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Highly insulated buildings, combined with efficient HVAC systems, represent the mainstream approach 
to achieve low-energy buildings. However, if façades block energy exchange, the climatic resources 
surrounding the built environment remain untapped. Adaptive opaque façades seem promising to 
enhance whole building performance while reducing energy demand by their dynamic behaviour. The 
usual approach when defining their desired adaptive response is to test independent technologies by 
energy simulations, to calibrate their best adaptation range for a specific climate. Such technology-
oriented approaches do rarely make a conscious analysis of the potential of local natural resources, 
which could lead to a weak adaptation strategy. Besides, the enhancement of combining responsive 
elements is usually omitted. This paper proposes a new approach for systematic analysis of dynamic 
climatic conditions, aiming to enable better decision-making at early design stages to ensure the 
proposed façade solution will have the maximum positive impact. To do so, we analysed the impact of 
combinations of climatic agents on the hygrothermal performance and we clustered them into Climatic 
Scenarios. Moreover, we examined the influence of studying not only these scenarios but also their 
transience. We carried out this systematic analysis for a specific temperate climate and we studied 
the sequences of three summer days using a screen tool that links the climate data with promising 
Adaptive Façade Responses. We observed how the meaningful candidate multi-responses changed in 
the sequence examination due to different past and future scenarios, which strengthen the need of a 
Dynamic Climate Analysis to properly define new adaptive façades. 

Keywords: Climate response, environmental resources, hygrothermal performance, dynamic 
façades, temperate climate

1 Introduction

There is an acute necessity to achieve low-energy buildings in order to meet the energy 
conservation and emissions reduction agenda. Such a key challenge urges a paradigm change 
for the architecture and construction industry, not only by integrating low-carbon technologies 
and innovative solutions (Aschehoug et al., 2008), but also by understanding the benefits and 
implications of building with new high-performing elements.

In recent times, a notable part of research in the built environment has focused on the development 
of promising building technologies that can improve the energy performance and users’ comfort. 
Among the emerging technologies with high potential are adaptive opaque façades (Juaristi, 
Monge-Barrio, Sánchez-Ostiz, & Gómez-Acebo, 2018; Loonen, Trčka, Cóstola, & Hensen, 2013). 
For instance, with the use of energy simulations, Favoino et al. have demonstrated that by applying 
new dynamic components that can adjust the direction and intensity of thermal flux, the annual 
energy use could be reduced between 25-35% in Shanghai (Favoino, Jin, & Overend, 2017; Jin, 
Favoino, & Overend, 2017), while Park et al. have shown that such technologies could offer a 
reduction of 15% to 39% in cooling energy use and 10% for heating in some temperate climates 
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would be only a first stage study that needs to consider the other relevant actors in the further 
design process (Fig. 1).

2 Research methods

Several research steps were carried out to conceive a new approach to study environmental 
resources that interact with Adaptive Facades, consisting of (i) a critical evaluation of the 
capabilities and limitations of existing climate analysis tools (section 1), (ii) formulation of the 
requirements based on analysis of dynamic characteristics and considerations that need to be 
taken into account (section 3.1), (iii) identification of potential development directions, and (iv) 
iterative development of the approach, using a concrete case study as an example (section 3.2 - 
section 4).

We detected that the main limitations of current methodologies were that existing climate analysis 
tools (a) suggest mostly mainstream concepts, (b) summarize the variations of the climate 
in averages or cumulative values and (c) as a consequence do not capture the transience of 
environmental agents. Besides, detailed simulations are (d) too time consuming and (e) need high 
definition of the envelope regarding their properties, which usually is not developed at first design 
stages.

All the same, it is important to consider the following three aspects when applying climate analysis 
to identify the suitable dynamic behaviour of adaptive building envelopes:

• The combined impact of different climatic agents on the hygrothermal behaviour, 
• The transition characteristics from one scenario to another (climatic sequences),
• The frequency of these sequences and the time of the day/year at which they occur. 

Different development directions for the new dynamic climate analysis approach were examined 
in an iterative way, by testing ideas and gathering feedback on the basis of a hands-on case 
study. To face this challenge, we chose the location of San Sebastian, Spain, and we compared 
the climatic conditions of each season. This was done by analysing Typical and Extreme weeks 
(U.S. Department of Energy, 2017) of the Typical Year Weather Files IWEC2, which are based 
on measured data between 1983-2008 (Huang, 2011). We verified how the dynamic climate 
analysis, which considers both the combined impact of different climatic agents and the transition 
between different climatic scenarios, affects the desired façade response, and how such effects 
can be visualized. Therefore, one of the initial research steps involved clustering different 
combinations of climatic agents into Climatic Scenarios (CS), according to a set of ranges and their 
relevance in the hygrothermal performance (section 3.1). The analysis of these clusters enabled 
the detection of the diversity of scenarios in this climate and the differences between seasons. 
Secondly, we demonstrated the relevance of studying the transience between different CS and 
we examined visually the climatic sequences of three summer days (section 3.2). Finally, through 
the development of a mock-up of a software tool, we assessed how the previous environmental 
conditions and future trends modify the characterization of the hygrothermal performance of the 
façade and therefore, the suitable Adaptive Façade Response (section 4).

in the USA (Park, Srubar, & Krarti, 2015). Current approaches for analysing the performance of 
adaptive opaque façades are mostly based on assessment of already proposed solutions instead of 
the exploration of new ideas (Loonen, Singaravel, Trčka, Cóstola, & Hensen, 2014). Such studies 
can be used for sizing of components and fine-tuning of configurations, but tend to be carried out in 
the later phases of building design or product development when many of the important decisions 
have already been made.  As a consequence, it can be argued that many of the decisions are 
based on intuition instead of analysis, and that fundamental links between calculations and 
architects or façade engineers are missing, which hinders the successful application of such 
technologies in construction. One of the most evident problems is that designers, who aim to design 
an adaptive façade at the initial design stage, have little guidance and no decision-support tools 
to make strategic choices about suitable adaptive façade responses for the given location, without 
running a detailed building simulation that would normally be incompatible in terms of (i) simulation 
time and (ii) input requirements for physical properties and control strategies.  

Meanwhile, when designing with well-known technologies and strategies in Architecture, 
various systematic methods exist to support conscious design decision-making. Generally, the 
first approach is to analyse the plot (e.g. climate, urban morphology, local characteristics and 
constraints) in connection with the specific needs of the client (Fig. 1). This first holistic study 
should enable the utilization of natural resources to get a more energy efficient and comfortable 
building. At this early design stage, a comprehensive understanding of the climate resources 
plays a fundamental role, and for this reason, several methods and software tools (NREL, 2017; 
UCLA, 2017) have been developed that can be used to analyse weather files in relation to climate-
aware architecture strategies, such as natural ventilation and static shading elements (Belleri, 
Avantaggiato, Psomas, & Heiselberg, 2017; Causone, 2016; Upadhyay, 2018). A limitation is that 
these methods propose climate-based design solution according to mainstream concepts, while 
they are not considering new paradigms such as adaptive building envelopes. These approaches 
work well when designing passive static strategies, as they interact with the ambient environment 
in the same way all over the year, but it is ineffective for dynamic strategies, that shift from a 
protecting to an energy and/or matter exchange role according to the environmental conditions.

Fig. 1 Dynamic Climate Analysis allows the definition of global strategies at first design stages.

The aim of this paper is to propose a new methodology, which is under development, that analyses 
the dynamic/periodic characteristics of a specific climate (section 3) in order to support the design 
of suitable Adaptive Façade Responses (section 4). Thus, the design option space will be efficiently 
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on the hygrothermal performance of opaque façades related to achieve comfort, followed by 
solar radiation, while wind velocity tends to modify the overall performance in a secondary way. 
The humidity has the lowest impact unless when considering evaporative cooling strategies or in 
overheating periods with high humidity levels.

Therefore, to be able to study in a systematic way the Weather Files and to identify the different 
CS, a preliminary boundary definition per each climatic agent was done according to the effect of 
each of them on the cooling and heating demand of a residential building. In the light of the results 
of Fig.2, air temperature and solar radiation were considered as main lines to differentiate CS. On 
the one hand, air temperature was divided into four regions: (A) <13ºC the heating demand would 
be generally inevitable, (B) ≥13ºC<16ºC the heating demand could be diminished or avoided if 
the other climatic agents enhanced solar heat gains, (C) ≥16ºC<24ºC generally under comfort 
indoor conditions, although there might be an overheating risk if solar radiation is high, (D)  ≥24ºC 
temperature is outside the comfort boundary and a cooling demand or overheating risk is likely to 
occur. On the other hand, the influence of vertical solar radiation per orientation (since the research 
is focused in AFR) was graded in three levels: (1) <25W/m2 solar radiation has no heating effect 
on the interior environment, (2) ≥25W/m2 < 275W/m2 mainly diffuse, but no direct solar irradiance 
incident on the façade, so its effect on the thermal energy balance is of moderate importance 
(3) ≥275W/m2 there is direct solar irradiance that would significantly enhance solar heat gains. 
Combining these two climatic agents, an assessment was made for every scenario to determine 
whether the temperature and solar radiation had a positive (+) or negative (-) influence on heating 
or cooling demand. In cases where different scenarios had the same effect, they were combined in 
order to reduce the total number of CS (Fig. 3).

Fig. 3 Boundary definition when wind velocity is <2,5m/s (3a), when wind velocity is ≥2,5m/s (3b) and naming approach (3c) to 
cluster different combinations of climatic agents 

Besides, the wind effect modifies the impact of air temperature when it is above 2,5 m/s, as it 
produces substantial thermal losses (Ibañez-Puy, Vidaurre-Arbizu, Sacristán-Fernández, & Martín-
Gómez, 2017). Indoor maximum recommended relative humidity of 70% and the limit of absolute 
humidity in 0,012 kg/kg (EN15251, 2007) makes even more energy demanding and uncomfortable 
the scenarios where overheating might occur. With the holistic analysis of the impact of each 
environmental agent, final boundaries were set and named accordingly. For example A1=B1 means 
that there is not significant solar radiation and that there is a heating demand as the temperature 
is below 16ºC with no potential for utilization of solar heat gain. If wind velocity exceeds a value 
of 2,5m/s, then this scenario would be even more demanding, as thermal losses would occur due 
to convective movements, and it would be called as A1w=B1w, but the adaptive façade behaviour 
would still aim to prevent thermal loses. D1=D2=D3 is a scenario with overheating risk, even more 

3 A systematic analysis of dynamic climatic conditions

3.1. Including the adaptive and dynamic aspects in the climate analysis

The dynamic analysis of climate conditions can help to define the most promising Adaptive Façade 
Response (AFR) of an opaque façade focused on its high hygrothermal performance, as such an 
analysis considers the impact of different combinations of climatic agents, not as isolated events, 
but as transient episodes. This new approach could help to determine (i) the suitable multifunctional 
adaptive behaviour, (ii) the operational scenario at which this AFR should take place (i.e. when a 
function should be activated or deactivated), (iii) the adaptation range that would be necessary to 
meet the demands in all the relevant circumstances, and (iv) the speed of adaptation that would be 
required for an optimal performance.

The first step to find the promising multifunction combinations is to analyse the diversity of CS along 
the whole year for a specific climate.  Climatic Scenarios were defined in this study by dividing 
relevant climatic agents (solar radiation, air temperature, wind velocity and humidity content) 
into ranges with the use of threshold, and looking at their combined impact on the hygrothermal 
performance of the building. For example, at an ambient air temperature of 16ºC, the indoor 
environment is not always affected in the same way. Whether thermal exchange is desirable or 
not depends on the amount of solar radiation that is concurrently available, as well as the possible 
convective losses as a result of wind velocity. Similarly, if it is 22ºC outside, then it looks profitable 
to have a thermal exchange between indoor and outdoor environment, unless the solar radiation 
is causing the overheating of the surrounding environment of the façade, or the wind action is 
not enough to avoid that possible overheating scenario. Consequently, depending on the specific 
combination, the impact of each climatic agent on the hygrothermal performance will vary, and 
therefore it should be analysed in an integrated way to facilitate scoping of the suitable adaptive 
façade. 

Fig. 2 Climatic Agents and their impact ratio on the hygrothermal performance of the façade system



296 297

Pe
rf

or
m

an
ce

 A
ss

es
sm

en
t

Fig. 4 Cluster analysis. Some climatic agent combinations are not exclusive for one season, which might mean that same AFR 

would be desirable for different seasons. 

Together, these results provide important insights into the different roles that the envelope should 
have in each season in the climate of San Sebastian. In winter, a clear heating demand season, 
the façade should act mainly as a protective thermal barrier. In mild scenarios, it could perform as 
a selective filter that activates the thermal flux after a more demanding CS sequence, as it occurs 
in autumn or spring, and even in summer periods. But to detail more the AFR, it is important to 
analyse the specific sequences of CS that happen in those seasons. We took as a case study three 
different summer days, two from the Typical Design Week and one from the Extreme Summer 
Week in order to compare the implications that it would have to arrive to the same scenario (C2) 
from different paths (Fig. 5). On the 3rd of June, this scenario happens firstly at 8:30 and this mild 
period, with diffuse vertical solar radiation, comes after a A1=B1 climatic scenario, an overnight 
period which has more heating demand. As a result, the envelope develops into a less exigent 
scenario. On the 7th of June, this scenario appears firstly at 12:30 and it also supposes a milder 
situation, although this time it arrives from a diurnal overheating risk stage (D1W= D2W= D3W) 
before going to a warm afternoon with high levels of solar irradiance and wind (C3W). Finally, on 
the 17th of July, the C2Wh scenario also introduces a chance to dissipate possible undesired heat 
gains that might occur in the afternoon (D1Wh=D2 Wh=D3 Wh), when temperatures are above 
24ºC and there is high relative humidity ratios. As the evening is dominated by mild temperatures 
and windy climatic scenarios, these natural resources can be exploited to balance the negative 
impacts of previous sequences.

demanding with high humidity (D1h=D2 h =D3 h) that might need a dehumidification strategy, while 
if wind would be over 2,5m/s, it might be a profitable resource to face this challenge (D1wh=D2 wh 
=D3 wh).

Despite this CS analysis presented above, the AFR cannot be captured yet, as the suitable 
dynamic performance does not only depend on the current situation, but also on the previous 
state of the façade and the future boundary conditions. Only by analysing the sequence of CS, 
detrimental adaptive reactions can be avoided and climatic resources can be fully exploited. The 
study of sequences enables to understand if the building is moving from a more demanding to a 
milder situation, or vice versa. For instance, it is not the same to be in a C2 climatic scenario (mild 
temperature and no direct solar irradiance) after being in a A1=A2, heating demanding scenario, 
or after being in D1=D2=D3, a cooling demanding scenario. The reaction of the façade would be 
different (as will be described in section 3), so the whole path from one CS to another needs to be 
assessed, as it is shown in the following case study (section 2.2). Moreover, if the façade would 
have a forecast-based future prediction ability, AFR could be further optimized scoping the most 
probable climate trend.

3.2. A Case Study: analysis of San Sebastian´s climate

San Sebastian is a seaside location in the north of Spain, which has a temperate climate (Cfb, 
following Köppen-Geiger classification) dominated by the heating season (1885 heating degree 
days, with base 18ºC) and with weather conditions that are to a large extent influenced by the 
ocean. We used the Dynamic Climate Analysis to explore its climate resources and threats before 
defining the suitable adaptive façade responses. We started studying the diversity of different 
climatic scenarios, according to the climatic agent combinations (Fig. 4). In total, 16 climatic 
scenarios were found and A1(W)=A2(W)=A3(W) and C1(W) scenarios took place in all the typical 
weeks. Moreover, Typical and Extreme Winter Weeks were dominated by heating demand and 
they had less variety of CS, though the Typical Spring Week, Typical Autumn Week and Typical 
Summer Week had both heating demand CS and mild CS. Besides, Typical Autumn Week and 
Extreme Summer Week were the most diverse seasons regarding the CS, which could mean a 
larger number of different AFRs and higher change frequency. New and more challenging scenarios 
appeared in Extreme Summer Week, as overheating periods were even combined with too high 
humidity ratios. If the AFR strategy would not address this extreme scenario, as this climate doesn’t 
require till now the installation of cooling systems, overheating risk with consequences on health 
could happen, or additional active systems could be settled by users, as already occurs in heat 
waves and hot spells (Monge-Barrio & Sánchez-Ostiz Gutiérrez, 2018).
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4 Defining the Adaptive Responses of an opaque adaptive façade

Once that the climate data is organized in different CS and the different impacts that CSs will have 
according to the previous and future CSs are better understood, a new screen tool was developed 
in order to suggest global strategies at initial design stages, considering the combinations of 
climatic agents and their transience. The screen tool (Fig. 6) was divided into three sections: the 
Dynamic Climate Analysis, where the climatic agents of a complete sequence were classified 
according to the defined boundary conditions (Fig. 3), the characterization of the hygrothermal 
performance, which shows what ideally the façade should provide at that specific CS and the 
Adaptive Façade Response. Whereas the Dynamic Analysis would allow to detect when and how 
many times each CS happens (and therefore, the proposed Adaptive Façade Response), the 
section of characterization helps to make a holistic input-output analysis, that would enable in 
future design stages the comprehensive understanding when defining the control of the Adaptive 
Façade, when determining the operational scenarios of these performances and when setting the 
boundaries in numerical simulations in validation stages.

Fig. 6 Screen tool to suggest global strategies at initial design stages.

The main output of this tool is to relate directly the climate data with suitable AFR. This link is 
viable as adaptive opaque façades can react in a limited way to enhance their hygrothermal 
performance. Based on literature review, we identified the possible or desirable dynamic responses 
that, provided they are properly set, would lead to an optimization of the energy performance and 
to a better indoor comfort. Considering the opaque façade as a multi-layer system, the cladding 
could change its colour to enhance the solar heat gains. In a ventilated façade, the joints could be 
opened or closed depending on the opening degree that is desirable to address the CS, thus to 
act as a convective insulation or on the contrary, to dissipate thermal gains (Juaristi et al., 2018). 
The insulation layer could be set to minimizing thermal flux or to enable the thermal flux between 
the indoor and outdoor environment (Elsarrag, Al-horr, & Imbabi, 2012; Fantucci, Serra, & Perino, 
2015; Favoino et al., 2017). Finally, a climate layer could be fitted to store thermal energy (Cabeza, 
Castell, Barreneche, De Gracia, & Fernández, 2011), to provide active heating or cooling (Hafez, 
2016; Prieto, Knaack, Auer, & Klein, 2017) or to dehumidify the indoor environment (Maeda & 
Ishida, 2009; Watanabe, Fukumizu, & Ishida, 2008).Fig. 5 Sequence analysis. This dynamic analysis is necessary to choose the adequate AFR as previous states and future trends 

also determine the suitable performance of the façade. 
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The results in Figure 6 show the initial design strategy that the screen tool would suggest to face 
a sequence from the Typical Summer Week  illustrated previously on Fig. 5a (A2=B2 → C2 → 
C2W sequence). According to the Dynamic Climate Analysis, the hygrothermal performance was 
characterized and using that information we proposed a suitable Adaptive Façade Response. The 
Dynamic Climate Analysis revealed that on this cloudy and mild-warm summer day, the wanted 
hygrothermal performance of the façade would be to store the thermal energy and to minimize 
the energy flux, as it is coming from a heating demanding scenario and there are no overheating 
periods in the near future. Accordingly, the insulation would behave as a conservation layer and the 
cladding would be set with closed joints to provide a non-ventilated façade. However, if we consider 
the sequences from 7th of June or 17th July (from Fig. 5b and Fig. 5c), then the adaptive façade 
response would be different for a C2W scenario. Due to the overheating risks, in these sequences 
the climatic scenario C2w would require the façade to enable the thermal flux between the interior 
space and the exterior. Then, the best AFR would provide a ventilated façade configuration that 
boosted convective air movements in the cavity and thereby stimulate thermal loses. To achieve 
this performance, as the wind is over 2,5m/s, the cladding would have an open joint configuration 
with a continuous, non-rough air cavity. Last but not least, the insulation would be in transmission 
mode to enhance the thermal dissipation.

5 Conclusions and further researches

The present study is concerned with narrowing down the possible design strategies that could 
be pursued when defining an adaptive opaque façade for a specific location. As the suitable 
hygrothermal performance of the building does not only depend on the environmental conditions of 
a specific instant, this Dynamic Analysis took into account the Climatic Scenarios, as combinations 
of different climate agents, but particularly also their transition sequences in order to scope 
the suitable Adaptive Façade Response. Moreover, we illustrated the use of a screen tool to 
determine the AFR for a chosen sequence, and possible façade configurations were proposed 
accordingly. We illustrated the usability of this screen tool by applying it to a specific location, San 
Sebastian, and we followed the systematic method to understand in a comprehensive way its 
climate resources and threats in three summer days. The current study found out that even if San 
Sebastian has a heating demanding dominant climate, there are also promising mild periods in 
Spring, Autumn and Summer seasons that make the use of Climate Adaptive Façades advisable. 
Even though the tested case study considered only one climate and had a relatively limited 
scope, we can appreciate from it that the tool offers novel benefits compared with conventional 
methodologies as it is (i) easy to use, (ii) needs only widely available data as input, and (iii) can 
provide a type of results/analysis that was impossible to obtain with existing climate analysis tools.

A natural progression of this work is to detect the relevant sequences throughout the whole year, 
to focus on the most desired adaptive reactions for this specific location and to determine which 
roles could be static, if most of the times their performances are not changing. Besides, in order 
to define more accurately the AFR, the speed of adaptation also needs to be detected. For that 
purpose, we should analyse in a systematic way the periodicity of relevant sequences. This would 
allow an optimal hygrothermal behaviour and it would also help to establish the fatigue life that 
responsive elements should have according to the adaptation cycles per year. Moreover, this 
methodology needs to be further developed to make the automated application of the tool possible 
for other locations. On balance, the former climate analysis tools did not enable the consideration 
of the dynamic characteristics of the environmental resources. The approach proposed in this 
paper addresses this shortcoming. To demonstrate the validity of the proposed new methodology 
in a more comprehensive way, a comparison of the results using both detailed simulations and the 
presented tool is needed in further research.




