTER AND BUILDING SYSTEMS. 

ASSESSING CELLULARITY 

The topics discussed so far have acknowledged the new scales that thermodynamics is 

opening for architecture. As architects reassess the thermodynamic interactions 

between building structures and its interior atmospheres, material form and 

environment interact to effect specific atmospheric behaviors which take place at 

different scales of magnitude than are usual in architecture. Understanding the 

different scales which are involved is not only important for the portrayal of 

phenomena, but also for determining the appropriate means to control them. 

Under this perspective, matter becomes a sophisticated climate-modulating 

element.60 Controlling the particular characteristics and scales involved in material 

systems results in specific microclimate modulations. Material systems need to be 
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developed as a result of its performative capacities using both its microscopic structure 

and the scale  of the building systems. Thermodynamic scales range from the orders of 

magnitude at which thermal and moisture processes take place, to the intermediate 

scale of building systems and the traditional architectural scale of buildings. Whilst the 

wavelengths of audible sound vary from 1cm to 20m —thus taking place at the scale of 

the building—, radiation takes place at the scale of microns, and conduction occurs at 

even lower —nanometers and picometers— orders of magnitude.61 Not only is the 

micro-structure of materials involved but also the spatial and material scale of building 

systems and those resulting from its assemblage. Interestingly, these interactions take 

place at interrelated orders of magnitude. The modulation occurring at the micro-scale 

is connected to the modulation taking place at the scale of building systems, being 

essential to consider the thermodynamic cross-effects between material choice and 

construction fabrication and assembly.     

At this point it is interesting to discuss cellular solids. In these material systems, the 

relative proportion of solids and voids can be designed, organizing its arrangement to 

deliver specific environmental conditions. Cellular solids provide material systems 

specifically designed to operate in particular boundary conditions, adapting to 

problematic situations. For instance, whilst urban climate benefits from massive 

concrete walls, it has a negative effect on indoor climate for its low thermal insulation. 

However a cellular composite like lightweight concrete can offer an intermediate 

solution to mediate between opposite situations, providing “an optimum thermal 

conductivity value which offers at the same time indoor thermal insulation and 

outdoor thermal storage”.62  This situation might be taken further by the possibility of 

cellular solid material sciences to deliver the variable density cells which are found in 

plants and bones. These new kind of cellular solids adapt, according to Kiel Moe, to the 

“thermodynamic necessity to constantly recalibrate the porosity on mater-space 

relationships at all the scales”63 at which architecture is deployed, which situates on 

the porosity of material systems a particular characteristic which enables to control 
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the interior-exterior connections in a specific manner to achieve the desired climatic 

effects.   

 

FROM LINEARITY TO INTERRELATED VARIABLES 

It is important to point out that these two physical parameters indicate two different 

thermodynamic approaches to architecture: from the linear steady-state approach of 

heat transmission coefficient to the fluctuating time-dependent approach of the 

diffusivity of building materials. The thermodynamic behavior of materials is fairly 

simple when climatic conditions are stable, but can get very complex when these 

fluctuate. Olgyay took advantage of the knowledge that the air-conditioning industry 

had generated but superseded its steady-state perspective and introduced time-

dependent variables which led architecture to the realm of open thermodynamic 

systems.  

The air-conditioning industry was initially connected to the refrigeration industry. The 

refrigeration industry considered heat transmission the principal challenge of 

refrigerator envelopes. Operating between constant room and refrigerating 

temperatures, heat transmission constituted a simple problem of linear 

thermodynamics, granting to insulation a key role. When this knowledge was applied 

to the air-conditioning industry, insulation became the principal thermal building 

material. Although the air-conditioning know-how industry introduced fluctuating 

outdoor climatic conditions, it still considered fixed maximum and minimum outdoor 

temperatures and fixed indoor temperatures. Consequently, this steady-state 

approach on building thermodynamics focused attention on insulation.  

However Olgyay’s thermodynamic understanding of architecture transformed this 

situation. Even though Olgyay sought to achieve “climatically balanced” buildings, 

attaining thermal equilibrium between outdoor and indoor temperatures, the concept 
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of time lag shifted bioclimatism from the realm of linearity to open thermodynamic 

systems. This shift displaced the envelope from a conductive uniform behavior to a 

non-linear behavior, introducing variable indoor temperatures into an environment 

that had until then constant indoor design temperatures. Architecture became an 

open thermodynamic system which, subject to variable climatic conditions and to 

desirable indoor atmospheric conditions, unfolds different behavioral patterns, either 

reflecting or absorbing, store or dissipating heat over time. 

The research undertaken by the Olgyay brothers adopted the thermodynamic 

approach which had been introduced by the air-conditioning industry. Nevertheless 

they overcame the steady-state understanding mechanical climate control had and 

introduced the temporal dimension, understanding architecture as a complex 

thermodynamic system with various interdependent variables.   

 

RADIANT SURFACES 

Previous sections have studied the gradual activation of interior material 

arrangements in passive climate control. As noted above, Givoni’s contribution shifted 

attention from building’s envelopes to its structure as more integral manner to tackle 

climate control. Givoni conceived a new potential for architecture which conflated 

thermodynamics and indoor building materiality —providing heat transmittance and 

storage capacity which contributes decisively to indoor climate— interlocking building 

systems, their material appearance and thermal performance. It is important to 

emphasize that this approach was allegedly anti-technological. It proposed structural 

climate control in climatic typologies as conscious alternative to energy-powered air-

conditioning technologies. The introduction of materiality reacted to air-conditioning’s 

focus on air as a thermal transfer medium, which tended to neutralize the negative 

effect of building systems with low thermal transmittance and heat capacity materials.  
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Even though structural and mechanical climate control strategies have run separate 

tracks, during the last years a growing interest has developed to interconnect passive 

measures with climate control technologies. This interest results from a combination 

of factors, among which the growing interest for low-energy alternatives to air-

conditioning and the desire for integrating building practices stand out. These two 

combined with the knowledge on the thermodynamic effect of interior material 

arrangements on indoor climate, have resulted in a growing interest for radiant 

surface as an alternative to air conditioning.    

Interestingly radiant surfaces and the drive for passive climate control have obvious 

synergies. Both strategies activate the structure’s “thermal mass” in walls, floors and 

ceilings to unfold its thermodynamic strategies. The structure’s heat storage capacity is 

on the one hand used for passive heat management —for instance, its buffer effect to 

store solar radiation or for nighttime cooling— and on the other hand used as a large 

radiant emitting surface due to its good heat transfer. This has to be added to radiant 

surfaces’ advantages over air conditioning. First, the higher capacity of water over air 

to carry heat. And last but not least, the fact that radiant surfaces require a lower 

amount of energy to reach an acceptable operative energy —lower heating 

temperature and a higher cooling temperature— which can be collected from natural 

heating and cooling resources —solar collector and ground, respectively— and thus 

reduce energy consumption.    

The interest in radiant surfaces has crystallized in books such as Kiel Moe’s Thermally 

Active Surfaces in Architecture64. This book poses a series of intelligent arguments for 

the use of radiant surfaces over air-conditioning. Argumentation starts with two 

questions which are connected to the anthropological dimensions of architecture. First 

he questions if existing climate control technologies meet the physiological needs for 

comfort. And second, he questions if these techniques under use are the optimum to 

meet these ends.   
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Moe argues that water captures and transports energy more efficiently than air, 

making radiant surfaces more efficient than air-conditioning systems. But radiant 

thermal exchange is not only convenient in terms of energy transfer but also in terms 

of the physiological requirements of humans. Moe explains that the human body is a 

thermodynamic system whose principal medium of energy exchange with the 

environment is radiation. In addition he explains that the human body is itself a 

thermally active hydronic heating and cooling system which transfers heat from its 

interior, through its capillary system, to the skin which is a radiant surface. 

Interestingly, there is a direct connection between energy efficiency and thermal 

comfort as, according to Moe, the human body and the water-based thermally active 

radiant surfaces share the same thermodynamic system65.  

This thermodynamic-physiological question is connected to a second argument which 

makes architecture enter the equation. According to Moe, 20th century building 

practices have been characterized by a fragmentation of its bodies of knowledge. The 

topics of architectural history and theory, sustainability, building technologies or 

energy systems, although are actually interconnected, are however considered 

independent realms. As a reaction to this fragmented approach to building practices 

Moe poses the urgency to integrate these fields of knowledge —merging structure and 

performance, materiality and technological energy systems, architecture and its effects 

on human physiology— and thermally active radiant surfaces integrate this 

multispectral nature of architecture combining the until now distant mechanical 

material tectonic —the traditional architectural milieu— and thermodynamic invisible 

cultures. 

Even though the feat for a multidisciplinary approach to architecture is necessary, and 

the book is very convincing in relation to the capacity of radiant surfaces to integrate 

this multiple questions, it is however problematic in its climatic implementation. One 

of the principal keys to the success of air-conditioning is its potential to curtail relative 

humidity, making it a very convenient technology for humid climates, where the great 
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majority of the planet’s population lives and where the greatest expectations of urban 

growth are located. Even though Moe minimizes the effect of condensation when 

using radiant surfaces, arguing these will work as long as they are over body 

temperature, the rate of heat extraction can be insufficient in high temperatures. 

 

 

3.6.-THERMODYNAMIC MIX-USE. HARNESSING 

PROGRAMMATIC DISSIPATION  

Up until now indoor meteorology has been understood in terms of outdoor climate. 

Buildings have modulated outdoor conditions, regulating the amount of sun radiation 

or wind ventilation getting into the building. However it is important to point out that 

indoor space is a thermodynamically complex combination of a wide variety of sources 

and sinks. In addition to outdoor sources, it is important to consider people, lightning, 

equipment or machines, as originally acknowledged by Carrier as early as 1907. 

In addition to the effect of spatial and material indoor arrangements in a buildings 

thermal performance patterns, there is another architectural parameter which has an 

important influence on the thermodynamic mapping of interior space. This parameter 

is program. Up until now when program has been discussed in terms of 

thermodynamics, it has been done quantitatively. The heat sources connected to 

specific uses have been considered regarding the amount of energy dissipated by 

people, lightning, equipment or machines numerically, not considering the capacity of 

the program to re-arrange topologically the interior of a building, situating heats and 

sources according to the desired heat flows. This section discusses the thermodynamic 

dimension of program and discusses how this can affect the spatial and material 

organization within a building.  
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JUXTAPOSING PROGRAMS: HARNESSING DISSIPATING HEAT 

Vernacular constructions are first and foremost thermodynamic typologies. It is widely 

accepted that vernacular typologies are spatial and material structures configured to 

harness outdoor energy flows to provide a comfortable environment, constituting an 

open thermodynamic systems continuously exchanging heat with the environment. 

However, climatic typologies not only modulated outdoor climate, but also managed 

the energy flows which were generated indoors, organizing space according to the 

energy flows which were generated by human beings, animals or other intermittent 

sources within the building. This tradition is palpable in typologies such as the Spanish 

Northern rural dwelling which organized in two levels, situated humans on the top 

floor and cattle on the basement, in such a way that the former would be heated up by 

the rising heat flow produced by the cattle and fermenting dung on the lower floor.  

Interestingly, this mutually beneficial thermodynamic combination of programs has a 

great potential to be applied to contemporary mix-use typologies. The introduction of 

heat-dissipating and heat-producing programs within the same building, unveils the 

potential to find thermodynamic complementarities among such programs with the 

aim of attaining a zero-energy building. For instance, public programs like cinemas 

need to dissipate heat whilst domestic programs like housing demand heat which, if 

coupled, can generate buildings with zero net energy requirements. This possibility has 

been developed by the research project Thermodynamic Mixer 66. Led by Iñaki Ábalos 

along with a cross-disciplinary team, it explored the potential of high-rise buildings to 

find thermodynamic complementarities between heat dissipating and demanding 

programs. The principal objective has been to develop a thermodynamic design tool to 

match heat-dissipating and heat- absorbing programs in order to attain zero-energy 

buildings.  
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THERMODYNAMIC MIXER 

The Thermodynamic Mixer research initiative is relevant in the context of the high-

density contemporary city, where the high-rise building is consolidating as a generic 

typology. The proliferation of high-rise typologies urges to develop a specific 

knowledge regarding its thermodynamic behavior. The initiative initiated by Ken Yeang 

on the bioclimatic skyscraper can be complemented by the program-based 

thermodynamic mixer. It is interesting to note that a mix-use high-rise building 

combines heat-dissipating programs —e.g. cinemas and theatres— and heat-absorbing 

programs —collective housing or retail. Those buildings which exceed a critical size 

have the capacity to combine thermodynamic complementary programs, in such a way 

that those heat-dissipating programs can redistribute the produced energy, attaining a 

zero-energy balance within the building. 

The thermodynamic mixer applies a strategy which has been until now used at an 

urban level, at the scale of a building. District heating and cooling plants occasionally 

harness dissipating energy from local industries to redistribute it for other uses. The 

combination of heat-dissipating industrial uses with heat-demanding uses —which 

traditionally have been thought to be incompatible— can be thermodynamically 

compatible. Interestingly this situation opens the discussion over the convenience of 

zoning regulations, reconsidering the possibility of locating heat-generating light 

industries amidst city centers to benefit for dissipating heat flows.   

The research project Thermodynamic Mixer developed basic software to attain a 

thermodynamic calibration of different programs. Unlike the vast majority of energy 

modeling programs which are applicable when the design process has finished, 

Thermodynamic Mixer proposed a digital tool for initial design phases that is when the 

principal decision on program and volume are taken. This enables to develop a global 

energy concept for the whole building.67 
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PROGRAMMATIC THERMAL CROSS-BREEDING 

One of the principal objectives of the research Project was to develop a digital design 

tool which enabled architects from the initial phases of a project —and according to 

the program and climatic environment— tackle the complex energy management 

within buildings, evaluating and visualizing the energy balances among the programs it 

contains. The first version was developed an energy balance spreadsheet which 

analyzed the dissipating and absorbing programs within a building. This rudimentary 

software was tested for two climatically-differentiated Spanish locations —Madrid and 

Barcelona—confirming the validity of the initial hypothesis. 

The first task the software undertakes is the quantification of the thermodynamic 

behavior of different programs, assessing the energy inputs and outputs. Using as a 

starting point a given building envelope, the software calculates the energy demands 

for heating and cooling in winter and summer months. Calculations include the heat 

generated by occupation, lightning and equipment, which is multiplied by a correction 

factor to assess the amount of dissipated heat which is available for use.68 The 

difference between the heating demand and the heat which is dissipated determines 

the amount of heat which can be reused for other programs which demand heat. If 

this value is positive it designates a dissipating program, and if it is negative it 

designates an absorbing program.  

Results were visualized in a bar chart which showed the energy (W/m2) dissipated or 

absorbed by programs in a 24 hour cycle, enabling a simple visualization of the 

program’s thermodynamic behavior and hence eased the programmatic combination. 

Programmatic energy design can search for complementation or supplementation 

strategies. Complementation strategies combine programs with synchronized 

thermodynamic cycles, mixing dissipating and absorbing programs with zero energy 

balance. On the other hand supplementation strategies seek programs which different 

time cycles, with the aim of maximizing climate control mechanical systems selection.   
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HEAT STORAGE. CONTROLLING TIME LAGS 

Unlike other energy building strategies which focus on on-site energy production, 

effective thermal insulation or the efficiency of mechanical systems, the 

Thermodynamic Mixer proposed an innovative thermodynamic management of the 

thermal energy that is contained within the building. As a result, this energy 

management proposal relies to a certain extent on the energy exchange and storage 

technologies, and their capacity to store heat within precise parameters over time. 

Heat can be reused in real time or have a time lag between its production and actual 

use.  Whilst in the first case up to 40% of the generated heat can be reused, in the 

second case, for a 24h storage and using available technologies, up to 32% of the heat 

dissipated can be reused.69   

 

SPATIAL AND MATERIAL INTERDEPENDENCE: STRUCTURE AS MANAGER OF 

THERMODYNAMIC FLOWS. COLLECTION, STORAGE, FLOW AND DISSIPATION 

The Thermodynamic Mixer research project posed a double objective. First, it aimed to 

manage the thermodynamic exchanges between programs; and second, it aimed to 

revise the topology of the high-rise building. The intention of the project was to 

developed a software with a quantitative dimension —assessing with precision energy 

flows— and a qualitative dimension —establishing the optimum spatial and material 

arrangements for those energy flows.     

Thermodynamic mixer poses the possibility of a new spatial re-organization of program 

along a building. It organizes programs according to their thermodynamic affinity, for 

instance, absorbing uses juxtaposed to dissipating ones. The understanding of heat 

transfer processes played a crucial role in this spatial reorganization. Whilst convective 

heat transfer championed vertical stacking and vertical shafts for heat transmission, 

conduction championed physical contact between different uses and radiation strived 
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for uninterrupted transmission voids. These heat transmission protocols generated 

spatial structures in which porous and massive tissues alternated within the building 

fabric to produce interesting architecture which transcended its thermodynamic 

inception.      
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66The Thermodynamic Mixer research initiative (2010-12), led by Iñaki Ábalos with the aid of Javier 
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Gallostra from JG ingenieros and Kiel Moe (Harvard Graduate School of Design)— which were 
undertaken in these three institutions.  
67Further information on this project can be obtained from the book Thermodynamics Applied to High-
Rise Mixed-use Prototypes edited by Iñaki Ábalos and Daniel Ibáñez. 2013. Harvard Graduate School of 
Design: Cambridge, MA (USA). 
68The correction factor applied to occupation is 0,65 and the one applied to lighting and equipment is 
0,50. 

69Heat storage technologies guarantee in a 24-hour lapse of losses up to 20% of the heat initially stored.  
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4.- PHYSIOLOGICAL ATMOSPHERES 

 

4.1. INTRODUCTION 

This chapter studies the thermodynamic interactions between the human body and its 

non-visible environment. Unlike material atmospheres which discussed the 

thermodynamic exchanges between the architectural frame and interior atmosphere, 

this thermodynamic realm explores the final regime of energy exchanges, those which 

take place between interior atmosphere and the human body, reaching the final 

objective, the occupant of the building.  

From the inducement of objective environmental phenomena to its subjective human 

perception, physiological atmospheres explore through a series of historical episodes 

how the scope of atmosphere-body interactions has evolved during the last century. 

Starting with the pioneering experiments with ventilation, in which interactions were 

limited to the chemical exchanges between the atmosphere and human health, and 

going through air-conditioning and its psychrometric atmospheric delivery, this 

chapter will end analyzing the current situation, in which the politics and aesthetics of 

non-visible environment are challenging the visual predominance that architecture has 

had until now.  

This historical discussion also aims to explore the manner in which this vaporous 

environment can become the object of architectural design. In a thermodynamic realm 

in which user and environment are entangled in space and time, design agency has 

shifted to the production of somatic effects. Taking distance from the mechanical and 

structural devices which induce atmospheric effects —which have already been 

discussed in the chapter material atmospheres— this chapter attempts to grasp the 

potential the thermodynamic interactions between the non-visible environment and 

the human body have for architectural design. However architects lack the necessary 
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tools, being necessary to produce the thermodynamic knowledge to operate in this 

new environment. 

To engage this thermodynamic realm architects need to expand its toolkit. From 

atmospheric phenomena to subjective sensation, at least the following areas of 

knowledge are relevant for the design of physiological atmospheres: first, the objective 

knowledge on physical —i.e. laws of heat transfer— and chemical environmental 

phenomena; second, the effect of phenomenological behavior on the body, the 

neurobiological processes it kindles and the physiological processes —i.e. thermo-

regulation processes— it effects; and last but not least, the subjetive sensations it 

provokes. This sequence of processes indicates the fields of knowledge which are 

involved in this thermodynamic realm, from objective atmospheric phenomena to 

subjective experience, showing the expansive architectural scope, but also framing its 

field of action.  

Physiological atmospheres is divided in two parts. The first part deals with the 

experiments developed since the 1850s which have led to the current thermal comfort 

model. The first section —Chemical Air, Ventilation and Public Health— discusses the 

interactions between chemically-charged atmosphere and users through the lens of 

public health and respiration. The idea that the chemical composition of the air was 

connected to human health sparked the interest in natural ventilation techniques and 

propelled the development mechanical ventilation devices. Years later, changes in the 

physiological theory placed emphasis on the physical characteristics of atmosphere —

principally temperature and humidity— and its skin-effects over respiration. This 

shifted the interest from mechanical ventilation first, to fresh outdoor air —discussed 

in the section Qualitative Atmospheres— and later to air-conditioning, a mechanical 

service which was being developed at that time and which coincidentally had the 

capacity to control the humidity levels of interior environments. The section From 

Health to Comfort. Air-conditioning and the Quantitative Search for Ideal Climates 

explores how were the psychrometric interactions between the air and the skin 
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rendered object of design. The next section describes the correspondence that 

appeared between the convective-based steady state air-conditioning model and the 

human thermal homeostatic comfort model —Air-Conditioning Physiology: The 

Homeostatic Comfort Model—, the thermal inertia in the air becoming the mediating 

material capable of balancing the human’s body thermal behavior with its comfort 

requirements. Dubois’ studies on environmental physiology finally gave a 

thermodynamic basis to physiological atmospheres. Between science and physiology, 

these initial three sections trace the history of the comfort-based statistical 

physiological approach which forms the conceptual backbone of current air-

conditioning practices, and which finally crystallized in Ole Fanger’s Predicted Mean 

Vote comfort index (PMV) which is still in use. 

The second part of this chapter discusses the alternative visions that appeared which, 

on the one hand challenged the established atmosphere-body convective 

thermodynamic interactions, and on the other hand opened uncharted territories with 

new design potentials. The fifties and sixties saw the final triumph of air-conditioning 

—full-climatic control through convective energy exchanges within sealed climatic 

islands, using quantitative tools and subjective comfort indexes— as universal climate 

control service. However its success also brought critical voices —see Questioning Air-

Conditioning. Alternative Paths— which questioned its established concepts, and 

introduced alternative visions. In this regard, it is noteworthy the development of the 

bioclimatic approach which has been discussed in previous sections. Passive 

architecture transformed the uniform homogeneous atmospheres of air-conditioned 

buildings, introducing with climatic heterogeneity a new set of variables which 

rendered established comfort indexes obsolete. The PMV led to alternative 

approaches like the Adaptive Thermal Comfort concept in which indoor environment 

and occupants are two parts of an integrated self-regulating feedback system.  

Interestingly, in parallel to the development of adaptive thermal comfort modeling, 

the publication of books like Thermal Delight in Architecture, introduced an 
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experiential and aesthetic dimension to atmosphere that until then had been ignored. 

Unlike air-conditioning which neutralizes the thermal environment, the book poses the 

idea there is an extra delight “when we experience a changing temperature within the 

basic comfort zone”.1  

In recent years some voices are reclaiming to explore alternatives to the convective-

based physiological paradigm. The section Expanding Interactions. The Low-Energy 

Approach explores the growing range of possibilities to tackle the thermodynamic 

exchanges between the body and its environment. This section explores an array of 

alternatives solutions to the convective model —from the alternative heat-transfer 

systems to new thermoregulation mechanisms— which pose the possibility of 

tempering bodies instead of buildings. This attraction for atmospheric effects is in turn 

arising interest for its subjective aesthetic response. Up until now in architecture, 

aesthetics have focused on the visual and on the object-subject dichotomy. However, 

an architectural practice which is based in the production of intensive somatic 

sensations debunks the former prevalence of visual aesthetics and explores a new 

territory in which user and environment are subject to continuous interactions in both 

space and time. This question is discussed in the section Designing Atmospheres. 

Between Aesthetics and Politics, which explores how atmospheric design, in spite of its 

capacity to conduct behavior, can however provide an open-ended environment in 

which humans are free to develop new forms of emancipation and cultural expression. 

 

 

4.2.-CHEMICAL AIR,  VENTILATION AND PUBLIC HEALTH 

AIR CHEMISTRY. TUBERCULOSIS AND ATMOSPHERE 

The relationship between humans and the atmospheric environment started to be 

studied since the 1860s following Louis Pasteur’s discovery that the composition and 



THERMODYNAMIC  ENVIRONMENTS                                                                                                                PHYSIOLOGICAL ATMOSPHERES 

 

125 

 

chemical purity of the air was a key question regarding the public health of urban 

populations. At that time the number of known noxious substances which was 

believed to be carried in the air was considerable, some of them provoking health 

affections such as hay fever or tuberculosis. Airborne toxicity ranged from urban 

pollution caused by growing industry, airborne pathogens such as viruses and bacteria 

—by-products of respiration such as tuberculosis—, miasmas or pollen. As a result the 

chemical composition of the air inside buildings became an important question, 

particularly in buildings with large audiences where the concentration of atmospheric 

contaminants increased considerably. Carbon dioxide was used as a reference for 

ventilation standards, becoming a proxy for the density of human occupation. It was 

not considered to be dangerous, but being a product of human respiration, it was a 

“good predictor for levels of human-emitted odors and pathogens that spread illness 

from person to person”.2 The antidote to carbon dioxide was fresh air, which reduced 

the toxic levels to acceptable values. The first studies on ventilation were devoted to 

study the crowd poison in buildings such as churches or theatres3, promoting the first 

conscious design of the interactions between the atmospheric environment and its 

occupants.  

Airborne pollutants could come either from outdoors or were generated indoors, 

which determined whether a building should be impermeable, or should be open and 

promote natural ventilation and open-window strategies. The growing concern for 

airborne tuberculosis in indoor environments provoked a growing demand to 

eliminate indoor noxious atmospheres promoting either natural ventilation by means 

of open-window strategies or, years later, mechanical ventilation through forced-

ventilation systems. On the other hand, the preoccupation with outdoor airborne 

toxins, such as pollution, miasmas and pollen, promoted airtight strategies, air-filtering 

and air-cleaning through the use of air washers and filters. Interestingly, this concern 

for outdoor toxins also promoted atmospheric-based urban design strategies, among 
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which the massive urban paving projects of the 18th and 19th century to cover and cap 

the ground’s exhalations and miasmas must be recalled.4  

Acknowledging the connection between atmosphere and respiration motivated the 

first experiments with atmospheric design. These initial experiences tackled hygiene 

and public health questions, making only casual references to discomfort due to poorly 

ventilated rooms. Interestingly these pioneering experiments were conducted at the 

crossroads of several disciplines, using the quantitative knowledge of physicists, 

physiologists and engineers, and the qualitative drive for fresh-air of the Open-Air 

movement. 

 

FROM NATURAL VENTILATION TO MECHANICAL SYSTEMS 

The importance of the chemical composition of air human respiration placed on 

ventilation the responsibility of atmospheric well-being. Outdoor fresh-air was thought 

to act as a prophylactic against air-borne disease and as a positive measure against 

tuberculosis. Diluting crowd poison with outdoor air returned atmosphere to healthy 

standards. The need for fresh-air inside buildings motivated first, the development of 

natural ventilation techniques and, as building programs increased in size and 

complexity, the invention and implementation of mechanical ventilation systems.  

The need to introduce fresh air to interior space transformed buildings, opening them 

to incoming breezes. Changes affected not only the size and arrangement of openings, 

but also building morphology. Building plans were modified to promote cross-

ventilations, which on the one hand minimized building depths and on the other hand 

maximized envelope versus volume ratios. This motivated the drive for H, I or L shaped 

typologies which explored consistently the relationship between building shape and its 

capacity to introduce fresh air. In parallel building envelopes were made permeable, 

affecting the size and orientation of openings and the ability of windows to regulate 
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the flow of incoming air. These transformations were further accentuated by the belief 

that solar radiation had curative effects.  

In parallel to the drive for cross-ventilation, convective natural ventilation gained 

momentum as a way to evacuate noxious gases from human respiration and inefficient 

combustion of illuminants, affecting particularly programs with large audiences such as 

theatres and churches. Convective ventilation motivated the appearance of an array of 

manuals5 and the development of a sophisticated knowledge on convective measures 

which would eventually lay the technical foundations for the development of 

mechanical ventilation devices and, decades later, the rules-of-thumb of passive 

ventilation. Professor Ernest Jacob’s6 manual should be pointed out for his pioneering 

expertise on the environmental performance of buildings, showing how the building’s 

spatial configuration, its construction and even questions such as its illumination or 

central heating, should be sophisticatedly arranged to control ventilation. However, 

these structures were problematic because they had to be custom-designed and 

required “the adaptation of the whole structure to the needs of convected air 

circulation”.7 This, together with the growing complexity of buildings, motivated the 

development of blowing fans which would eventually lead to the abandonment of 

convective ventilation techniques. The development of mechanical ventilation 

techniques was paralleled by the appearance of regulations on the volumetric 

standards for ventilation, which determined the amount of incoming fresh air to 

compensate indoor generation of carbon dioxide, and purify the chemical composition 

of interior air. 

 

 

4.3.-QUALITATIVE ATMOSPHERES 

THE COLLAPSE OF THE CHEMICAL THEORY OF AIR 
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Around 1910 collapsed the physiological theory on which mechanical ventilation 

relied. The development of mechanical ventilation techniques and air renewal 

standards had flourished according to the belief that the chemical composition of air 

was fundamental for a healthful atmosphere. However new physiological studies 

revealed no chemical changes were effected through respiration, emphasizing the 

importance of the physical qualities in the air for a healthful atmosphere rather than 

the chemical ones.8 This new theory was introduced by the British physiologist 

Professor Leonard Hill9 whose investigations revealed no dangerous chemical change 

in air due to respiration. Hill established that the physical characteristics of the air such 

as temperature, humidity and air circulation were better indexes for a healthy 

environment than CO₂. Hill asserted that “(t)he chemical purity of the air (…) is not 

impaired in such a way as to be of any physiological significance, not even when these 

rooms are crowded and ill-ventilated (…) the physical properties of air —its moisture 

and stagnation— which matter.”10 This not only shifted the focus of physiological 

atmospheres from chemical respiration to physical skin processes, but also introduced 

the idea of comfort, complementing public health with a novel interest in human 

physiological well-being and pleasure. This drove interest to the interaction between 

the skin and the air’s physical variables such as pressure, temperature and the flow of 

air, relying on the field of psychrometrics to understand the connections between 

these variables and on physiology to know its effects. In fact, the psychrometric chart 

Carrier had developed would eventually be used as the basis to establish a scientific 

and quantifiable definition of comfort which would be based upon temperature and 

humidity atmospheric conditions.  

The collapse of the chemical theory of air vitiation discredited established ventilation 

standards which were based upon the proportion of carbon dioxide in interior 

atmospheres, and motivated the search for a new scientific basis for ventilation 

standards. This controversy generated two opposite reactions. On the one hand it 

reinforced the return to “natural climate as a model of proper atmospheric 
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conditions”11 challenging the prevalence of mechanical ventilation with open-window 

natural ventilation strategies. This qualitative return-to-nature initiative was supported 

by the open-air movement who had already championed an anti-technical drive for 

natural fresh air, and which would have a lasting influence on the search for natural 

models for indoor atmospheric design. And on the other hand, as a reaction to the 

open-air movement, it sparked the need of the American Society of Heating and 

Ventilating Engineers (ASH&VE) to find quantitative scientific evidence to support the 

benefits of mechanical ventilation over natural ventilation. This resulted in the creation 

of the ASH&VE Laboratory which, together with the Harvard University Public Health 

School, became the two institutions where the vast majority of atmospheric-

physiologic thermodynamic interactions were researched, and which would give 

support to the development of air-conditioning. Interestingly these two reactions 

would frame the future field of action of air-conditioning development, which would 

oscillate between the qualitative provision of fresh-air and the quantitative desire for a 

precise and homogeneous atmosphere. 

 

OPEN-AIR MOVEMENT AND THE DRIVE FOR FRESH-AIR 

The irruption of the open-air movement12 had an important influence in the 

development of the qualitative vein. This group of social reformers was part of the 

back-to-nature movement which appeared as a reaction to modernization, the 

industrial city and its polluted environment. In addition they believed that a return to 

fresh air was a solution against airborne diseases like tuberculosis. They were very 

critical with mechanical ventilation devices and sought natural ventilation and open-

window strategies. Unlike the drive for quantitative standards involved in mechanical 

ventilation, the open-air had a motivation for the qualities of natural climate as a 

model for proper atmospheric conditions, defending the experiential and sensual 

individual interaction between the human psyche and fresh air. This qualitative focus 



THERMODYNAMIC  ENVIRONMENTS                                                                                                                PHYSIOLOGICAL ATMOSPHERES 

 

130 

 

searched for ideal atmospheres in nature, the mountain climate being the most 

appealing for its curative and invigorating qualities. Of special interest were books like 

Professor  Hill’s Sunshine and Open Air13 which, apart from evidencing the close ties 

between the open-air movement and the new physiological theory, analyzed in detail 

how the physical qualities of the atmosphere of the Alps —its ionization, dryness, 

spectrum of sun rays or temperature range— had a positive effect over the human 

metabolism.  

The open-air movement had a lasting influence over the built environment, being a 

pioneering reference for the Modern Movement. The extensive use of glass, the 

deployment of terraces and horizontal roofs, the use of white color and the drive for 

natural ventilation were motivated by the belief of the open-air movement belief that 

architecture could contribute to improve public health and living conditions. In fact, 

the open-air movement advocated for open-window strategies as a way of introducing 

fresh-air into buildings, championing maximum exposure to the healthful effects of 

outdoor climate. Its most salient experiment was the open-window classrooms 

experiments, which sought a healthy learning environment through the use of natural 

ventilation. However, the discovery of penicillin collapsed the physiological basis of the 

Modern Movement which continued its enquiry without the clear ideology which 

kindled it. It is significant to note that this interest in environmental design has 

recently reappeared in experiments like Philippe Rahm’s Hormorium which, replicating 

an Alpine climate in Venice, is bringing forth the pioneering ideas which kindled the 

Modern Movement’s ideology, and its connection to health and to the atmosphere 

within buildings.    

The drive for natural atmospheric models also permeated the air-conditioning industry 

which used natural climates during since the 1920s as a reference for indoor 

atmospheric design. Even though the ASH&VE Lab (1917) was founded to counter the 

open-air crusaders qualitative vein with an opposite quantitative thrust, the 

movement’s claim to introduce fresh and healthy air into buildings had an important 
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influence on air-conditioning engineers. Up until then air-conditioning technology 

made available air at a precise temperature and humidity but ignored the particular 

temperature-humidity relationship that characterized the right air for humans. 

Influenced by the open-air movement, air-conditioning engineers began to search for 

the ideal climate, believing “the variability of stimuli experienced by persons under 

ideal weather conditions in the country, mountains and seashore, undoubtedly has 

some stimulating effect”.14 The idea was to find the ideal climate to reproduce 

mechanically its physical and chemical characteristics and introduce it indoors. The 

ozone content in seaside and mountain air was believed to have an invigorating effect 

on the health of human beings which led to conduct multiple experiments around the 

1930s to find out the effect of ozone on human beings. 15 Other initiatives extended 

research beyond the composition of the air to embrace the wide variety of attributes 

which made outdoor air healthy. For instance, variable-speed fans would imitate the 

pulsating rhythms of wind gusts and ultraviolet lamps would restore the ultraviolet 

radiation blocked by glass.  

The drive for the quality of natural climatic phenomena advocated by the open-air 

movement influenced the development of the first air-conditioning systems, which 

sought to reproduce inside buildings atmospheric qualities such as the scent or the 

non-visible radiation of Alpine locations, evidencing the early motivation for 

atmospheric design.  The different names air-conditioning received —“climate 

control”, “man-made weather”, “artificial climate”, “man-made weather”— underline 

this idea, showing the conscious desire for atmospheric fabrication. Unfortunately, this 

qualitative vein which was present in pioneering decades surrendered to the rigor of 

psychrometric quantification. This section analyzes the devices, analytical tools and 

physiological theory the air-conditioning industry developed, evidencing how the drive 

for a precise and scientific-based discipline shifted it to a quantitative basis.     
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4.4.-FROM HEALTH TO COMFORT. AIR-CONDITIONING AND THE 

QUANTITATIVE SEARCH FOR IDEAL CLIMATES 

PHYSICAL AIR: THE PASSAGE TO COMFORT AIR-CONDITIONING 

The first conscious manipulation of atmosphere was staged by the ventilation 

experiments of engineers and the open-air movement that took place during the 

second half of the 19th century. Focusing on the chemical exchanges between indoor 

atmosphere and respiration, these initial experiments had a significant public health 

bias.  

However the mentioned changes in physiologic theory established that the physical 

characteristics of the air such as temperature, humidity and air circulation were better 

indexes for a healthy environment than CO₂, shifting the focus from chemical 

respiration to physical skin processes. This implied a radical change in the 

conceptualization of the physiological atmosphere shifting atmospheric design from 

public health to comfort. Interestingly this change did not only mean shifting 

atmospheric effects from chemistry to physics —in this case thermodynamics— and 

from health to comfort, but most importantly, replaced mechanical ventilation with 

the emerging air-conditioning technologies which happened to be attuned to the new 

physical characterization of the air. This situation was further enhanced by the 

awareness that urban pollution hampered the possibility of using outdoor air to attain 

a healthy interior atmosphere. As a result the permeable hyper-ventilated buildings 

promoted by the open-air movement were sealed-off, and fresh air ventilation was 

replaced with air-conditioning. This inaugurated the era of psychrometric atmospheric 

design, staging a new set of bodily-atmosphere interactions centered on 

thermodynamic exchanges. 

This shift from health to comfort did not only result from changes in physiological 

theory, but was also connected to broader cultural changes. The appearance in the 
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1910s of a new field of research called climatic determinism16 researched the 

connections between culture and climate. According to climatic determinism, physical 

strength and psychological activity acquire a higher degree of development in a 

specific range of climatic conditions, which promoted the idea that improved working 

conditions had a direct influence over worker efficiency. However it was motion-

picture theatres which explored in depth the possibilities of air-conditioning rather 

than ventilating systems to provide real comfort to the audience. The great 

competition for audiences led theatres to search for new commercial strategies such 

as exotic theatre architecture or comfort air-conditioning that would provide a more 

attractive experience.17 In years to come initial interest in comfort gave way to a 

radical experimentation with the physiological reactions to atmospheric effects. 

Theatre managers enhanced shows with environmental conditions, introducing 

atmospheric effects which magnified the experience of performances. For instance, 

the Radio City Music Hall attuned air-conditioning temperature and humidity to 

performances and introduced laughing gas —nitrous oxide— to make performances 

exhilarating18, atmospheric design reinforcing performance development. 

As a result, shifting from health to comfort questioned the quantitative basis which 

had characterized ventilation until then. The incorporation of human subjective well-

being implied compensating the reductive quantitative objectivity of industrial air-

conditioning to incorporate the qualitative subjective feeling of the human being.     

 

TEMPERATURE AND HUMIDITY CONTROL: TOWARDS PSYCHROMETRIC 
ATMOSPHERIC DESIGN 

The new interest in temperature, humidity and air flow as key factors for a healthy 

environment were coincidentally attuned to the air-conditioning devices which were, 

during those same years, being developed. The new idea that these parameters were 

better indexes for a healthy environment than CO₂, matched the efforts some 
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engineers were making to provide a humidity-controlled environment for industrial 

processes. However, the ability to control humidity and temperature probed to be a 

difficult endeavor, taking nearly four decades (1870s-1910s) to develop an air-

conditioning machine which guaranteed precise humidity levels.  

The initial development of air-conditioning was linked to the manufacturing industry. 

Many industrial processes were sensible to humidity changes and had to stop during 

the humid season. For instance, in the textile industry the natural absorption of 

humidity by cotton and wool fibers made these more elastic, easing-up carding, 

spinning and weaving tasks, making humid months more adequate for production. 

Similarly, in the printing industry materials such as paper were hygroscopic and 

absorbed the humidity in the air, which stopped printing processes during the summer 

months. As a result, industrials were keen to develop environmental systems that 

would enable them to extend the manufacturing season year-round, and asked 

engineering firms to develop humidifying and dehumidification devices. The first 

humidification systems were basic and imprecise. Methods ranged from the 

rudimentary factory floor dampening to the commercial humidification systems 

developed in the 1870s which sprayed water droplets over the factory space. 

Engineers had no specific knowledge about the psychrometric processes involved, and 

relied on intuition and on a trial and error experimental basis. The first installations 

were designed on a rough estimating basis and provided simple rules of thumb —so 

many humidifiers to about so many cubic feet19— which were later applied to new 

situations, which in turn improved their know-how. The significance of these initial 

steps is that they succeeded to clarify that air-conditioning consisted in humidity and 

temperature control, air circulation and cleansing, the four attributes which air-

conditioning is still considered to provide, thus framing the field of action for future  

atmospheric design. 

Carrier must be distinguished as the engineer who did most to transform atmospheric 

design from an experiential-based approach to a precise technical practice. All his work 
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aimed to obtain a precisely controlled environment. His principal breakthrough was to 

hit upon a technology which dehumidified the air, succeeding in 1902 to discern the 

psychrometric process —due point control— which would enable to control the 

humidity content of air. Drawing on the concepts underlying the behavior of fog20, 

Carrier devised a machine that was capable of controlling with total precision the 

amount of humidity in the air. As a result, by 1911 he had developed a device21 which 

managed to provide precise temperature and humidity conditions, paving the way for 

comfort atmospheric design. 

However the provision of precise temperature and humidity atmospheric conditions 

did not only depend of the availability air-conditioning machines, but also of the 

development of a quantitative understanding about how the air worked. This led 

engineers into the disciplines of thermodynamics and psychrometrics. By the end of 

the 19th century, when air-conditioning technologies started to be developed, the 

physical laws which governed atmospheric phenomena were only partially 

understood.22 By then, the emerging field of thermodynamics provided a very 

convincing interpretation of the connections between heat energy and atmospheric 

behavior. The kinetic theory of gases23 succeeded to connect the pressure of an ideal 

gas in an enclosed environment to the speed of its particles —and therefore to its 

temperature— developing the thermal equation of state of a gas. This theory provided 

a scientific basis to the nascent field of psychrometrics which dealt with the properties 

and processes of moist air, providing an elemental quantitative basis to the dynamic 

interrelation between temperature and humidity. 

However it was neither thermodynamics nor psychrometrics but meteorology —see 

the chapter Territorial Atmospheres— the discipline which most contributed to the 

quantitative development of air-conditioning. During the last decades of the 19th 

Century, the emerging field of meteorology tested empirically the validity of the kinetic 

theory of gases through real pressure and temperature measurements. The 

observation data was arranged in tables of empirical psychrometric values, which were 
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later used to produce the first version of Carrier’s 1904 psychrometric chart24, which 

still is one of the principal tools for atmospheric design. To simplify the task of air-

conditioning design, he graphed the data provided by meteorological tables, 

connecting specific temperatures to specific moistures. Dry-bulb temperature was 

represented with a uniform scale along the abscissa line, and moisture content was 

expressed along the ordinate. The percent saturation, currently called relative 

humidity, and the psychrometer wet bulb were also represented with curves from 10% 

to 100% and lines in 5°F increments respectively. Subsequent versions added new 

features, but the basic characteristics of the psychrometric chart had been defined, 

constituting an abstract quantitative tool which resulted essential for diagnosing and 

visualizing the temperature and humidity transformations involved in atmospheric 

design. 

Up to this point it is clear what air-conditioning could do, temperature and humidity 

control, and which were the specific tools which were developed for atmospheric 

design, the psychrometric chart. However, concentrating on the achievement of 

specific climatic conditions neglected other questions which were equally important. 

The next section discusses how human beings were introduced into the equation, 

explaining how psychrometric atmospheres expanded to become comfort 

atmospheres. 

 

IN SEARCH FOR THE RIGHT AIR. THE ASHVE LAB 

Following the collapse of the chemical physiological theory and the public discredit of 

mechanical ventilation, the American Society of Heating and Ventilating Engineers 

(ASH&VE) Lab25 was founded in 1917. By that time Carrier had developed a technology 

that could control the temperature and humidity content in the air, but little was 

known about how the air affected human beings. As a result, the ASH&VE Lab —

developed with the Harvard School of Public Health26— was established as a research 

initiative which focused on establishing a scientifically-based interconnection between 
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atmosphere and human physiology for the development of mechanical ventilation. In 

this endeavor quantitative data was thought to play an essential role in enhancing the 

scientific character of heating and ventilating engineering. Pushed by the demand for 

climatic guarantees of factories and motion-picture theatres, quantitative accuracy 

would enable to build more effective designs. Its objective was to address the public 

confidence over the controversy the new physiological theory had arisen and 

counteracting the momentum the open-air movement had gathered. This research 

initiative was complemented by an editorial one, ASHVE Transactions, which spread 

out through reports the scientific knowledge the lab generated.  

Committed to research on the new physiological theory Professor Hill had enunciated, 

the ASH&VE lab devoted most of its efforts to research on the connections between 

atmosphere and physiology focusing on the physical attributes of air to generate an 

elemental knowledge on human reactions to interior climate. Working over the 

physical variables which Leonard Hill had defined as relevant for human health and 

comfort, the laboratory tested scientifically that the effect of temperature, humidity 

and air velocity constituted the basis for determining an ideal climate27. Along the 

1920s and 1930s the lab conducted an array of experiments on the effect of the 

physical attributes of air on human physiology. Aided by doctors and physiologists, 

experiments tested the reactions of different combinations of atmospheric variables —

temperature; temperature and humidity; temperature, humidity and still air; 

temperature, humidity and moving air,etc.— on human beings. Studies covered 

different physical variables, ranging from “Some Physiological Reactions to High 

Temperatures and Humidities”28 (1923), and “Cooling effect on Human Beings 

Produces by Various Air Velocities”29 (1924), to “Basal Metabolism Before and After 

Exposure to High Temperatures and Various Humidities”30 (1925).  It is noteworthy 

that the research undertaken was consistent with the particularities of air-conditioning 

technology, testing principally those variables pertaining to air-conditioning 

technologies —temperature, humidity and air velocity— and obviating other 
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parameters that were not directly connected to the convective technology 

consolidating the psychrometric character of atmospheric design. In addition, the 

research lab also studied the physical attributes which characterized ideal seaside and 

Alpine climates —for example its ionic content—, and which brings forward the 

influence of the open-air movement and their drive for outdoor fresh air. 

 

The research lab focused all its efforts on finding a connection between the physical 

properties of atmosphere and comfort, overcoming the previous prevalence given to 

health.  The laboratory moved to the task of testing Hill’s idea that the skin-effects of 

the air’s physical properties were the basis for determining a scientific and 

quantitative-based approach to comfort, which would overcome the lack of reliable 

knowledge on comfort questions. It started working on the assumption that comfort 

was connected to temperature and humidity values and in 1922 succeeded to publish 

the first Comfort Chart31 which enabled to express comfort numerically and in 

enviornmental terms. Based in Carrier’s psychrometric chart, the Comfort Chart 

succeed to graph comfort as a function of temperature, humidity and air movement, 

making visible the climatic situation at which most people felt comfortable.   

Among the variety of precision instruments which were developed, the psychrometric 

chamber (Harvard School of Public Health, 1922) was by far the most important, as it 

enabled the development of the first reliable comfort indexes. The psychrometric 

chamber enabled to define in 1923 the concept of Effective Temperature which 

contributed to explain comfort with more precision. Effective Temperature was an 

index of the perceived thermal sensation of a subject exposed to different 

environmental conditions on account that different combinations of temperature, 

humidity and air movement produced equal effective temperatures. The effective 

temperature —similarly to other comfort indexes such as the 1923 comfort chart— 

was defined “by trained subjects who compared the relative warmth of various air 

conditions in two adjoining conditioned rooms by passing back and forth from one 
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room to the other”.32 Subjects walked between two psychrometric chambers with 

different environmental conditions attained through convective methods. In one 

chamber the conditions were fixed and in the other were changed, in such a way that 

subjects felt the same thermal sensation in both rooms. The Effective Temperature 

index contributed decisively to the definition of comfort, overtly evidenced that 

comfort not only depended on temperature —as most people still think— but on the 

interplay of temperature with two other variables: air humidity and movement. 

However the thermal evaluation was empirical, assessing the effects of different 

climatic situations on a subjective experiential basis. It is noteworthy that, even though 

the lab succeeded to define comfort quantitatively on a psychrometric basis, it did not 

manage to do it with scientific rigor it aspired to, still relying on subjective observation 

to assess the effects of climate.  

This experiential research at least enabled to obtain comfort standards, and by 1925 

the values of 21°C and 50 percent relative humidity were widely used as the basis for 

comfort. It is important to note that, even though the knowledge on the physiological 

thermoregulatory processes evolved considerably in subsequent years, the Effective 

Temperature Index (in one or other form) has persistently been used as the official 

comfort index of the ASH&ME and ASHVE Guides until the adoption of the PMV-PPD 

thermal index by the ASHRAE in 2005.      

 

 

4.5.-AIR-CONDITIONING PHYSIOLOGY: THE HOMEOSTATIC 
COMFORT MODEL 

EUGENE F. DUBOIS. PHYSIOLOGICAL EQUILIBRIUM THERMODYNAMICS   

The research undertaken by the ASH&ME lab was to a certain extent indebted to 

Carrier’s psychrometric understanding of atmosphere and to the physiological 
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knowledge produced by Dr Hill. The numerous research reports the lab produced along 

the 1920s and the 1930s evidenced that physiological interactions relied on 

psychrometric knowledge, but ignored the nature of the physiological processes and 

thermodynamic exchanges involved in them. However the work of environmental 

physiologist Eugene F. Du Bois33 laid the foundations to understand the physiological 

interactions between the human body and the environment. His work contributed to 

explain not only the physiological processes involved, but most importantly, that the 

human body-atmosphere interactions had a thermodynamic basis. As a result the 

DuBois provided the scientific basis the ASH&VE lab scientists had longed for, and 

inaugurated the era of thermodynamic pshysiological interactions.  

By the beginning of the 20th Century the human body was already understood as a 

thermal machine in thermodynamic equilibrium with its environment. This equilibrium 

was regulated by the energy balance between its metabolic heat production (M) and 

the heat loss dissipated to the environment, which was expressed through the 

following thermal equation 

M  =  ±  S  ±   E   ±   R   ±   C 

The heat generated by the internal metabolism (M) could either be stored (S), or 

dissipated to the environment through evaporative (E), radiant (R) or convective (C) 

heat loss. Radiant and convective heat transfer could also take place inversely, 

absorbing heat from the environment. The body always produced heat, whilst the 

exchanges with the environment could be positive or negative, depending of the 

temperature and humidity of the environment. Radiant and convective heat 

dissipation occurred when the body was hotter than the environment, whilst 

evaporative loss took place when the dew-point of the air went below the skin 

temperature. Heat gains occurred when the body was colder than the environment. 

DuBois devoted his life to study the relationship between energy and the human body, 

becoming an authority on body heat exchange and temperature regulation.34 He 
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studied the relationship between the body’s basal metabolic rate and the energy 

exchanges with the environment, studying the various heat transfer modes through 

which the body dissipates heat to the environment. He developed an instrument which 

measured the amount of heat released through respiration and, years later, he found 

out the amount of heat the body dissipated through its capillary system, which 

enabled him to quantify the amount of heat the body exchanged through evaporative, 

radiant and convective transfers at different air temperatures. In addition DuBois 

found the connections between environmental temperature and body energy 

exchanges35, showing the relationship between a particular basal metabolic 

production and the proportion of radiant, convective and evaporative heat dissipation 

that took place at different temperatures. For instance, he found out that at 

environmental temperatures around 95°F the body dissipated most of the heat 

through evaporation (up to 95%) whilst at temperatures around 70°F the body 

dissipated most of the heat through radiation (50%) rather than through convection 

(25%) or evaporation (25%). This study revealed the most effective modes of 

physiological heat exchange at different air temperatures evidencing that, close to the 

range of comfort temperatures, convective-based air-conditioning did not target the 

most efficient heat dissipation modes.   

Analyzing the body’s thermal balance, DuBois found that within the 81-86°F range, the 

basal heat production and heat dissipation were fairly equal, achieving a thermal point 

of neutrality he called neutral point36. At this temperature the nude human body took 

no particular action to control its heat balance, thermal conditions felt as neither too 

cold nor too hot, the metabolic rate being balanced by the amount of heat the body 

released. Interestingly the neutral point staged the idea that thermal comfort is 

achieved when the body is in thermal equilibrium with its environment, and the 

neutral point being considered the first thermodynamic definition of comfort 

temperature.  
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Until DuBois defined the neutral point, the definition of comfort had an experiential 

basis. The Effective Temperature Index was defined on the subjective experience of 

humans between two psychrometric chambers with different atmospheric conditions. 

The scientific basis the air-conditioning technology sought for was finally provided by 

DuBois. The concept of neutral point and the understanding of the relationship 

between air temperature and heat transfer mode provided the scientific 

understanding of comfort engineers had long waited for, giving the energetic basis on 

which air-conditioning engineers would start modeling human-atmosphere 

thermodynamic interactions. 

 

AIR-CONDITIONING PRACTICES. CAV. ENTRENCHED CONCEPTS 

By the 1950s air-conditioning had become the prevailing climate control system. The 

post WWII building boom drove air-conditioning systems from factories and motion-

picture theatres to houses and offices, extending it use to almost all building 

typologies. The combination of air-conditioning and lightweight prefabricated building 

technologies consolidated a new universal building paradigm which extended sealed 

building envelopes and air-conditioned, independently of climate and culture, 

throughout the world. Interestingly, this universal building paradigm was concomitant 

with the establishment of a human physiological comfort model which, relying on the 

same equilibrium thermodynamic concepts, would eventually become the prevalent 

framework to understand the thermodynamic interactions between the atmosphere 

and the human body, determining atmospheric design for decades. Many of its 

assumptions were based both on the experiments the ASH&VE lab developed in the 

1920 and 1930s and on the knowledge on environmental physiology DuBois 

developed, and which surprisingly has ran unquestioned until nowadays. 

The new building paradigm relied on the introduction of large volumes of air at 

constant psychometric conditions and delivery rates throughout the building. This 
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massive air input provided so much thermal inertia to the interior atmosphere that it 

cancelled energy exchanges, subordinating the building envelope and its occupants to 

a thermally-stable continuous atmosphere which cancelled thermodynamic gradients. 

Constant air-conditioned volumes neutralized energy exchanges, providing inert 

temperature and humidity atmospheric conditions.  

The introduction of steady-state large masses of air was consistent with DuBois’ 

understanding of the body as a thermal machine in equilibrium with its environment. 

The human body, blanketed in a mass of air with its temperature close to the neutral 

point37, exchanged heat by convection with its environment to balance its metabolic 

heat production. However DuBois had revealed as early as 1936 that convection was 

not the principal mechanism of heat exchange between the body and the 

environment, which revealed that air-conditioning relied on an inefficient energy 

exchange transfer mode. Even though it was already known that within the comfort 

zone radiation was not the principal heat transfer mode, the human body was forced 

to exchange heat through convection, subject to the atmospheric air conditions which 

filled entire buildings.  

This reductive stance on heat energy exchanges was also applied to the physical 

characteristics of the air. Air-conditioning engineers, influenced by the qualitative vein 

of the open-air movement, believed in the variability of stimuli of outdoor weather 

conditions. However, for the sake of atmospheric control, interior atmosphere was 

reduced to the interplay of its psychrometric variables —temperature and humidity— 

ignoring other attributes such as the radiant temperature and the air speed. 

Spontaneous atmospheric effects such as air draughts were avoided to achieve 

homogeneous and constant atmospheric conditions that would optimize convective 

energy exchanges with the human body. Similarly, the effect of radiant heat from 

interior surfaces and objects was obviated, the operative temperature only considering 

the air temperature.38  This would render a homogeneous steady-state psychrometric 

atmosphere.  



THERMODYNAMIC  ENVIRONMENTS                                                                                                                PHYSIOLOGICAL ATMOSPHERES 

 

144 

 

As a result of the limited number of climatic variables, the physiological atmosphere 

model assessed comfort through quantitative indexes which were exclusively based on 

temperature and humidity relationships. For instance, the Effective Temperature 

comfort index assessed the temperature and humidity conditions of a given place on 

the basis of subjective experience. 39 Subsequent thermal indexes expanded the 

number of climatic variables. Whilst the ET comfort indexes was based on 

temperature, humidity and air movement, the new indexes —for instance Heat Stress 

Index H.S.I. (1955) or the Index of Thermal Stress I.T.S. (1962)— incorporated new 

variables, including radiant temperature and, years later, metabolic rate, the effect of 

clothing and solar radiation, evidenced an effort to engage with the thermodynamic 

reality of physiological atmospheres. However it is surprising to confirm that 

subsequent comfort indexes still rely on subjective evaluation. The Predicted Mean 

Vote PMV comfort index created in 1970 by the Danish Ole Fanger40 which is the 

thermal comfort assessment method used currently by the ASHRAE41, still uses 

experiential data to define the comfort zone, being determined by environmental 

conditions at which 80% of the occupants do not express discomfort, underscoring 

that official air-conditioning practices still rely to a large extent on non scientific 

methods to determine comfort standards.  

In summary, even though the interdependence of building, atmosphere and body in an 

open and interacting thermodynamic system had already been acknowledged, the 

thermodynamic interactions were limited to a few physical variables —temperature, 

humidity and air velocity— and to a single mode of heat transfer —convective 

exchanges between the enveloping air and the skin. The large volume of air that 

enveloped the body with constant temperature and humidity values reduced somatic 

experiences to comfort-based convective exchanges —steady-state convective 

dissipation balancing human body heat production— eliminating the possibility of a 

wider variety of bodily experiences provoked by non-visible phenomena occurring out 

of the basic psychrometric comfort zone.  
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4.6.-QUESTIONING AIR-CONDITIONING. ALTERNATIVE PATHS 

 INTRODUCTION 

Up to this point physiological atmospheres has explored through the ventilation and 

air-conditioning episodes how the atmosphere-to-body interactions were first tackled. 

In these two initial experiences the scope of physiological interactions was limited to 

the chemical and physical qualities of the atmosphere. Evidencing the importance 

given to public health in the 19th century industrial city, ventilation limited 

physiological interactions to the chemical exchanges between the atmosphere and 

humans. Decades later, a change in physiological theory shifted the focus of 

atmospheric exchanges from chemistry to physics, resulting in a physiological model 

which primed skin-effects. 

The fact that air-conditioning relied only on the temperature and humidity of the air 

limited significantly the scope of atmospheric design. Environmental non-visible 

phenomena was restricted to the atmospheric psychrometric transformations induced 

by a standard air-conditioning machine. In addition, the scope of physiological 

processes was limited, focusing on the thermo-regulatory mechanisms, and 

particularly in convective heat exchange. As a result, the range of effects it provoked 

was also restricted to the two subjective experiences which defined the comfort zone: 

thermal sensation and skin wetness. Even though the development of air-conditioning 

attained a precise corpus of knowledge about the physiological interactions it involved, 

it is noteworthy that it was also limited to a given set of atmospheric phenomena and 

physiological and psychological processes.  
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The second part of this chapter discusses the alternatives to the convective paradigm 

that have appeared since the 1950s. These alternatives have succeeded to extend the 

range of non-visible environmental phenomena and the number of physiological and 

psychological effects, expanding considerably the field of action of physiological 

interactions. The next sections discuss briefly first, how bioclimatic architecture 

redefined the thermodynamic interactions between the non-visible environment and 

the human body. This initial discussion gives way to more recent episodes which, in the 

light of energy scarcity and climate change, have expanded significantly the scope of 

environmental phenomena and of physiological and psychological interactions, 

exploring innovative manners in which the non-visible environment can become the 

object of architectural design. Obviating the structural or mechanical devices which 

induce non-visible —which have already been discussed in Material Atmospheres— 

this chapter attempts to grasp the potential these physiological interactions offer to 

think architecture in novel ways. 

 

BIOCLIMATIC APPROACH: EXPANDING PHYSIOLOGICAL INTERACTIONS 

Air-conditioning succeeded to implement a universal technology which delivered a 

single temperature and humidity —21°C and 50%—comfort standard independently of 

age, sex, race, climate and cultural and economic contexts. However, the triumph of 

air-conditioning also staged critical voices. Skeptical about its universal standards, the 

regionalist critiques of modernism looked for alternatives in the adaptation of 

vernacular architecture to climate, detecting the potential of alternative technologies42 

to adapt to the peculiarities of local climates. The emergence of bioclimatic 

architecture acknowledged that there was wide variety of climate control methods. 

Shifting from mechanical to structural climate control expanded the range of available 

climate control techniques, which in turn increased the number of environmental 

phenomena and enabled to engage human thermo-regulation from different 

perspectives, opening physiological interactions to innovative approaches.  
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Victor Olgyay’s bioclimatic approach was indebted43 to the physiological knowledge 

the ASH&VE lab had generated by the 1920s. Following the ASH&VE human 

thermodynamic model, Olgyay understood the body as a thermal machine in 

equilibrium with its environment. The neutral point indicated the temperature at 

which the metabolic heat production equaled its heat dissipation, which was the 

particular temperature at which the body attained thermal equilibrium with its 

environment. However, even though the thermodynamic model was identical, the 

inducement of phenomenological behavior was substantially different. Whilst the air-

conditioning industry provided thermal equilibrium through mechanical systems, 

bioclimatic architecture proposed the use of architecture —“the house is the principal 

instrument which enables to satisfy comfort requirements”44— recurring to the array 

of architectural and landscape architecture strategies discussed in the first two 

chapters. This motivated that, apart from the psychrometric variables air-conditioning 

considered, Olgyay included a wider range of atmospheric variables which in turn 

targeted different thermo-regulation mechanisms. For instance, Olgyay considered 

that the effect of solar radiation could compensate low air temperatures, extending 

body heat exchange from convection to include radiation. These incorporations 

transformed air-conditioning’s environmental homogeneity, broadening the range of 

atmospheric effects psychrometrics had previously neglected.  

On the basis of the ASH&VE lab comfort charts, Olgyay succeeded to represent this 

new atmospheric understanding on a diagram he named the bioclimatic chart.45 

Similarly to previous air-conditioning psychrometric charts, Olgyay delimited a comfort 

zone as a function of temperature and humidity. However the bioclimatic chart 

amplified the comfort zone incorporating the effects of solar radiation, the wind and 

evaporative cooling. For example, air temperatures below the comfort zone could be 

compensated by solar radiation, or air humidity over the comfort zone compensated 

by the wind, extending comfort to a wider range of temperature and humidity values. 

Unlike the air-conditioning psychrometric chart which assessed comfort exclusively as 
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a function of temperature and humidity, the bioclimatic chart increased the number of 

non-visible phenomena, staging a more complete set of physiological interactions.  

The human body engaged a broader set of outdoor climatic variables, becoming 

involved in active energy exchanges with the wind, and more distant sources and sinks 

such as the sun or the sky. Olgyay’s work broadened the scope of atmospheric design, 

expanding air-conditioning indoor psychrometric interactions, the bioclimatic chart still 

being an effective tool to evaluate the kind of physiological interactions with outdoor 

climate, and assess to what degree are passive measures appropriate.  

Continuing with Olgyay’s effort to expand physiological interactions, Baruch Givoni 

introduced new variables —indoor radiant temperatures, metabolic rate or the effect 

of clothing— and developed a more interrelated understanding of them. His 

knowledge on environmental physiology46 proved to be useful and introduced a 

deeper understanding of the human body, both in its somatic and neuronal processes, 

and its interactions with the environment. Unlike Olgyay’s incorporations which 

focused on adding new climatic factors, Givoni introduced a new thermodynamic 

understanding by which physiological interactions not only depended on the 

temperature and humidity gradients between the skin and the environment, but also 

on the “dynamic regulation of the various physiological systems and behavioral 

patterns” with the physical qualities of the environment. In fact he developed a new 

comfort index —Index of Thermal Stress47— which, unlike previous comfort indexes 

which were concerned mainly with subjective thermal sensory response and factors of 

“inconsistent physiological significance”48, introduced the combined effect of climatic 

factors and metabolic questions succeeding to attaining an objective climatic 

assessment. 

On the one hand he developed a consistent analysis of indoor physiological 

interactions. Whilst Olgyay’s bioclimatic chart assessed outdoor physiological 

interactions, Givoni —probably influenced by the harsh climatic conditions of the 
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Middle East where he lived— focused on understanding the energy interactions within 

buildings. He added indoor radiant temperatures, further completing the range of 

thermodynamic interactions between the environment and the body. It is important to 

point out that his interest in indoor radiant temperature was connected to the 

relevance he conferred to massiveness to deal with the extreme outdoor temperatures 

of this climatic zone, reclaiming more research on the physiological effect of heat 

exchanges by radiation.49  

 

ADAPTIVE THERMAL APPROACH. FROM PHYSIOLOGICAL PASSIVITY TO CONSCIOUS 

ENGAGEMENT 

Air-conditioning established a passive relationship between atmosphere and body. The 

large masses of still air at constant temperature and humidity enveloped the human 

body in a steady-state environment, reducing thermodynamic interactions to the bare 

minimum.  In this environment which can be considered thermally inert, occupants 

were, climatically speaking, passive objects50 subject to the stable climatic conditions 

which enveloped them.   

However, bioclimatic architecture gave a new perspective to physiological interactions, 

and the passive relationship gave way to dynamic and active interactions. The 

bioclimatic turn staged a heterogeneous and variable interior environment which, 

depending on outdoor climate and indoor activities, hampered any kind of 

atmospheric stability. Users ceased to be passive objects subject to environmental 

variations and engaged in an active interaction with the climate they inhabited. For 

instance, when the weather was warm users opened windows, and in cold weather 

users got together, limited the number of rooms they heated up and added extra 

layers of clothing.  

Interestingly, due to the fact that comfort indexes assumed the existence of a steady-

state constant atmosphere, this changing environment upset the validity of established 
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thermal indexes.51 Nicol and Humphreys proposed in 1972 the idea that users and 

interior climate formed a self-regulating integral cybernetic system. As a result they 

enunciated the adaptive principle which states that “if a change occurs that produces 

discomfort, people will tend to act to restore their comfort”52, developing the Adaptive 

Thermal Comfort Index. This is concomitant with the skepticism the current 

physiological equilibrium thermodynamic model is provoking.53 Even though the 

physiological interactions have staged interdependent variables, the conceptual model 

it still belongs to the realm of equilibrium thermodynamics. 

 

THERMAL DELIGHT IN ARCHITECTURE 

The critical voices which arose in the 1960s and 1970s did not only focus on expanding 

the number and interrelatedness of non-visible phenomena and physiological effects. 

Most importantly, it also introduced a distinctively novel approach which for the first 

time distanced the physiological atmosphere from the domain of health and comfort. 

This approach was singlehandedly introduced by the architect Lisa Heschong with the 

publication in 1979 of the book Thermal Delight in Architecture. Heschong was an 

environmental activist connected to the solar house movement which emerged in the 

1970s in the light of the energy crisis. In her book Heschong denounced the univocal 

approach that air-conditioning had given to the interior thermal environment. Thermal 

Delight in Architecture shifted the interior environment from the need to meet the 

physiological needs of humans, to the aesthetic, social and transcendental realms, 

opening the potential of thermal qualities to be used as an expressive element in 

building design.     

The interest in heterogeneous interior atmospheres resulted from her experience in 

designing and inhabiting solar passive houses. According to Heschong, solar buildings 

were not only appealing for energy savings, but also for its ecological ethos which 

enabled to live attuned to the natural cycles. In solar houses inhabitation patterns 
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were far from homogeneous and air temperatures oscillated along the day as much as 

7°C according to the variability of natural energy sources such as the sun. Heschong 

thought that its users learned to live with this climatic variability by putting on a 

sweater or migrating to the area of the house with the most comfortable conditions. 54 

Migration according to daily and seasonal climates, the owner worked in the cool 

lower level, ate in the middle level and slept and bathed in the warmest upper level. 

Critical with the homogeneous and constant environment of the sealed air-conditioned 

building, Heschong argued that the air-conditioning thermal equilibrium and steady-

state across space and time was not delightful and was very expensive to achieve. In 

contrast, solar house inhabitants, in spite of the physiological effort it required to 

adapt to adapt to the heterogeneous indoor environment of a passive solar house, 

“definitely seem to enjoy a range of temperatures”55 finding a delight in the wide 

variety of climatic conditions the house had.  

Heschong’s essay was divided in four chapters Necessity, Delight, Affection and 

Sacredness showing the different levels at which thermal qualities operated. The first 

chapter depicted the environmental physiology of a human being, making a detailed 

analysis of the human requirements for a healthy thermal environment and of existing 

climate control technologies. The principal argument of the book is however contained 

in subsequent chapters — Delight, Affection and Sacredness— where Heschong 

attacked the necessity-driven thermal environments and advocated for the potential 

of the thermal environment to deploy aesthetic, cultural and symbolic roles, enriching 

the thermal experience within the built environment. 

Interestingly Heschong’s book pointed out new directions for atmospheric design. The 

episodes on air-conditioning and bioclimatic architecture tackled atmospheric design 

through thermoregulatory physiological processes. However Heschong’s new 

perspective, giving for granted the need to provide a healthy and comfortable thermal 

environment, expanded the scope of physiological atmospheres and included its 

aesthetic, social and symbolic implications. Since Heschong published her book, the 
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possibilities for atmospheric design have increased considerably. The next two sections 

explore these new directions from two vantage points. First, atmospheric design will 

be explored through non-visible environmental phenomena. The chemical and physical 

paradigms on which ventilation and air-conditioning relied can be expanded to 

embrace a wider range of non-visible phenomena. And second, atmospheric design 

can be expanded through a wider variety of physiological and, most importantly, 

psychological effects than those targeted until now. This will expand the comfort-

based objective perspective discussed until now, expanding the scope of atmospheric 

design to the realm of conscious thermal experience. 

 

 

4.7.-EXPANDING NON-VISIBLE INTERACTIONS. THE LOW-
ENERGY APPROACH 

ALTERNATIVE HEAT TRANSFER MODES. DOING AWAY WITH CONVECTION 

In the light of energy shortages and climate change, the convective air-conditioning 

mode has been revised during the last four decades. The climate control model of the 

prototypical modern sealed building was questioned due to the large amount of 

energy it required to be run. Air probed to be a very inefficient way to collect and 

transport heat, requiring a great amount of heat to provide the constant flow of air 

which would guarantee the required thermal stability. In addition, physiological energy 

exchanges were predominantly convective. Bodies, enveloped in a steady-state mass 

of air exchanged heat principally through convection, even though DuBois had probed 

in the 1930s that it was not the principal heat exchange mode for the human body.  As 

a result, the prevailing thermodynamic model within the physiological realm has been 

thoroughly revised along two fault lines. First, searching in the field of physics for more 

effective thermal flows, and second, looking for the kind of physiological thermo-
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regulatory mechanisms which are targeted. As a result, redefining the way in which 

building users are heated-up and cooled-down is opening new paths for atmospheric 

design. 

Initial changes were effected within the same environmental model, its physical 

principles remaining unquestioned. The 1970s energy crisis motivated the shift from 

Constant Air Flow (CAV) to Variable Air Flow (VAV) systems, which reduced the air-

conditioning input and increased passive measures such as insulations. This solution 

hoped to attain the “steady-state conditions produced by high-inertia systems but 

delivered by the more variable and less expensive low-inertia systems”.56 This change 

was paralleled by the effort of manufacturers to increase the energy efficiency of air-

conditioning systems. The recent interest in radiant surfaces proposes an alternative 

environmental model which challenges air-conditioning’s shortcomings. Air-

conditioning’s convective heat exchanges are replaced by radiant flows, which are 

concomitant with the body’s radiant heat exchange, the prevailing heat transfer mode 

in the human body. In addition, as a consequence of having a lower heating 

temperature and a higher cooling temperature than air-conditioning, radiant surfaces 

can work with the temperature of natural heating and cooling resources —solar 

collector and geothermal, respectively—, and thus are specifically attuned to 

renewable energy sources. This makes radiant surfaces, as Kiel Moe57 has recently 

proposed, a very serious alternative to air-conditioning in the search for low energy 

physiological atmospheres.  

However the greatest changes in the realm of physiological interactions have been 

wrought by passive architecture, which has thoroughly transformed the isotropous 

environment air-conditioning and radiant surfaces provide. Unlike air-conditioning or 

radiant surfaces which induce a prevailing kind of thermodynamic interaction, passive 

architecture has extended the nature and kind of energy flows within architecture. It 

does not only induce conduction, convection, radiation and perspiration heat 

exchanges (and combinations of them), but also includes natural energy flows such as 
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the effect of the sun, of the ground or the wind. Instead of relying on a single kind of 

thermal flow, the wide variety of thermal interactions are useful to select the most 

appropriate for the physiological interactions which are critical to specific climates. For 

instance, in humid climates natural ventilation is championed as it is tuned in with the 

need for sweat evaporation. Similarly, in hot and dry climates evaporative cooling is 

provided, which is attuned to the need for convective cooling. The range of 

thermodynamic interactions opened by passive architecture makes it the most 

challenging field in terms of atmospheric design.   

 

ATMOSPHERIC LANDSCAPES AND USER ADAPTABILITY 

One of the most interesting questions low-energy passive buildings have introduced is 

the variability of its environmental conditions. Unlike air-conditioned or radiant 

buildings’ uniform environments, passive buildings display an ample range of 

atmospheric conditions which, interestingly, can lead to innovative occupation 

patterns. 

This heterogeneity results from the wide variety of active sources and sinks, and 

induced heat flows which are involved in a passive building.  Subject to the variability 

of natural phenomena or to the changes in occupation and use and, in the absence of 

a neutralizing air-conditioning or radiant system, buildings acquire temperature, air 

pressure or humidity gradients which provoke a variegated and changing indoor 

environment throughout the day and the seasons, creating a real atmospheric 

landscape within the building. As a result, the wide variety of thermal conditions has 

motivated oscillating inhabitation patterns in function of climate and activities. This 

establishes a connection between the users’ spatial patterns and its atmospheric 

conditions which is shown, for instance, in the summer-winter day-night migrations 

that take place within the havelis in Jaisalmer, India. The people inhabiting these 

residences are constantly moving around the building searching for the ideal climate to 
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undertake daily activities. “Every space changed its purpose with the passing of the 

day. While the sun was still low, the members of the family went about their business 

in their highest spaces. As the day became hotter, they would move down into the 

darker and cooler spaces. During the night, the sun warmed terraces provided a good 

place for sleeping. (….) Thus the houses’ inhabitants and their activities percolated 

through the spaces with the daily climate determining the cycle”.58 In addition, as a 

result of the flows generated either by natural or artificial gradients, the atmospheric 

landscape generates a particular connection between specific places and its 

atmospheric conditions. A collection of environments with specific thermal, 

hygrometric, etc qualities is created, providing “a setting for the activities associated 

with a specific set of thermal conditions”,59 climatic specificity enabling a particular set 

of functions and activities. Moreover, the user, with subtle changes, can adjust the 

interactions between atmosphere and body to particular needs and functions. This 

functional adaptation to climate, which has been extensively researched in the fields of 

anthropological and social geography, has in the last years gained momentum though 

the writings and meteorological architecture of Swiss architect Philippe Rahm and his 

well-known motto function follows climate.60 

Energy regulations are motivating a return to the varied atmospheric landscape 

traditional typologies displayed. Low-energy regulations are finding interesting 

opportunities in lowering down indoor temperature to reduce energy consumption. In 

contrast to the universal temperature throughout buildings of 21°C, regulations seek 

to attune room temperatures to the kind of activities they will house. For instance, 

bathrooms should be heated to 22°C, living rooms to 20°C, bedrooms to 16-18°C and 

corridors and toilets to 15-18°C61, which is changing the practice of heating entire 

buildings. This is linked to the powerful idea that architecture is not functionally 

determined but open to user interpretation, which debunks pre-climatic agendas 

which championed programmatic determination as a driver for architecture. 
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It is noteworthy that thermal landscapes can be induced instrumentally through 

mechanical environmental and sophisticated automatic detection regulation systems, 

but also can be attained through structural measures, by means of specific sources and 

sinks which generate particular heat. This drives to an alternative low-energy 

atmospheric environment which, in contrast to all-pervading climate control systems, 

is generated by an array of discrete thermal sources and sinks. Examples are varied in 

the history of architecture, ranging from sources like the hearth in vernacular 

architecture or the sunspot in solar houses to sinks like the patio in Arab architecture 

or the pool in the suburban Los Angeles home, each of these providing a specific 

energy gradient which generates a specific thermal environment, qualified by 

particular thermal flows and affecting specific thermo-regulation mechanisms.  

As the complexity of buildings increases, the number of sources and sinks multiplies, 

resulting in an interactive exchange between naturally and artificially generated 

thermodynamic flows amongst which the human body plays a relevant role. This 

variety of heat sources and heat sinks, if conveniently managed, can cater for the 

occupants’ thermal comfort. 

 

FROM PHENOMENOLOGICAL FLOWS TO PHYSIOLOGICAL THERMO-REGULATION  

Questioning dominant convective climate control models has not only revised the kind 

of environmental phenomena and energy interactions, but has also increased the 

range of physiological thermo-regulatory mechanism to be targeted, which is opening 

innovative paths for atmospheric design. The recent interest in radiant surfaces points 

in this direction, proposing an alternative to the inefficient convective heat transfer of 

air-conditioning. Radiant surfaces have an affinity between its heat transfer system 

and the human body’s radiant-based thermo-regulation system.62 However, the range 

of possibilities is wider, and the more extended convective and radiant modes of 

thermo-regulation have been complemented by alternative ones such as the inner 
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body temperature or the metabolic rate in response to cold, exploring opportunities to 

heat the body in different ways. Interestingly, these alternatives question the 

traditional limits of architecture, extending the physiological considerations from the 

realm of comfort to the behavioral and cultural climatic adaptations.  

In the past years several voices have noted that energy scales are significantly different 

from those which are used in architecture.63 Special emphasis has been placed in the 

physiological scale, opening architecture to the dimensions at which atmospheric 

phenomena and physiological process take place. Reconsidering the human body is 

questioning the fact that buildings are heated up in its entirety. Rather than heating up 

entire buildings, it is reasonable to heat locally the human body. It would not only 

target the human body, but would also reduce energy consumption considerably. An 

interesting example is provided by Japanese traditional architecture which, designed 

to be cool and airy in summertime, uses discrete prosthetic localized sources —kairo, 

hibachi or kotatsu— to heat specific parts of the body which can render a sensation of 

thermal comfort to the whole body.64 This argument relies in the recent evolution of 

the knowledge on the thermodynamic exchanges between the body and its 

environment, considering that “a rigorous application of current knowledge regarding 

local heat transfer coupled with existing technologies could easily manage the thermal 

needs and sensations of each and every body”.65 As a result it is necessary to use the 

new physical and physiological knowledge that is being generated to transform the 

way in which low-energy atmospheres are being designed.      

Traditionally comfort has been targeted through the active thermo-regulation 

physiological processes. Both vasomotor capillary radiant and convective thermo 

regulation and sweating evaporative cooling have been the mechanisms which have 

been addressed. However the passive thermo-regulation mechanisms —inner body 

heat production or mean skin temperature— open uncharted territories with 

interesting potentials.  
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The inner body temperature is a passive response to heat stress which is determined 

by the rate of heat production. Metabolism is the process by which food combines 

with oxygen and generates the energy the body requires for its internal and external 

performance. Whilst the metabolic rate is low when sleeping or at rest, it is increased 

when work is performed to provide the energy that is needed for the work. As the 

efficiency of the human metabolism is low, most of the energy that is produced is 

dissipates as heat. The body passively adapts to its thermal environment through its 

metabolic rate. In cold environments the rate of heat production increases whilst in 

cold environments it decreases. The metabolic rate can also be modified in a 

deliberate way through questions such as the human ingestion or physical exercise. It 

is widely known, for example, that Eskimos relied on a great extent on the fat provided 

by seal-hunting to have high metabolic rates. Swiss architect Philippe Rahm is currently 

experimenting with these thermo-regulation alternative paths. According to Rahm, if 

architecture is a thermodynamic mediation between outdoor meteorology and 

physiological functions, then drinking, eating and resting are architecture. This extends 

the manners to heat up and cool down people from the atmospheric solution (air-

conditioning) to the gastronomical solution (eating and drinking) or the physical 

solution (resting). Food drives a compensatory movement which balances the 

disequilibrium between the external climate and the internal temperature of the body, 

arguing that “l’alimentation est une forme digestible du mobilier, un champ à part 

entire du project d’architecture, où la faiblesse de l’isolation thermique des murs, par 

exemple, peut être compensée par des calories ingérables”.66 Similarly the physical 

solution attunes metabolic rates with climatic conditions. For instance, in 

Mediterranean countries siesta enables to keep metabolic activity at minimum levels 

at the hottest part of the day.     

In parallel to the gastronomical solution (eating and drinking), the physical solution 

(resting) and the neurological solution (inducing a mental sense of coolness), Rahm 

also deploys social (clothing), which is connected to the regulation of the skin 
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temperature, another passive physiological response to the changing thermal 

environment. There is an interplay between the rates of heat transfer and the from the 

body core to the skin and from the skin to the environment. The total surface of the 

body varies with temperature, and the temperature of the skin determines to a large 

extent the radiant and convective energy exchanges. Skin temperatures can be to a 

large extent modulated by clothing which, having been studied for decades, has in 

recent times developed an important knowledge of the effect of fabrics on the heat 

exchange rates.  The social solution should be extended to all the kinds of social 

gatherings and postures which induce a particular thermal state.  

Shifting from vasoconstriction and sweating to gastronomy and physical exercise, 

opens the air and electromagnetic waves to new thermodynamic interactions.  And in 

doing so question the traditional limits of architecture, challenging the assumptions 

about the building as container of the body’s environment. Unlike previous models in 

which bodies are thermally subordinated to the masses of air within buildings, now 

users acquire an active participation, extending physiological considerations to the 

realm of behavioral climatic adaptations. 

 

 

4.8.- DESIGNING ATMOSPHERES. BETWEEN AESTHETICS AND 

POLITICS 

FROM NECESSITY TO DELIGHT 

Up to this point, the search for alternative physiological atmospheres has focused on 

studying new atmospheric phenomena and the somatic effects it induces in human 

beings. Departing from convective and radiant systems, discussions have focused on 
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studying new phenomenological flows and the active and passive thermo-regulation 

mechanisms it effects on human bodies. It is important to note that up to this point, 

the effects over the human body have only considered the physiological thermo-

regulation mechanisms. It has been assumed that the reaction to a given thermal 

environment, similarly to animals, only produced a series of instinctive automatic 

reactions with the end of achieving thermal balance. Even the two subjective 

responses which were considered in the late 1960s —thermal sensation and sensible 

perspiration— were understood as physiological due to the fact that “zone of comfort 

is the range of conditions under which thermoregulatory mechanisms of the body are 

in a state of minimal activity”.67 As a result it can be argued that during those years the 

discussions on the thermal environment exclusively focused on meeting thermal needs 

and minimum comfort standards, limiting discussions to the realm of human necessity. 

However, it can be argued that the thermal environment is not only limited to a series 

of biologically induced automatic reactions with the aim of achieving thermal balance. 

Apart from the instinctive mechanisms to meet survival requirements, the thermal 

environment provokes a conscious mental reaction which has the potential to develop 

a wide range of psychological experiences. 

At this point it is important to bring forth the essay Thermal Delight in Architecture. In 

this book Lisa Heschong countered the physiological necessity for a balanced thermal 

environment with the aesthetic delightful experience a thermal sensation can provide. 

She argued that there is a simple delight in perceiving the thermal information 

provided by the objects around us. In contrast the homogenous, steady-state and 

neutralizing chemical and physical atmospheres air-conditioning provided, Heschong 

argued that the human nervous system is more prepared for environmental changes 

than for steady-state atmospheres, considering that slight fluctuations in the indoor 

conditions prevented a monotonous feeling and had an invigorating effect. She 

considered that there is an extra delight when there are slight atmospheric 

fluctuations within the comfort zone, arguing that  “(i)n spite of the extra physiological 
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effort required to adjust to thermal stimuli, people definitely seem to enjoy a range of 

temperatures”.68 Drawing on examples gathered from the history of architecture, 

Heschong explains how a thermal environment can provide an aesthetic experience. 

According to Heschong, thermal environments such as those induced by a Finnish 

sauna or an Islamic garden which are subject to extreme thermal situations provide an 

aesthetic experience. Heschong argues that the contrast between the sauna’s vapor 

and the cold bath and the stark difference between the coolness in the Arab garden 

and the hot desert induces a conscious psychological experience which is pleasant due 

to the fact that “experience of each extreme is made more acute by contrast to each 

other”. In addition, for Heschong, this thermal experience does not appear in isolation 

but is intimately connected to the other senses. Unlike visual or auditive experiences 

which can be isolated from the other senses, the thermal environment is intricately 

bound up with the total experience of the body in space. Heschong argued that the 

thermal experience is specially attuned to architectural experience, affirming that 

“(t)he more senses involved in a particular experience (…) the rounder, the experience 

becomes”69, which ties nicely with the idea of atmosphere which is pregnant in the 

sensorial discourses of both Peter Zumthor and Juhani Pallasmaa and which 

consequently opens the possibility of incorporating the thermal experience to the 

visual and haptic perceptions they reclaim.    

Heschong’s emphasis on the thermal environment was anticipating the contemporary 

debate on the capacity of atmosphere to produce a multisensory aesthetic awareness. 

Analyzing the thermal environment in traditional and passive solar architecture 

HEschong noticed the existence of a thermal environment which produced specific 

effects and induced a sense of pleasantness. However whilst in solar houses the 

resulting atmosphere was an emergent atmosphere and therefore not been designed, 

it is important to remind —as the present research evidences— that atmosphere can 

be consciously and carefully designed and produced to achieve specific effects. In fact, 
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most of the traditional examples she brings forth —from the Islamic garden to the 

American porch— were designed to effect specific reactions, thermal and other. 

The idea that atmospheres can be designed presents the need to acquire an 

atmospheric toolkit for the production of specific effects. This brings forward two 

questions. First, the need to understand how does atmosphere seizes humans and 

induces in them a particular experience and behavior. And second, the necessity to 

acquire a toolbox which makes those chains of perception-reaction available to the 

designer.  

In a majority of cases atmosphere affects people unconsciously through 

neurobiological processes where a given atmosphere —with specific physical, chemical 

or even social70 attributes— onsets a succession of neurobiological processes which 

end up in a given reaction. A real commitment to environmental conditions should 

make available design approaches and techniques which enable to understand the 

relationship between the environment and human experience through somatic 

sensation. The work of the French neurobiologist Jean-Didier Vincent71 has shed light 

on this question. Vincent has understood that environment, soma and senses form a 

single entity, succeeding to explain the connections between environmental stimuli 

and, through neurobiological processes, the subsequent unconscious human 

responses. 

 

BIOLOGY OF EMOTIONS 

It is important to underscore the fact that atmospheric perception, far from being 

neutral and the result of discrete stimulus, reflects what is actually happening to the 

body. According to Heschong, when thermal sensors perceive that the air is cold and 

we have a thermal sensation, it is already making the body colder, evidencing the fact 

that thermal sensors are not temperature sensors but heat-flow sensors. Interestingly 
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this stages the idea that there is a direct connection between atmospheric gradients, 

its physiological effects and the resulting mood, existing therefore a close relationship 

between the environment, the physiological reactions and the psychical effects 

induced by atmospheric stimuli, pointing out that instinctive physiology reactions and 

the resulting mood are not independent realms but are deeply intertwined.  

According to Vincent the human being has traditionally been considered a dualistic 

subject, on the one hand to the sensory drive dominated by passion —hunger, thirst, 

thermal comfort or sexual appetite—, and on the other hand to the intellectual 

reasoning dominated by conscious human intelligence. As shown in various occasions 

along this essay, thermal comfort was considered to belong to the blind, instinctive, 

automatic physiological thermo-regulation systems, with no possibilities for 

intellectual processing. Subject to materialistic thermodynamic interactions, the body’s 

internal milieu achieved internal steady-state when it achieved thermodynamic 

equilibrium with the environment. This physiological conceptualization limited comfort 

air-conditioning to the realm of passive animal physiological homoeostatic 

mechanisms. 

However this idea has been rendered obsolete. Nowadays any living organism is 

considered to be in a state of non-equilibrium. Organisms are subject to a variety of 

stimulus which not only interrupts its internal balance but also, and most importantly, 

interconnect it to its environment. The reaction of an organism to stimulus is not 

univocal but depends on a multiplicity of factors which link context, organism,  

physiological reactions and mood. This mediated reaction has been defined in the field 

of neurobiology with the concept of fluctuating central state72, which combines the 

corporeal, the extracorporeal and the temporal dimensions. The corporeal includes the 

physico-chemical composition of the internal milieu and cerebral environment; the 

extracorporeal is the sensory space perceived by the sense organs; and lastly, the 

temporal dimensions are “the traces accumulated during the development of the 

individual, from birth to death”. This reveals that body and mind, physiology and 
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psychology are not independent realms, but that there exists a concomitance or 

parallelism between the physical and psychical which blurs the difference between the 

thermal comfort dominated by  blind physiological instinct and the thermal delight 

motivated by conscious human intelligence. Thus, there is a direct connection between 

the atmospheric gradients, the physiological effects over the human body and the 

intelligible reaction of the mind73, which bridges the gulf between the intellectual 

appetite dominated by reason and the sensorial drive dominated by instinct, diluting 

conscious experience with automatic passion.   

 

ATMOSPHERIC POLITICS 

Up to this point atmosphere has primarily been understood from the perspective of 

sensory somatic stimuli and its neurobiological effects. Vincent’s work has shed light 

on this question, explaining how chains of perception-reaction take place. It is 

important to point out that, to a large extent, these sensory somatic processes take 

place without notice from the subject, being primarily unconscious, the building 

occupant being unaware if he is being subjected to atmospheric design, and in what 

ways is this happening. However, the fact that atmospheric environment has effects 

over the body implies that atmospheric design is concomitant with a form of sensory 

power74, and thus has the capacity to determine the possible field of action of 

occupants. This applies not only to marketing strategies —“a pleasant odor elevates 

the mood of patrons, improves the a store’s image (…) increases the times consumers 

spend in a store and their intention of return and, most importantly, boosts both the 

price shoppers are willing to pay for a product and the amount of spending in a store 

overall”75— but also to architecture.  

However none of this would be important if people would be aware they are being the 

object of atmospheric design. It is therefore important to discuss to what extent 

atmospheric design is not only the production of comfortable or exciting environments 
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described by Lisa Heschong but also about conducting experience and behavior, which 

renders atmospheric design intimately connected to power and hence subject to 

politics. Atmospheric design thus situates the subject in a predetermined and confined 

environmental field which is more similar to the animal’s automatic reactive field than 

to the more representational distance between subject and object of humanist 

tradition. The real challenge lies therefore in balancing predesigned physic-psychic 

interactions with an open-ended environment in which subjects are free to develop 

new forms of social and political expression, staging the cultural dimension of 

atmospheric experience. 

 

METEOROLOGICAL ARCHITECTURE. FROM PREDESIGNED TO OPEN-ENDED 

ENVIRONMENTS 

The question remains how these discussions unfold in architecture. How can 

predetermined somatic effects be balanced by an open-ended and free architectural 

atmosphere? Can predesigned atmospheres stage new forms of inhabitation? Can the 

atmospheric debate generate innovative architectural directions? The meteorological 

architecture developed by Philippe Rahm Architectes is interested both in a scientific 

exploration of conducted physiological atmospheres and in the development of new 

spaces for humanist emancipation, therefore illuminating these controversies.  

Since its beginnings, Rahm has pioneered the research frontline on physiological 

atmospheres, developing an architectural practice which conflates atmosphere and 

human metabolism, erasing the limits between space and organism. Going beyond the 

visual, his early interest in electromagnetic waves opened the non-visible environment 

to architecture, proposing a new understanding of architecture which relies on the 

physical and chemical qualities of air rather than its dimensions. “Space was from this 

point on no longer imagined simply as a void, as an absence defined by walls, floor and 

ceiling but as a less dense mass, disconnected, transparent and yet nevertheless filled 
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with material; a void invisible to the eye, certainly, but in which the body was 

immersed”.76 Conceptualized from a postmodern perspective, the pioneering projects 

created de-territorialized climates. In projects such as Hormorium, the climatic 

dislocation that resulted from the introduction of an Alpine climate in Venice had the 

potential, according to Rahm, to create new programs and new social interactions. 

Attuned to post-humanist discourses, his early work explored the limits between 

human emancipation and biological determinism, staging human nature in relation to 

the evolution of the fields of neurobiology and biotechnologies. Animal-like intensive 

somatic relationships established with the environment made the subject prisoner of 

its atmospheric conditions. 

In the light of climatic change the interest in physiological atmospheres has remained 

intact, but its direction has shifted. The interest in developing an architecture which is 

attuned to climate change has redirected physiological atmospheres to the realm of 

thermodynamic interactions. This is materializing in an ample exploration of the wide 

range of thermodynamic implications within architecture. According to Rahm, “(i)f we 

want to know the essence of architecture, we finally have to return to our endothermic 

condition: the necessity of maintaining a body temperature at 37°Celsius. Architecture 

exists because of the enzymes necessary for the biochemical reactions of the human 

metabolism. Present by the billions in our body, these molecules can work in an 

optimal way only at a temperature between 35 and 37,6°C. So man has to maintain his 

constant physical temperature independently of the outside temperature. For that 

purpose, he uses the internal means of his own body, such as various mechanisms of 

physiological thermoregulation, and external means of the body, such as clothing 

and/or construction of shelter. So architecture is not autonomous. It really the range 

of the means used to maintain our temperature close to 37°. It is an answer to a steep 

decline or increase of the body temperature with, for example, vasodilatation 

mechanisms, sweating, thirst, or muscular contractions.”77  



THERMODYNAMIC  ENVIRONMENTS                                                                                                                PHYSIOLOGICAL ATMOSPHERES 

 

167 

 

Interestingly this extensive research of architecture’s essential thermodynamic 

interactions ranges from physiology, diet and thermal aesthetics, to architecture and 

urbanism, staging the idea that physiological atmospheres lie “somewhere between 

physiological determinism and pure cultural freedom”. 78 In this sense architecture is 

something more than a bioclimatic structure whose functions have been expanded by 

the mechanisms of thermo-regulation. Unlike the physiological confinement 

Hormorium provided, meteorological architecture caters for human emancipation, 

which is pursued exploring the potential of climate to give rise to unforeseen ways of 

living. This idea amounts to the potential that meteorological architecture has for 

thermal necessity and sensorial experiential aesthetics, but also to its capacity to 

propel architecture to innovative terrains, in the search for the new elements of a 

thermodynamic architecture which enables architects to redefine architecture —its 

language, its shapes, its materiality, its sensuality, its  programs and functions, etc— in 

the light of the its necessary adaptation to the climatic changes in the environment.  

                                                            
1Heschong, Lisa. Thermal Delignt in Architecture. 1979. MIT Press: Cambridge, Massachusetts. 
2Carla C. Keirnes. “Allergic Landscapes, Built Environments and Human Health” in in Imperfect Health. 
The Medicalization of Architecture by Borasi, Giovanna; Zardini, Mirko.  2012. Canadian Centre for 
Architecture: Montreal. Lars Müller Publihers. Montreal, Zürich.  Page 103.  
3Jacob, Ernest H. Notes on the Ventilation and Warming of Houses, Churches, Schools and other 
Buildings.  1894. Society for Promoting Christian Knowledge: London. 

4David Gissen in “A Theory of Pollution for Architecture” in Imperfect Health. The Medicalization of 
Architecture by Borasi, Giovanna; Zardini, Mirko.  2012. Canadian Centre for Architecture: Montreal. Lars 
Müller Publihers. Montreal, Zürich.   
5Among other manuals the following should be mentioned: Health and Comfort in House-Building or, 
Ventilation with Warm Air by Self-Acting Suction Power by John James Drysdale and J.W. Hayward, 2014 
(1872), Yoyo Media; Notes on the Ventilation and Warming of Houses, Churches, Schools, and other 
Buildings by Ernst Jacobs, 2010 (1894), Nabu Press; An Outline of Ventilation and Warming by William J. 
Baldwin, 1899, published by the Author; or Upwards versus Downwards Ventilation by Samuel Homer 
Woodbridge, 1900, Robert Boyle and Son: London. 
6Jacobs, Enrst. Notes on the ventilation and warming of houses, churches, schools, and other buildings. 
2010 (1894). Nabu Press.  

7Banham, Reyner. The Architecture of Well-Tempered Environment.1984 (1969). The University of 
Chicago Press: Chicago. Page 50. 



THERMODYNAMIC  ENVIRONMENTS                                                                                                                PHYSIOLOGICAL ATMOSPHERES 

 

168 

 

                                                                                                                                                                              
8This shift is explained in detail in the by Gail Cooper in the chapter “Defining the Healthy Indoor 
Environment”, in Air-Conditioning America. Engineers and the Controlled Environment, 1900-1960. 1998. 
Johns Hopkins: Baltimore and London. 
9Dr. Leonard Hill divulged his work in two books: The Influence of the Atmosphere on Our Health and 
Comfort in Confined and Crowded Places (1913. Smithsonian Institution: Washington D.C.) and Sunshine 
and Open Air: the Science of Ventilation and Open-air Treatment (1919-20. H.M. Stationery Office: 
London). 
10Dr. Leonard Hill. Sunshine and Open Air: Their Influence on Health, with Special reference to the Alpine 
Climate.  1925 (1924). Edward Arnold & Co.: London. Page 16. 
11This controvery is discussed in chapter three “Defining the Healthy Indoor Environment. 1904-1929” in 
gail Copper’s Heating, Ventilating, Air-Conditioning 1955 Guide. 1955. American Society of Heating and 
Air-Conditioning Engineers: New York 
12 To expand knowledge make reference to Open-air Crusaders. The Individuality of the Child versus The 
System by Sherman B. Kingsley. 1913. The Elizabeth McCormick Memorial Fund: Chicago. 
13Dr. Leonard Hill. Sunshine and Open Air: Their Influence on Health, with Special reference to the Alpine 
Climate.  1925 (1924). Edward Arnold & Co.: London. 
14American Society of Air-Conditioning and Ventilating Engineers. 1955 Heating, Ventilating and Air-
Conditioning Guide. 1955. American Society of Air-Conditioning and Ventilating Engineers Inc., New 
York. Page 112. 
15The ASHAE 1955 Heating, Ventilating, Air-Conditioning 1955 Guide enumerates in the reference notes 
of chapter 6 (pages 128-9) the multiple experiments conducted in the 1930s to find the positive effects 
of ozone, ionic content and other elements on the atmosphere and on human beings. Among other 
reports the following stand out:  

-ASHVE Research Report no. 985: “Diurnal and Seasonal Variations in the Small Ion Content of 
Outdoor and Indoor Air”, by C.P. Yaglou and L.C. Benjamin (ASHVE Transactions, vol. 40, 1934, 
p.271). 
-“Subjective reactions of Human Beings to Certain Outdoor Atmospheric Conditions” by C.E.A. 
Winslow and L.P. Herrington (ASHVE Transactions, vol. 42, 1936, p.119). 

16Among its proponents stood out Ellsworth Huntington who acknowledged Climatic Factor (1914) and 
Civilization and Climate (1915) in which he discussed the close connections between climatic and the 
cultural development of civilizations, arguing that there is a linkage between the decline and fall of great 
civilizations and climate variations. 
17For more information read chapter 3 “Motion Picture Theatres and Human Comfort” in Gail Cooper’s 
Air-Conditioning America. Engineers and the Controlled Environment, 1900-1960. 1998. Johns Hopkins: 
Baltimore and London.  
18Koolhaas, Rem. Delirious New York. 1994 (1978). 010 Publishers: Rotterdam. Pages 210-211. 
19 Cooper, Gail. Air-Conditioning America. Engineers and the Controlled Environment, 1900-1960 page 35 
quoting advertisement in the Southern Textile Bulletin no 17 (14th August 1919). 1998. Johns Hopkins: 
Baltimore and London. Page 35.  
20Ingels, Margaret. Carrier, Father of Air-Conditioning. 1952. Garden City: New York. At the end of 1902, 
in a cold a foggy night waiting for the train in Pittsburg, he realized that the moisture content in the 
atmosphere could be known when saturated: 



THERMODYNAMIC  ENVIRONMENTS                                                                                                                PHYSIOLOGICAL ATMOSPHERES 

 

169 

 

                                                                                                                                                                              
“Here is air approximately 100% saturated moisture. The temperature is low so, even though 
saturated, there is not much moisture. There could not be at so low a temperature. Now, if I 
can saturate the air and control the temperature at saturation, I can get air with any moisture I 
want in it.” 

21This thermodynamic device was based in the fact that at dew point temperature we know exactly the 
humidity content in the air. By passing humid air through a spray of cold water, the air was cooled to a 
specific dew point temperature, attaining particular absolute humidity content (100% relative humidity 
at saturation). Once the humidity had been controlled, the air could be reheated to acquire air at the 
temperature and humidity that is desired. 
22Gatley, Donald P. “Psychrometric Chart Celebrates 100th Anniversary”. ASHRAE Journal, November 
2004. 
23The kinetic theory of gases was developed through the paper titled “On the Kind of Motion We Call 
Heat” or “Über die Art der Bewegung, welche wir Wärme nennen” Annalen der Physik 100 (1857). PP 
353-380 as cited in Ingo Müller’s A History of Thermodynamics. The Doctrine of Energy and 
Entropy.2007. Springer Verlag: Berlin, Heidelberg, New York.  
24Initially developed between 1904 and 1906 —as argued by Donald P. Gatley in“Psychrometric Chart 
Celebrates 100th Anniversary”. ASHRAE Journal, November 2004 -- Carrier presented officially his 
scientific research and developments in the landmark ASME paper no. 1340 “Rational Psychrometric 
Formula” 1911.  
25The ASH&VE laboratory established at the US Bureau of Mines, in Pittsburg, Pennsylvania.  
26It is noteworthy that the Harvard School of Public Health had at that time the following two 
departments: Department of Physiology and the Department of Illumination and Ventilation. The school 
was conceived on a multidisciplinary basis, merging the knowledge of medicine and engineering.   
27Cooper, Gail. Air-Conditioning America. Engineers and the Controlled Environment, 1900-1960. 1998. 
Johns Hopkins: Baltimore and London. Page 71. 
28“Some Physiological Reactions to High Temperatures and Humidities” by W.J. McConnell and F.C. 
Houghten. A.S.H.V.E. Research Report no. 654. ASHVE Transactions vol. 29, 1923. Page 29. 
29“Cooling effect on Human Beings Produces by Various Air Velocities” by F.C. Houghten and C.P. Yaglou. 
A.S.H.V.E. Research Report no. 691. ASHVE Transactions vol. 30, 1924. Page 193. 
30“Basal Metabolism Before and After Exposure to High Temperatures and Various Humidities” by W.J. 
McConnell, C.P. Yaglou and W.B. Fulton. A.S.H.V.E. Research Report no. 719. ASHVE Transactions vol. 30, 
1924. Page 193. 
31According to Gail Cooper, the 1922 ASH&VE Comfort Chart was based upon the 1916 Comfort Zone 
Chart defined by Professor John Wilkes Shepard, which had been developed combining temperature 
and humidity values. Cooper, Gail. Air-Conditioning America. Engineers and the Controlled Environment, 
1900-1960. 1998. Johns Hopkins: Baltimore and London. Page 71. 

32Heating, Ventilating, Air-conditioning Guide 1955. 1955. American Society of Heating and Air-
conditioning Engineers, Incorporations: New York. Page 122. 
33 http://www.nasonline.org/publications/biographical-memoirs/memoir-pdfs/dubois-eugene.pdf 

34His work became widely known in 1937 when, invited to deliver the Lane Lectures at Stanford 
University, he took the opportunity to summarize his thermodynamic knowledge on environmental 

http://www.nasonline.org/publications/biographical-memoirs/memoir-pdfs/dubois-eugene.pdf


THERMODYNAMIC  ENVIRONMENTS                                                                                                                PHYSIOLOGICAL ATMOSPHERES 

 

170 

 

                                                                                                                                                                              
physiology in the book The Mechanism of Heat Loss and Temperature Regulation. Lane Medical 
Lectures. 1937. Stanford University Press: Stanford, California.  
35“The Mechanisms of Heat Loss and Temperature Regulation” in Annals of Internal Medicine, 12:38 as 
cited in Eugene Floyd Dubois 1882-1959.A Biographical Memoir written by Joseph C. Aub. 1962. National 
Academy of Sciences:Washington D.C.. http://www.nasonline.org/publications/biographical-
memoirs/memoir-pdfs/dubois-eugene.pdf 
36It is important to mention that Victor Olgyay applied this physiological equilibrium thermodynamic 
concept to define the thermal balance between a building and its environment as the main objective of 
the bioclimatic approach he defined in Design with Climate. An Approach to Bioclimatic Regionalism. 
1963. Princeton Architectural Press. New York. 
37The definition of neutral point is discussed in the 1955 Heating, Ventilating and Air-Conditioning Guide, 
stating that “within the range of 81-86°F air temperature, with still air, there is, for a resting nude man, a 
point at which his body has to take no particular action to maintain its heat balance”. 1955. American 
Society of Air-Conditioning and Ventilating Engineers Inc., New York. Page 114. 
38American Society of Air-Conditioning and Ventilating Engineers. 1955 Heating, Ventilating and Air-
Conditioning Guide. 1955. American Society of Air-Conditioning and Ventilating Engineers Inc., New 
York. Page 126. 
39Givoni, Barach. Man, Climate and Architecture. 1969. Elsevier Publisimg Company Limited: 
Amsterdam, London, New York. Page 68 
40Fanger, P.O. Thermal comfort. 1970. Danish Technical Press: Copenhaguen. 
41ANSI/ASHRAE Standard 55-2010 is the last published ASHRAE standard which defines the range of 
indoor thermal environmental conditions acceptable to a majority of occupants. It uses Ole Fanger’s 
PMV/PPD comfort index to determine the comfort zone. 
42Small is Beautiful. A study of economics as if people mattered by E.F. Schumacher. 1993 (1973). 
Vintage Books: London and Paper Heroes: a Review of Appropriate Technology by Witold Rybczynski. 
1980. Anchor Press/Doubleday. 

43For Olgyay the scientific reports published by the American Society of Heating and Ventilation 
Engineers provided the basic knowledge on the thermal performance of the body. See chapter II 
“Interpretación Bioclimática” in Victor Olgyay’s Arquitectura y Clima. Manual de Diseño Bioclimático 
para Arquitectos y Urbanistas. 1998 (1963) Gustavo Gili: Barcelona. Page 14-23. 

44This quotation (“the house is the principal instrumento que nos permite satisfacer las exigencias de 
confort adecuadas”) has been translated by the autor from Victor Olgyay’s Spanish language 
Arquitectura y Clima. Manual de Diseño Bioclimático para Arquitectos y Urbanistas published  by 
Gustavo Gili ( Barcelona) in 1998. Pages 15-16.  
45Olgyay, Victor. Arquitectura y Clima. Manual de diseño bioclimático para arquitectos y urbanistas. 
1998 (1963) Gustavo Gili: Barcelona. Page 23. Even though the bioclimatic chart includes radiation 
measures to correct low air temperatures, these are only considered for outdoor conditions and as a 
result of “65,5kcal/h of solar radiation”, but never due to radiant emission from building materials.  

46It is important to recall that Baruch Givoni, in addition to his Bachelor of Science in Architecture, 
earned a Master of Science in Hygiene and a Ph.D. in Public Health. 

http://www.nasonline.org/publications/biographical-memoirs/memoir-pdfs/dubois-eugene.pdf
http://www.nasonline.org/publications/biographical-memoirs/memoir-pdfs/dubois-eugene.pdf


THERMODYNAMIC  ENVIRONMENTS                                                                                                                PHYSIOLOGICAL ATMOSPHERES 

 

171 

 

                                                                                                                                                                              
47The Index of Thermal Stress I.T.S. appeared in 1963 incorporated to comfort assessment the expected 
sweat rate under given environmental and physiological conditions. 

48Givoni, Baruch. Man, Climate and Architecture. 1969. Elsevier Publishing Company Limited: 
Amsterdam, London, New York. Page 93. 
49Givoni, Baruch. Man, Climate and Architecture. 1969. Elsevier Publishing Company Limited: 
Amsterdam, London, New York. Page 55. 
50“The Comfort Zone” by Nancy B. Solomon, AIA, in 
http://continuingeducation.construction.com/article_print.php?L=5&C=779 
51Several studies have probed that when a building does not have constant steady-state environmental 
conditions, as in free-running passive buildings, the PMV-PPD comfort models developed in 1970 by Ole 
Fanger and extensively used are not applicable. This has propelled the use of the Adaptive Thermal 
Comfort Index developed by Nicol Fergus and Michael Humphreys.  
52Nicol, Fergus; Humphreys, Michael; Roaf, Susan. Adaptive Thermal Comfort: Principles and Practice. 
2012. Routledge: London, New York.  
53 http://www.lcube.eu.com/relevant_links/Exergy_Builds/Exer_TermComfort.pdf 

54Heschong analyzed David Wright’s Terry solar house in Santa Fe. Thermal Delight in Architecture. 1979. 
MIT Press: Cambridge, Massachusetts. Pages 56-57. 
55Heschong, Lisa. Thermal Delignt in Architecture. 1979. MIT Press: Cambridge, Massachusetts. Page 21. 
56Addington, Michelle. “Contingent Behaviours” in Energies. New Material Boundaries edited by Sean 
Lally. Architectural Design Vol. 79, May/June 2009. Pages 12-17. 
57 Moe, Kiel. Thermally Active Surfaces in Architecture. 2010. Princeton Architectural Press: New York. 
58 Herdeg, Klaus in Formal Structure in Indian Structure, Ithaca 1967 as cited in Hertberger, Herman 
Space and the Architect. Lessons in Architecture 2. 2000. 010 Publishers: Rotterdam. Pages 192-5. 
59Heschong, Lisa. Thermal Delignt in Architecture. 1979. MIT Press: Cambridge, Massachusetts.  Page 41. 
60Rahm, Philippe. “Form and Function Follow Climate” in  Environ(ne)ment: Approaches for Tomorrow. 
Editor Giovanna Borasi. 2007. CCA and Skira: Montreal and Milan. 

61According to the Swiss Construction Norm SIA 3842. 
62Moe, Kiel. Thermally Active Surfaces in Architecture. 2010. Princeton Architectural Press: New York. 
Page 70. 
63The principal voices reclaiming a thorough revisión of thermodynamic scales are Philippe Rahm and 
Michelle Addington.  
64“Smallest of all means is the kairo, a little case carried around in pockets or between layers of clothes 
that contains a warm charcoal ember. The habachi is a small pot of charcoal that is carried around from 
room to room to warm the hands. The kotatsu is a foot heater that can be shared by a number of foots”. 
In Lisa Heschong’s Thermal Delignt in Architecture. 1979. MIT Press: Cambridge, Massachusetts.  Page 
47. 
65Addington, Michelle. “Contingent Behaviours” in Energies. New Material Boundaries edited by Sean 
Lally. Architectural Design Vol. 79, May/June 2009. Pages 12-17. 
66Rahm, Philippe. Architecture Météorologique. 2009. Archibooks  + Sautereau Éditeur, Paris. Page 30. 

67 Givoni, Baruch. Man, Climate and Architecture. 1969. Elsevier Publishing Company Limited: 
Amsterdam, London, New York. Page 47. 

http://continuingeducation.construction.com/article_print.php?L=5&C=779
http://www.lcube.eu.com/relevant_links/Exergy_Builds/Exer_TermComfort.pdf


THERMODYNAMIC  ENVIRONMENTS                                                                                                                PHYSIOLOGICAL ATMOSPHERES 

 

172 

 

                                                                                                                                                                              
68 Heschong, Lisa. Thermal Delignt in Architecture. 1979. MIT Press: Cambridge, Massachusetts. Page 21. 
69 Heschong, Lisa. Thermal Delignt in Architecture. 1979. MIT Press: Cambridge, Massachusetts. Page 29. 
70Brennan, Teresa. The Transmission of Affect. 2004. Cornell University Press: Ithaca and London.  
71Vincent, Jean-Didier. The Biology of Emotions.1990 (1986). Basil Blackwell: Oxford, Cambridge 
72Vincent, Jean-Didier. The Biology of Emotions.1990 (1986). Basil Blackwell: Oxford, Cambridge. Pages 
123-127.  

73Whereas positivist interpretations understood objects as autonomous from the subject, this interest in 
psychological reactions is bringing forward a new understanding in which a human being and its 
environment are interconnected forming a single entity. This question is motivating the renewed 
interest in Jakob von Uëxhull’s idea of the Umwelten which identifies with each subject a unique 
environment perceived through its sensing and acting organs. See “An Introduction to Umwelt” in Space 
Reader. Heterogeneous Space In Architecture edited by Michael Hensel; Christopher Hight; Achim 
Menges. Space Reader. 2009. Wiley and Sons. Ltd.: Chichester, West Sussex. UK. Pages 145-148. 

74Borch, Christian. “The Politics of Atmospheres: Architecture, Power, and the Senses” in Architectural 
Atmospheres. On the Experience and Politics of Architecture edited by Christian Borch. 2014. Birkhäuser 
Verlag GmbH: Basel.  
75 Jim Drobnick as cited in Borch, Christian. “The Politics of Atmospheres: Architecture, Power, and the 
Senses” in Architectural Atmospheres. On the Experience and Politics of Architecture edited by Christian 
Borch. 2014. Birkhäuser Verlag GmbH: Basel. 
76``Form and Function follow Climate'' Philippe Rahm interviewed by Laurent Stalder in 88 Archithese no. 
2.2010. 
77Philippe Rahm is interviewed by Aaron Plewke in Archinect, published on the 10th of March 2010 in  
http://archinect.com/features/article/96612/philippe-rahm-part-2 
78Philippe Rahm is interviewed by Aaron Plewke in Archinect, published on the 10th of March 2010 in  
http://archinect.com/features/article/96612/philippe-rahm-part-2 
 

http://archinect.com/features/article/96612/philippe-rahm-part-2
http://archinect.com/features/article/96612/philippe-rahm-part-2


THERMODYNAMIC  ENVIRONMENTS                                                                                                                                             CONCLUSIONS 

 

173 

 

5.-CONCLUSIONS 

 

5.1.-HISTORICAL CARTOGRAPHY 

This cartography has explored the history of thermodynamic ideas in architecture, 

from the turn of the 20th century until present day, focusing on the energy interactions 

between architecture and atmosphere. It has explored the evolution of 

thermodynamic ideas, and how these have gradually been incorporated into design 

and building practices. In doing this, it has posed a double-objective. First, it has 

mapped a series of historical episodes with the aim, not only of providing specific 

knowledge, but also to acquire the critical distance with modernity that current 

endeavors need. And this has been done from the perspective of the passage from 

equilibrium to far from equilibrium thermodynamics. Second, this critical cartography 

is deployed with the belief that a critical re-imagination of reality is possible, 

unleashing its projective dimension. As a result it has explored the past experiences 

which are pertinent for the development of an atmospheric approach to architecture 

and, in doing so, it attempts to strengthen and recalibrate the intellectual framework 

in which contemporary architectural endeavors are unfolding. 

The result is an architectural science manual which, through this particular historical 

account, bridges the gap between architecture and thermodynamics, paving the way 

to a renewed approach to atmosphere, energy and architecture. This cartography 

maps the connections between atmosphere, energy and architecture not as a 

historical paradigm shift from mechanical climate control to bioclimatic passive 

techniques, but as a range of available thermodynamic ideas —from ASH&VE’s 

comfort standards to passive climate control strategies— which need to be assessed, 

synthesized and recombined in the light of the emerging challenges of our time. 
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In this regard this cartography provides, first, the instruments to carry out a critical1 

assessment of modern and contemporary design and building practices. This 

thermodynamic revision exceeds its disciplinary frame to provide a more complete 

assessment than previous revisions have done. And second, this cartography 

delineates a projective agenda that contributes to build an effective discourse on 

atmosphere and architecture to face present and future challenges, which by itself 

constitutes a political project of great transcendence.     

 

 

5.2.-CRITICAL CARTOGRAPHY 

This dissertation not only maps the historical evolution of thermodynamic ideas and 

how these have been integrated into architectural design but also —which is one of 

the conclusions to this dissertation— poses a critical revision of modern (and current) 

design practices and building processes.  

Unlike the superficial and innocent understanding of reality that the Modern 

Movement displayed, this survey enables to capture architecture’s material reality in 

its thermodynamic depth, disclosing the real physical relationships the structure 

establishes with other important architectural questions such as its climatic 

performance, technology or the human subject. This cartography provides the tools to 

question design and building procedures, offering a set of concepts and experiments 

which enable to put forward a thorough criticism of modern building processes. In 

addition, this cartography introduces new fields of knowledge —from 

microclimatology to neurobiology— which provide the opportunity to evaluate the 

legacy of modernity from the wide range of situations and spatial and temporal scale-

ranges from which architecture currently needs to be thought of and instrumentalized, 

giving a more integral view than most of the revisions of modernity have done.  
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In this regard it can be asserted that the structure and methodology which have been 

used have proved to be valid, succeeding to explore the historical evolution of 

architecture and thermodynamics in a holistic and synthetic manner. The three 

domains this cartography addresses have been systematized under the lens of 

thermodynamics, making a cross-section of modern design practices and building 

processes which has bridged disciplinary boundaries and scales of action. In addition 

each of these three thermodynamic environments, unlike prior historical accounts,2 

this division has eliminated the dichotomy between structure and performance, 

studying within each of the realms the connections between a given structure and its 

performance in time. Similarly, the thermodynamic pattern recognition has succeeded 

to identify the interactions between energy flows and architecture, showing which are 

energy exchanges which are relevant to architectural endeavors.    

Even though the Modern Movement thought of urbanism and architecture as a single 

and synthetic project, right from its inception and until its establishment after WWII, 

object-like buildings displayed a clear disconnection from its settings. This evidenced 

an aloofness from its surrounding environment which included a manifest disinterest 

for local climate. In coming to terms with Modernity, subsequent revisions devised 

new parameters to mediate between architecture and the urban environment. The 

creation of the discipline of Urban Design in the 1950s, or the drive of Rational 

Architecture for the reconstruction of the city in the 1970s, are approaches which have 

to be understood in this direction. Despite these efforts, Manfredo Tafuri’s claimed 

years later the impossibility to connect buildings to urban processes, asserting the 

inability to understand urbanism and architecture as an integral project, paving the 

way for the postmodern disengagement of architecture from the environment. 

However, a thermodynamic understanding of architecture enables to rewire 

architecture to the environment, providing theory of place which is far more complete 

than those delivered by previous efforts to connect architecture to its context. 

Focusing on atmospheric interactions, this cartography has shown which are the 
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atmospheric phenomena architecture has to engage with and which are the 

appropriate design techniques for doing so. The understanding of macro and 

mesoclimate, the discussion of the work of Rudolf Geiger on microclimatology, and the 

introduction of the concept of boundary layer has helped to frame the problem. In 

addition, the pioneering experiments of Olgyay on the engagement of architecture and 

vegetation with climate, together with the introduction of tools such as the 

psychrometric chart or urban climatic simulation software, provides a design approach 

which, from the perspective of climatic exchanges, is far more engaged to its context 

than previous ones, posing the urgent connection of the disciplines architecture, 

landscape architecture and urban design.  

This cartography has also provided the tools to revise the modern building typologies 

—particularly the suburban single-family house and the skyscraper— in the light of 

climatic performance. The formal innovations of modern typologies resulted from the 

deployment of technical innovations, in particular mechanical climate control, which 

enabled to create unprecedented spatial configurations, rendering obsolete the —until 

then— necessary connection between architecture and local climate. However, the 

renewed interest that appeared in the 1950s for climatic typologies questioned the 

climatic performance of modern typologies —questions such as the effect of solar 

radiation on external massing, or the effect of natural ventilation flows on building 

depth—,  opening the path for its creative transformation in the light of its climatic 

potential. This thermodynamic revision has recently motivated a reconsideration of 

modern typological invariants, provoking a radical reformulation of questions such as 

its external massing, internal topology or program distribution. This has provoked, for 

example, the climatic revision of the skyscraper, which has unveiled the potential in its 

vertical condition for natural ventilation —buoyancy enables year-round natural 

ventilation and control over incoming temperature and air flow—  or for its 

programmatic organization in terms of heat dissipation,3 opening a new range of 

possibilities for high-rise buildings.  
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Modern architects had difficulties in coming to terms with the material reality of 

building processes. Even though it is evident that the novelty of the Modern 

Movement relied to a great extent in the structural innovations, it has also been 

argued that modern architects regarded building matter an inert material—inanimate 

matter— which adapted inexpressively to the form that had been previously defined, 

making no reference whatsoever to its mechanical or climatic performative internal 

qualities.4 Subsequent revisions actualized this understanding gradually introducing 

novel material nuances. This drive was channeled either through the efficient-

lightweight5 debate or the tectonic-phenomenological6 vein, succeeding to integrate in 

diverging, but plausible approaches, the spatial and tectonic dimensions of 

architecture. A thermodynamic understanding of matter however enables to push 

even further the integration of matter and architecture. This new perspective permits 

to include not only its structural performance but also its climatic functioning. As it has 

been explained through the work of Olgyay and Givoni, atmosphere is the expression 

of the thermodynamic interaction between non-visible atmospheric processes and the 

material and spatial structure of architecture. This grants to material sciences a crucial 

role in the determination of architectural climatic processes, the meso and microscale 

of its material structure —not only the physical properties of matter but also the 

surface of energy exchange— playing a leading role in its atmospheric performance. 

Interestingly the vision of building matter as inert substance —which was not 

coincidentally characteristic of Modernity’s essentialist understanding of reality— has 

given way to a materialistic understanding which views matter as an animate 

substance with the capacity to inform the climatic performance. This vision is 

motivating a holistic re-enactment of matter in its relation to climatic energy flows, 

connecting in unprecedented manner the material structure of architecture to its 

climatic context, and to the human subject. 

In its initial steps, somatic questions formed part of the Modern Movement’s agenda, 

but gradually disappeared as medicine progressed and vaccines were discovered, 
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eliminating the idea that the built environment was essential for public health. Since 

then, the relationship between subject and architecture shifted to the perceptual field, 

focusing first on the mechanisms of vision —through the lens of the Gestalt laws of 

visual perception—  and expanding decades later to the multisensory experience 

which phenomenology introduced into architecture.7 Even though the psychosomatic 

question disappeared from architectural debates for decades, it is important to 

underline that it did not disappear from building practices, being singlehandedly 

developed by engineers under the lead of comfort air-conditioning. As this cartography 

underscores, the introduction of the convective psychrometric atmosphere by Carrier 

and the ASH&VE Lab, together with the understanding of human thermodynamic 

processes unveiled by DuBois, provide a common ground on which the current interest 

for psychophysical atmospheres has to be framed. Moreover, the combination 

renewed interest for physiology and neurobiology poses a plausible alternative both to 

the health-focused pioneering modernity and to the sensorial-based architectural 

phenomenology, posing an interesting frame for the design integration of architecture, 

atmosphere and the human body in its physiological and aesthetic dimensions. 

This cartography poses a revision of modern design practices and building processes, 

and, in this respect, seeks to establish continuities with the Modern Movement’s 

legacy. As a result, the intentions in writing this cartography are to re-describe 

architecture’s apparatus, viewing core parameters such as context, structure or 

program in the light of the new challenges. In addition, unlike previous assessments of 

modernity, the lens of thermodynamics has granted a holistic perspective which has 

interconnected these parameters in a convergent whole. 

 However, from outdoor climate to physiological human comfort, this cartography has 

disclosed a wide range of questions which have been persistently excluded from 

architectural discussions and relegated to the domain of engineering. This has brought 

forward figures such as Willis H. Carrier, Victor Olgyay or Baruch Givoni, and disciplines 

such as climatology, microclimatology, material sciences, physiology or neurobiology, 
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which are recovering the relevance they should have. It is important to underline that 

even though these questions have been systematically excluded from architectural 

debates, they are connected to the essence of architecture —climatic shelter—, being 

therefore necessary to bring them forth and accept them as an integral part of the 

discipline of architecture. Moreover, these new questions are necessary, as they offer 

the possibility to revise the discipline in the light of current challenges such as climatic 

change, material and energy shortages, and global inequalities. As a result, it can be 

asserted that this dissertation has succeeded to integrate those questions which have 

not formed part of the official architectural discussions, but which in the current 

definition of architecture’s agenda for energy, are gradually being re-empowered 

within architectural debates. 

 

 

5.3.-PROJECTIVE CARTOGRAPHY 

This cartography not only poses a critical assessment of modern design and building 

patterns, but also provides the necessary tools to deploy a thermodynamic approach 

for architecture —which is the second conclusion to this dissertation— to renovate the 

relationship between architecture, atmosphere and the human subject. However, to 

build a projective agenda for atmosphere and architecture —one that annihilates once 

and for all the vagueness contained in the drive for sustainability—, these tools cannot 

be applied directly, but need to be contextualized and recalibrated to adapt them to 

pressing challenges.  

Introducing architecture into the realm of far from equilibrium thermodynamics 

conceptualizes it as an open thermodynamic system which is interconnected across 

climatic, material and physiological temporal and spatial scales. As a result, this 

cartography discloses the need for a holistic outlook which interconnects the 
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territorial, material and physiological atmospheres. Even though the three 

thermodynamic realms are explored through independent sections for the sake of 

intelligibility, it is important to underline that the strategies and methods that have 

been explored in each of these realms need to be addressed in an integral manner, 

establishing the connections between regional climatic phenomena, architectural traits 

and comfort and well-being demands. Current architectural practices committed to 

atmospheric interactions, explore these questions in isolation,8 obviating existing 

connections. For instance, Michael Hensel explores the thermodynamic interactions 

between climate and the building’s threshold, obviating the human body psycho-

physiological demands. Similarly, Philippe Rahm investigates the physiological 

interactions between atmospheric effects and somatic reactions, not considering the 

effect of the architectural frame. It is therefore important to underline the need to 

deploy an integral territorial, material and physiological approach to architecture. 

The need for holism implies having a cross-disciplinary and across-scales vision. This 

cartography zooms in from the regional climate down to the human psyche, using a 

typically modern top-down approach. However, this needs to be counterbalanced with 

a bottom-up approach which, starting from the micro-scale of physical and biological 

processes and, right to the macroscale of climatic phenomena, develops the 

knowledge to assess and recalibrate architectural strategies. Only in the light of this 

bottom-up approach will the opposed visions presented in this cartography —for 

instance, acquiring air-conditioning comfort standards with passive strategies— be 

synthesized. These top-down and bottom-up approaches involve devising cross-

disciplinary and cross-scalar integrative design protocols which, mediating between 

the quantitative and the qualitative, engage simultaneously the climatic, 

infrastructural, material, spatial, social and political thermodynamic implications of 

design.  

Another important question in the construction of a thermodynamic agenda for 

atmosphere and architecture is the need to understand the architectural frame and its 
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climatic performance as a single thing, confirming the thermodynamic assumption that 

a spatial and material construct is intimately connected to functioning in time. It is 

therefore necessary to integrate in the design process, from the initial steps, the 

connections between a spatial and material arrangement and its climatic performance 

in time. Interestingly, in this endeavor digital simulation will plays a prominent role. 

Digital tools allow us to articulate spatial and material aggregates with  its climatic 

effects, enabling not only to undersand but also to visualize its behaviour over time. 

However it is important to underline that thermodynamic flows are not only digitally-

generated virtual energy fields, but the result of the interaction between visible and 

invisible, material and immaterial, the built reality and its performance over time, 

revealing that digital simulation rather than replacing reality, provides a set of 

magnifying lens to understand an augmented thermodynamic reality. This makes 

digital simulation a model which needs to be contrasted with real information, making 

climatic typologies and other climatic experiences the necessary backdrop.   

As a result, this cartography discloses the need for an integral understanding and 

approach to architecture. This integrative approach needs to be extended to 

education, theory and architectural and construction practices. This demand is 

currently being reclaimed by emergent voices9 which assert the need to synthesize the 

formal, material, technological and performative dimensions of architecture as a 

single, convergent practice. This is putting into question current design practices, in 

particular the dichotomy that exists between architects and engineers. Architects, 

concentrated in cultural questions, have been incapable to take hold of the new 

demand for an ecologically-sound architecture, which has motivated in part due to its 

lack of technical knowledge; it’s assumption by the field of engineering, further 

disempowering architecture. This cartography seeks to use its knowledge to re-

empower architecture with the objective of pursuing a more robust and strong 

architecture, committed in its engagement with reality. This implies choosing which is 

the reality in which architecture needs to get involved, which are the future challenges 
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of cities and architecture. In this regard this cartography is understood as one of the 

necessary steps which have to be taken in the need to recover the lost authority10 of 

the discipline of architecture, recuperating the “capacity for intervention in the reality 

of contemporary societies” in a context which demands the re-introduction of the 

technological dimension to architecture.  

 

 

5.4.-THIS CARTOGRAPHY IS A POLITICAL PROJECT 

This dissertation has a strong scientific bias. It has explored alternative fields staging 

the importance that disciplines such as microclimatology or physiology have for an 

atmospheric cartography. However, the role of modern science in contemporary 

society has been during the last two decades thoroughly discussed and updated, which 

might cast doubts over this architectural-scientific cartography. Contemporary thinkers 

such as Michel Serres, Bruno Latour or Ulrich Beck have questioned the univocal 

relationship between society and nature, downplaying the place of science. Due to the 

growing disillusion regarding its social impact, scientific facts have ceased to be 

referential and have become connected to cultural values. As a result science is being 

increasingly considered a cultural production in a similar position as the arts, 

repositioning science and technology within other large cultural patterns. Interestingly, 

this is an idea which has not only been posed by sociologists of science but which is 

also considered one of the opportunities the field of far from equilibrium 

thermodynamics offers.11  

To conclude, it is important to contextualize the dissertation in the light of this debate. 

It must be emphasized that, even though this historical revision of design and building 

practices has posed a scientific outlook, its principal objective is to provide the tools 

which enable architects create the atmospheres were new forms of social and political 
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expression might develop. Following Ulrich Beck’s idea that scientific concepts and 

discoveries have a political dimension, this dissertation poses the idea that the 

collection of architectural-scientific ideas and strategies which have been introduced in 

this cartography have irrefutable political implications. Unlike those architectural 

debates and practices which intend to transform architecture from the vantage point 

of sociology or politics and fail to return to architecture in an innovative and renewed 

way, this cartography discloses a series of architectural-scientific episodes —from 

atmospheric public health to passive building technologies— which propose, within 

architecture, an alternative approach without giving up to architecture’s political 

dimension. Thermodynamics applied to architecture and digital tools open the 

possibility to understand and engage the material reality in a more real and precise 

way, providing an accurate set of tools to work with commitment in a more complex 

environment. In this regard it is important to note that faced with contemporary 

challenges such as climate change, the expansion and connection of core architectural 

values to the fields of knowledge explored in this cartography —for instance, the 

development of a cellular material for building envelopes that might procure cheap 

low-tech passive comfort constructions in the overpopulated ever-expanding tropical-

belt metropolis— is unmistakably a political project of utmost transcendence. This 

connection will enable to develop a new architectural material culture which, 

temporally suspending its cultural apparatus enables to operate in a wide variety of 

economical, cultural and climatic environments.  

                                                            
1The word critical is not used in the sense it was used by Manfredo Tafuri and his readers, asserting the 
impossibility of criticism within architecture. On the contrary —as already clarified in the introduction— 
critical is used in the belief that there exists the possibility of a critical re-imagination of reality.     

2In The Architecture of Well-Tempered Environment (1984 (1969). The University of Chicago Press: 
Chicago) Reyner Banham acknowledges that architecture has been primarily approached in its structural 
dimensions, obviating its performative dimension. Even though he champions the integration of 
structure and performance, his historical account limits to the physical integration of environmental 
technologies —machines and ducts— in architecture, not devoting a single word to the resulting 
climatic environments.  
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3See the section Thermodynamic Mixer in chapter 4, Material Atmospheres.  

4This is clearly stated in Colin Rowe’s The Architecture of Good Intentions where matter is described as 
“something like chalk, though very minor granulations may be accepted. Evidently, the surface is ideally 
flat and, so far as possible, it is flatness which acts to evoke intimations of a third dimension. Evidently, 
the imagined substance, equipped with minimum density and scarcely subject to the operations of 
gravity, must be some as yet unknown and, presumably, Platonic thing.” Rowe, Colin. The Architecture 
of Good Intentions. London: Academy Editions. 1994. Page 16. 

5The drive for lightweight structures originally belonged to the field of engineering. However figures like 
Buckminster Fuller or Frei Otto introduced them to architecture.    

6This approach is related to the connections that can be established between the phenomenological and 
the tectonic approaches to architecture. See Juhani Pallasmaa’s The Eyes of the Skin: Architecture and 
the Senses (1996. Academy Editions: London) and Kenneth Frampton’s Studies in Tectonic Culture (1995. 
MIT Press: Cambridge, Massachusetts).   

7Pallasmaa, Juhani. The Eyes of the Skin: Architecture and the Senses. 1996. Academy Editions: London. 

8Current thermodynamic architectural debates consider in one form or another the variety of vantage 
points this cartography considers. For instance, Michael Hensel focuses on the “re-conceptualization of 
the relation between architectures and they are set within”8, Salman Craig studies the way in which the 
science of materials can design new matter arrangements which modulate energy exchanges in specific 
ways, or Philippe Rahm is interested in researching the physiological interactions between atmospheric 
effects and somatic reactions.   

9This idea has been theoretically posed by Kiel Moe in the book Convergence. An Architectural Agenda 
for Energy (2013. Routledge: Abingdon, Oxfrodshire) and experimentally tested by Iñaki Ábalos through 
the research project Thermodynamic Folly (Harvard Graduate School of Design).   

10Abalos, Iñaki. “Thermodynamic Materialism. Project (Site Plan)” in forthcoming Thermodynamic 
Interactions editor Javier García-Germán. 2014. Actar: New York.  

11In this regard Ilya Prigogine has explained the prospect of open thermodynamic systems to find 
connections between the scientific and cultural realms. Prigogine, Ilya y Stengers, Isabelle. La nouvelle 
alliance–Métamorphose de la science. Editions Gallimard. 1979. La nueva alianza. Alianza Editorial. 
1983.   
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