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Abstract  

The energy retrofit of historic buildings requires identifying the materials and thermal 

properties of the building fabric. This information is essential for building energy simulation, 

conservation, and restoration, but, unfortunately, it is usually scarce or even non-existent in 

documentary sources or historical studies. This paper presents the non-destructive thermal 

characterization of the façade walls of the historic Cabildo of Salta, Argentina. The 

interdisciplinary methodology includes preliminary historical and morphological studies, 

identification of the masonry patterns through infrared thermography, characterization of the 

material thermal properties through non-destructive measurements and novel dynamical 

computational methods, and the integrated analysis of the results based on a cross-referencing 

of masonry pattern, materials, and historical data. The obtained results provide scientific 

support for decision making in future energy retrofit strategies and building restoration. 
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Introduction  

 

The conservation, restoration, and energy retrofit of historic buildings require identifying 

the materials and construction techniques used in the building fabric. In particular, energy retrofit 

of historical and heritage buildings has become increasingly important in recent years [1-4], 

driven by the energy rehabilitation campaign introduced in the European Directives on Energy 

Efficiency in Buildings (Directives 2010/31/EU, 2012/27/EU). Besides, building renovation is 

considered a key initiative in the European Green Deal to drive energy efficiency in the sector 

[5]. Relevant advances in the retrofit of historical buildings have been made in Europe, where the 

energy rehabilitation linked to heritage conservation techniques is considered one of the 

fundamental points towards the development of sustainable cities of the future [6-8]. 

Energy retrofit of heritage buildings presents huge challenges, strongly related to 

architectural restrictions (and artistic, in the case of frescoed walls) that oblige to preserve the 

building integrity of the buildings [9-12]. Another issue is the scarce information available in 

documentary sources or historical studies about different constructive techniques, 

refurbishments, and additions included in the building fabric. This information is at the base of 

the BES (Building Energy Simulation) that is used in the energy retrofit of heritage buildings [3]. 
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While standards and manufacturers’ data sheets provide this information, the real values can be 

in practice very different from the theoretical ones. The main causes of this discrepancy are 

usually linked to unknown construction features, to the quality of materials or workmanship, the 

presence of voids and cracks, the moisture content, the material degradation due to ageing and 

outdoor exposure, the wall’s inhomogeneities, etc. [13-16]. Thus, the designers, restorers, and 

energy simulators often face the lack of reliable thermophysical input data for the envelope 

components and their peculiarities [17]. Ideally, these data should be determined in-situ, as better 

as possible, before starting a new refurbishment or restoration work. 

There are two groups of methods used to obtain this relevant information [18]: 

morphological analysis that describes the constructive units in the building, such as the size and 

shape of bricks or the building stratigraphy [19, 20], and material analysis that determines the 

physical, thermal, or chemical characteristics of the building materials [18, 21, 22]. For building 

energy simulation, the most important thermophysical properties to be determined are the thermal 

conductivity, the density, and the specific heat, together with the envelope characterization 

through its thermal transmittance (U-value) and thermal resistance (R-value). For both groups of 

methods, non-destructive techniques that do not damage the building structure are generally 

preferred to laboratory tests that require using samples from the building structure, usually taken 

in a destructive way. 

Among the non-destructive in-situ techniques applied in energy characterization of 

buildings, infrared thermography and dynamical methods to determine the envelope’s thermal 

properties are two valuable and widely applied techniques. Infrared thermography (IRT) is mainly 

used for addressing the morphological analysis of historical buildings [10] This technique allows 

a qualitative inspection of the building envelope to identify the thermal anomalies related to the 

presence of materials with different thermal properties (for example, stone and bricks), different 

thicknesses of the same material, thermal bridges, moisture, thermal insulation defects, and so on 

[13, 23]. On the other hand, dynamical methods allow estimating the thermal resistance or 

transmittance of building walls when quasi-steady standard methods cannot produce successful 

results, such as in non-conditioned free-running buildings, massive buildings, or heritage non-

conditioned ones. In the latter, room temperatures cannot be controlled to achieve the optimal 

quasi-steady test conditions, such as that requiring a thermal gradient above 10°C between the 

outdoor and indoor air [24]. Furthermore, even when dynamical methods are used, the estimation 

of the thermal properties of a wall may be quite difficult and even not successful if this wall is 

massive and/or very thick. This situation may be encountered when analyzing stone or adobe 

walls usually found in heritage buildings [25]. 

In Latin America, historic buildings were commonly built with local materials near the 

construction site [26]. Thus, adobe, stones, rammed earth, mud mortar, and wood, are mostly 

found in walls and roofs since they were feasible alternatives those days. The mechanical 

properties of adobe walls have been extensively studied because they could suffer severe 

structural damage or even collapse when they are not well designed and strengthened. Some 

interesting studies were carried out on adobe buildings of the Spanish colonial times. Such studies 

mainly focused on the mechanical and structural requirements of the adobe constructions [27-

29]. In contrast, thermal properties have been scarcely studied, and the vast majority of the 

investigations were performed in laboratories [30-32] or through computer simulation [33, 34]. 

To the authors’ best knowledge, in-situ measurement of thermal properties of historic buildings 

have not yet been carried out in Latin America. The mainstream of research in this area was 

conducted in Europe and Asia. For example, in Cyprus, Michael et al. [35] carried out in-situ 

temperature monitoring of a 50cm thick adobe wall with probes installed at various locations 

along its thickness. In Italy, Adhikari et al. [15] analyzed 22 buildings (and 23 walls) in the 

Lombardy Region that were built during different periods between the XII-XIX centuries. The 

authors found that in the masonries, the differences between the theoretical and measured U-

values vary considerably (from 6 to 56%). Genova and Fatta [25] measured the thermal 
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conductance of massive stone walls in a convent in Palermo, Italy. These researchers performed 

16 in-situ measurements of the thermal resistance in winter and summer, with measuring periods 

between 6 and 21 days. They found that the weather conditions, particularly during the summer, 

were not stable enough to ensure a reliable estimation of the R-value. In France, Berger and 

Kadoch [36] investigated a new dynamical methodology to estimate the thermal diffusivity of a 

wall monitored in an old building. Their goal was two-fold: significantly reducing the 

computational time for solving the mathematical direct problem, and reducing the number of 

observations needed through optimal experiment design methodology. 

From the description above, it is concluded that the in-situ determination of hygrothermal 

properties of historic buildings is still a developing field. In Latin America, although there is a 

body of literature on traditional materials and their mechanical properties, as well as the different 

construction techniques used in the past, there is limited or no information concerning the in-situ 

determination of the hygrothermal properties of historic envelope components. These 

hygrothermal properties have been usually overlooked compared to the mechanical ones, 

probably because efficient buildings and energy retrofit measures are not considered yet a main 

objective in the political agenda of Latin American governments. 

This paper presents the in-situ non-destructive characterization of the masonry patterns 

and thermal properties of the façade walls of a historic building: the Cabildo of the city of Salta 

(Argentina). This building, today a museum, was built in the early XVI century and is regarded 

as the most preserved building of its type in Argentina. The building underwent a restoration 

campaign during the 1940 decade, but poor or no logs of the performed interventions were 

systematically registered. Therefore, there is little information on the materials or the constructive 

systems used in the original and/or the restored parts of the building. In this research, an 

interdisciplinary procedure for masonry identification was used that integrates historical and 

documentary information with two non-destructive in-situ techniques to determine the masonry 

patterns (infrared thermography) and the thermal properties (dynamical heat flux and surface 

temperature measurements) of the walls. The combination of the results obtained from different 

approaches is expected to produce more complete and precise information. Thermal resistance, 

transmittance, conductivity, thermal capacity, and thermal diffusivity were determined through 

in-situ measurements. These variables are of uppermost importance to study the energy retrofit 

of buildings. The obtained results provide scientific support for decision making in future energy 

retrofit strategies and building restoration. 

 

The case study 

 

The city of Salta, in the northern region of Argentina, was founded in 1582. Cities founded 

by Spanish settlers shared a common layout: a lot in front of the main square was allocated to the 

Cabildo or town hall. The Cabildo was the building where the main American municipal 

institution operated representing the corresponding Spanish institution that, originally from the X 

century, counterbalanced the power of the nobility [37]. The most influential Cabildos in 

Argentina, such as the one in the city of Buenos Aires, had two floors and corridors around one 

or two patios, with the session rooms and hierarchical administrative functions arranged on the 

upper floor. The arcaded galleries (called “recovas”) that precede the main façade functioned as 

a transition space from the main square where informal neighbours’ meetings were held. The 

tower was a distinctive element of the Spanish architecture: it housed the bells that called the 

neighbours to participate in the open discussions of the Cabildo. 

The building of the Cabildo of Salta was built up around the 1780s in front of the main 

square and it was declared Historic National Monument by the Argentinean government in 1937. 

Current pictures of the building and plan views of the two floors are shown in Figures 1 and 2. 

The main floor is characterized by large arcaded courtyards surrounded by rooms devoted to 

different purposes. Salta is located in a seismic zone so the historic buildings are vulnerable and 
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must undergo constant maintenance and restoration processes. During the 1940s major restoration 

works were carried out in the building by Arch. M. Buschiazzo. This restoration campaign 

brought to light the fact that very different construction types, probably during different periods 

coexisted: there are parts of the building made of adobe, with thick walls, others parts are made 

of brick and a large portion of stone. The Cabildo is a building with thick and massive walls (of 

the order of 0.5m thick or thicker) and with small openings, which corresponds to the type of 

design and structure of most colonial buildings of the city of Salta. The thermal characteristics of 

the thick adobe walls are adequate for climates with high thermal amplitudes because the thermal 

mass provides benefits in the sense of its thermal inertia and thermal insulation.  

 

  
 

Fig. 1. Cabildo of Salta city. Aerial view (left) and interior main courtyard (right) 

 

 
 

Fig. 2. Plan view of the building. 

 

Methodology 

 

Historical data survey 

First, a historical survey of the Cabildo of Salta was carried out to compile the information 

from previous studies and the written and graphic documents from historical archives. The scarce 

documentary data available is scattered in public archives and national and provincial libraries. 

This information was complemented with an in-situ survey of the place. Through this survey, it 

was possible to infer the different phases and construction systems of the building. However, the 

spatial distribution of such systems could not be precisely determined due to the lack of records, 

MONITORED 

WALL 
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nor could it be visually established because the wall surfaces of the building are fully plastered. 

Previous studies mention at least three distinct constructive systems coexisting in the Cabildo: 

adobe, stone, and brick masonry. With this information, the probable configurations of such 

constructive systems, which were preserved during the 1940 restoration campaign, were analyzed 

as well as the new systems that were likely incorporate during the restoration. 

Thermographic survey 

A thermographic study of the Cabildo was carried out on March 14th and 15th of 2018.  

The exterior walls of the building were inspected with a FLUKE Ti 55 thermographic camera 

[38] This camera has a spectral band between 8 and 14m, a resolution of ±2ºC, and can 

simultaneously record infrared and visible spectrum images. The post-processing of the infrared 

images was performed with the thermal imaging software Fluke SmartView R&D [38]. The 

thermographic survey was conducted in the afternoon time to allow the walls to warm up enough 

during the day due to solar radiation, thus enhancing the thermographic detection. Thermal 

images were acquired in those areas where the constructive component could be qualitatively 

identified. The collected thermographic imagery was the base to roughly estimate the percentage 

material composition of the walls, a key piece of information required for realistic simulation of 

the thermal building behavior. 

The weather conditions during the thermographic survey were monitored from a Davis 

Vantage Pro II Weather Station [39] located at the Universidad Nacional de Salta, approximately 

10km away from the Cabildo. Air temperature and humidity, solar radiation on a horizontal 

surface, and wind direction and velocity were registered. During the first day of the survey 

campaign, the sky was partially clouded (no rainfalls recorded). During the second day, the sky 

was mostly clear (the recorded solar radiation at the solar noon was 900W/m2) with some 

occasional clouds. The exterior air temperature during the two days oscillated between 19 and 

28°C. 

In-situ wall thermal monitoring and determination of the thermal resistance R and the 

thermal capacity C 

The methodology employed for the thermal characterization of the wall materials of the 

Cabildo consisted of a combination of in-situ temperature and heat flux measurements with 

dynamical characterization methods. Through this methodology, it is possible to obtain an 

estimation of the thermal resistance R and the thermal capacitance C. 

In-situ measurement set-up 

The methods for the estimation of the thermal properties of the wall, which are described 

in the following sections, require the measurement of the internal and external surface 

temperatures and the heat flux through the wall, during a period of several days. To monitor these 

variables, two temperature and one heat flux sensors were installed on one of the walls of the 

investigation and extension room, on the second floor of the Cabildo (Fig. 2). The wall where the 

sensors were placed is 0.642m thick with its exterior side facing south, to an internal gallery (Fig. 

3). Hence, that side of the wall does not receive direct solar radiation, as suggested in the literature 

in order to minimize possible solar influence. The wall material is unknown and, based on 

historical data, it is presumed that this wall, together with the other walls of this wing of the 

building (the oldest one), are made of adobe. The measurement campaign was carried out during 

the winter dry season, between July 2nd and July 31th, 2019. 

The interior and exterior surface temperatures of the wall were measured with two K-type 

calibrated thermocouples connected to an Onset HOBO U12-014 thermocouple datalogger (12-

bit, resolution 0.32°C at 625°C, accuracy ± 4.0°C or 0.5% of reading, whichever is greater) [40]. 

The sampling period was 15 minutes. The optimal placement of the sensors was deemed to be 

the geometrical center of a brick. The infrared camera Fluke Ti 55 was used to visualize the brick 

layout of the wall and choose the desired location. The heat flux through the wall was measured 

with a Hukseflux HP01 heat flux plate sensor (nominal sensitivity 61.26mV·W-1·m2) [41] 

connected to a NOVUS data acquisition system LOGBOX-AA IP65. The sensor was tightly 
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attached to the inner side of the test wall with adhesive tape. The heat flux through the wall is 

usually measured at the inner side where the heat flux is more stable than at the outdoor side. The 

flow meter was installed approximately 20 mm away from the mortar joint edge, as suggested by 

Meng et al. [42]. Outdoor environmental conditions (air temperature, relative humidity, wind 

velocity and direction, and solar irradiance on the horizontal surface) during the whole 

measurement period were monitored with the aforementioned wireless Davis Vantage Pro II 

Weather Station [39]. 

 

 
 

Fig. 3. Pictures of the Cabildo of Salta: a) North façade; b) external side of the monitored wall; 

c) internal side of the monitored wall. 

 

Method for the determination of the thermal resistance R 

The thermal resistance 𝑅 can be defined as the temperature difference across a wall that 

produces a unit heat energy flux through it in unit time in quasi-steady conditions. For a 

homogeneous wall with uniform surface temperatures 𝑇𝑖𝑛  and 𝑇𝑒𝑥 a unidimensional heat flow can 

be assumed and the thermal resistance can be determined as follows: 

𝑅 =
(𝑇𝑖𝑛−𝑇𝑒𝑥)

𝑞𝑖𝑛
       (1) 

where 𝑇𝑖𝑛 and 𝑇𝑒𝑥 are the (constant) internal and external wall surface temperatures and 𝑞𝑖𝑛 is the 

(constant) heat flux measured on the interior side of the wall. In the case that a wall is made up 

of multiple layers of different materials, the equivalent thermal resistance can be calculated as 

the sum of the individual thermal resistance of each layer. 

Apart from controlled laboratory conditions, steady-state conditions are practically 

impossible to achieve in real scenarios where the walls of a building may be subjected to outdoor 

weather conditions. For this reason, quasi-steady methods, such as the average method ISO 9869 

[43], were developed. The average method has become the most widely accepted method for the 

onsite thermal characterization of building elements. It relies on the fact that the time-averaging 

of the measured temperatures and the heat fluxes during long periods cancels out the transient 

effects. This method works well if the outdoor temperature is always lower (or higher) than the 

indoor temperature and if the measuring period is long enough. Usually, a difference between the 

outdoor and indoor temperature larger than 10°C is recommended together with a one-directional 

heat flux requirement. These conditions could be achieved in artificially heated buildings. But, 

preserved historic buildings are most likely non-conditioned free-running buildings with no 

installed HVAC systems. Hence, room temperatures cannot be directly controlled to meet the 

requirements of the quasi-steady methods. Therefore, the usually low thermal gradient between 

the outdoor and indoor wall conditions than can be obtained in free-running buildings preclude 

the use of quasi-steady methods due to convergence issues (the predicted value of 𝑅 does not 

converge as the dataset becomes longer). For this reason, dynamical characterization methods 

were introduced to overcome the mentioned drawback. 
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In this paper, the dynamic Pentaur Method [44] was used as a first alternative to estimate 

the thermal resistance R from the measurement data. This method was showed to have a good 

performance for the prediction of the thermal resistance under dynamic free-running conditions 

with alternating heat flux [45, 46]. The Pentaur model belongs to the category of autoregressive 

statistical methods with exogenous input variables (ARX) and was developed in base of physical 

and statistical grounds. The method proposes that the instantaneous heat flux through a building 

constructive component depends on four different contributions: the past fluctuations of the heat 

flux between consecutive times, the steady-state component of the heat flux, and the fluctuations 

between consecutive times of the internal and external temperatures. Mathematically, the heat 

flux density at a time 𝑡𝑝 is expressed as follows: 

𝑞𝑖𝑛,𝑝 =
(𝑇𝑖𝑛,𝑝 − 𝑇𝑒𝑥,𝑝)

𝑅
+ ∑ 𝑑𝑇𝑖𝑛,𝑛𝐴𝑛

𝑘

𝑛=𝑗

+ ∑ 𝑑𝑇𝑒𝑥,𝑛𝐵𝑛

𝑘

𝑛=𝑗

+ ∑ 𝑑𝑞𝑖𝑛,𝑛𝐶𝑛

𝑘

𝑛=𝑗

, (2) 

where: k = p-1 is the number past “time steps” and j is such that 𝑡𝑝 −  𝑡𝑗 is equal to the influence 

time (between 12 and 48 h), 𝑇𝑖𝑛,𝑝 and 𝑇𝑒𝑥,𝑝 are the internal and external wall face temperatures at 

time tp, respectively, and 𝑑𝑇𝑖𝑛,𝑛(°C), 𝑑𝑇𝑒𝑥,𝑛(°C) and 𝑑𝑞𝑖𝑛,𝑛 (Wm-2) are the changes in the internal 

and external wall face temperatures, and in the heat flux density on the interior face of the wall, 

respectively, between two consecutive time steps 𝑡𝑛−1 and 𝑡𝑛, that is to say, 

𝑑𝑇𝑖𝑛,𝑛 = 𝑇𝑖𝑛,𝑛 − 𝑇𝑖𝑛,𝑛−1, 

𝑑𝑇𝑒𝑥,𝑛 = 𝑇𝑒𝑥,𝑛 − 𝑇𝑒𝑥,𝑛−1, 

𝑑𝑞𝑖𝑛,𝑛 = 𝑞𝑖𝑛,𝑛 − 𝑞𝑖𝑛,𝑛−1 

(3) 

The parameters in Eq. (2) are 𝑅−1, 𝐴𝑛, 𝐵𝑛, and 𝐶𝑛 (1+3(k-j+1) parameters). These 

parameters, the coefficients of a multilinear regression, were estimated through least square 

inimization of residuals [47]. Anderlind (1996 and 2017) [48, 49] showed that the Pentaur method 

is effective in the majority of experimental scenarios, even for massive multi-layered walls or for 

cases where the heat flux is relatively small, for example during the summer periods. 

In the present effort, the following convergence criteria based on the coefficient of 

variation CV or relative standard deviation is adopted. The estimated value of R is said to 

converge at a time 𝑡𝑐 (convergence time) when the CV of the data subset ranging from 24h before 

to 24h after (48h time interval) the time 𝑡𝑐 is smaller than 3% and the CV during the previous 72h 

to 𝑡𝑐 is smaller than 5%. The Pentaur method was implemented computationally using Python 

3.6 programming language. 

Once the convergence criteria are met for the measurement data corresponding to the time 

𝑡𝑐, the estimation process for 𝑅 (and the coefficients 𝐴𝑛, 𝐵𝑛) through Eq. (2) is stopped. The 

remaining of the collected data from the time 𝑡𝑐 on are used as a validation data set to evaluate 

the precision of the statistical model with the estimated fixed parameters.  The goodness of the 

fit between the predicted values and the validation data is analyzed in terms of the following 

statistical indicators: normalized root mean square error (NRMSE), correlation coefficient (Corr), 

and standard deviation ratio (STDr). These statistics are defined in the Eqs. (4) to (6). 

NRMSE = 1 − √
∑ (𝑦𝑖 − 𝑥𝑖)2𝑁

𝑖=1

∑ (𝑦𝑖 − 𝑦̅)2𝑁
𝑖=1

 (4) 

Corr =
∑ (𝑦𝑖 − 𝑦̅)(𝑥𝑖 − 𝑥̅)𝑁

𝑖=1

𝑁𝜎𝑥𝜎𝑦
 (5) 

STDr =
𝜎𝑥

𝜎𝑦
 (6) 
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where: 𝑦̅ and 𝑥̅ and 𝜎𝑥 and 𝜎𝑦 are the mean and the standard deviation values of the prediction xi 

and measured yi  validation data set, respectively. 

Alternative method for the determination of both the thermal resistance and the thermal 

capacitance 𝐶 

The thermal capacitance 𝐶 is defined as the heat flow necessary to change the temperature 

rate of a medium by one unit in one second. This property is related to the energy storage capacity 

or thermal inertia of the material. For a homogeneous slab with density 𝜌, specific heat 𝑐𝑝, and 

thickness 𝑒, the thermal capacitance is defined as: 

𝐶 = 𝜌𝑐𝑝𝑒     (7) 

Models based on the analogy between heat transfer phenomenon and the charge flow in 

electrical RC circuits provide a simple description and interpretation of the heat transfer in a 

system. These equivalent electrical circuits include resistors (analogous to the thermal resistance) 

and capacitors (analogous to the heat capacity) arranged in different configurations to better 

represent the heat transfer paths. The simplest configuration to describe the thermal behavior of 

a homogeneous wall is an R2C network. This model is depicted in figure 4.  

 

 
Fig. 4. R2C electrical circuit to characterize the  

heat transfer phenomenon through a simple wall (Seem 1987) 

 

In the present article, a wall with thickness 𝑒 [m], thermal conductivity 𝑘 [W·m-1·K-1], 

mass density 𝜌 (kg·m-3), and specific heat capacity 𝑐𝑝 [J·kg-1·K-1] is represented by two nodes 

(one on each face of the wall), connected to a grounded capacitor 𝐶/2 = 𝜌𝑐𝑝𝑒/2 [J·m-2·K-1], and 

a single resistor 𝑅 =
𝑒

𝑘
 [m2·K·W-1] connecting these nodes. This model can also be obtained from 

the one-dimensional heat equation through the semi-discrete approach (method of lines). If a 

finite difference discretization is applied to the spatial derivative of the heat flux 𝜕𝑞/𝜕𝑥 in the 

one-dimensional heat equation using only an interior node and two exterior nodes, one on each 

face of the wall, it is possible to show that the time rate of change of the temperature on one of 

the wall faces (in this case, the internal face, where the heat flux was measured) is given by: 
𝑑𝑇𝑖𝑛

𝑑𝑡
= −

𝑇𝑖𝑛 − 𝑇𝑒𝑥

𝑅𝐶/2
+

𝑞𝑖𝑛

𝐶/2
 (8) 

This equation determines the mathematical structure of the model but contains the 

unknown parameters 𝑅 and 𝐶 = 𝜌𝑐𝑝𝑒, which can be estimated through the fit of the model given 

by Eq. (8) to the measurement data.  Therefore, this approach constitutes a Grey Box or Semi-

Physical Model.  In Eq. (8), the independent variable is 𝑇𝑖𝑛, and the dependent (input) variables 

are 𝑇𝑒𝑥 y 𝑞𝑖𝑛.  This approach differs from the Pentaur method previously described, which 

estimates 𝑞𝑖𝑛 instead of 𝑇𝑖𝑛. 

It is noted that the present strategy will produce different estimations of 𝑅 and 𝐶 depending 

on the length of the measurement dataset used. Therefore, it is possible, as it was with the Pentaur 

method, to obtain a plot of R and 𝐶 as a function of the elapsed time of the dataset.  To make the 



IN-SITU DETERMINATION OF THE WALL’S THERMAL PROPERTIES 

 

 

http://www.ijcs.ro 1199 

comparison between the methods meaningful, the same convergence criteria used for the Pentaur 

method is adopted in this case. 

Similarly to the Pentaur methods, once the convergence is reached, the remaining data is 

used as a validation dataset. The goodness of the fit between the predicted values and the 

validation data is analysed, as in the case of the thermal resistance, through the normalized root 

mean square error (NRMSE), correlation coefficient (Corr), and standard deviation ratio (STDr), 

previously defined in equations (4), (5) and (6). 

Derivation of other thermal properties 

With the estimated thermal resistance 𝑅 and the thermal capacity 𝐶 values, other thermal 

properties of the element of interest can be determined. These properties are described in the 

following sections. 

Static thermal transmittance 

The calculation procedure for the steady-state air-to-air thermal transmittance, or 𝑈-value 

[W·m-2·K-1], is described in the standard ISO 13786 [50]: 

𝑈 =
1

𝑅𝑠,𝑒𝑥𝑡+𝑅+𝑅𝑠,𝑖𝑛𝑡
     (9) 

where 𝑅 is the thermal resistance of the wall [m2·K·W-1], 𝑅𝑠,𝑒𝑥𝑡 and 𝑅𝑠,𝑖𝑛𝑡 [m2·K·W-1] are the 

external and internal surface resistances, respectively. These two variables have standardized 

values of 0.04 and 0.13 m2·K·W-1, respectively. 

Thermal conductivity, effusivity, and diffusivity 

The effective thermal conductivity 𝜆 [W·m-2·K-1] can be estimated from the thermal 

resistance R and the total thickness of the wall 𝑒 [m]: 

𝜆 =
𝑒

𝑅
      (10) 

The thermal storage efficiency is a function of a material’s properties: specific heat, 

apparent density, and thermal conductivity. These three material parameters may be combined 

into one called thermal effusivity 𝜀 [J·s-1/2 ·m-2 ·K-1]. 

𝜀 = √𝜆𝜌𝑐𝑝     (11) 

The thermal diffusivity 𝛼 [m2/s], a variable related to the velocity of propagation of the 

heat wave, is defined as: 

𝛼 =
𝜆

𝜌𝑐𝑝
      (12) 

 

Results 

 

Identification of materials through infrared inspection 

A few of the thermal images collected of the Cabildo envelope are shown in Figures 5 and 

6. From the different constructive components, stone is usually recognized because of on its 

rounded geometry (rounded quadrangular blocks) and its rather irregular dimensions 

(approximately 0.27x0.30m).  Based on the infrared images, it is inferred that stone was primarily 

used for the construction of the main façade facing the street: in the arcade on the ground floor, 

in the pillars of both floors, and in the area near the doors of the exterior walls (Fig. 5). In the 

interior of the building, stone was used to construct the walls of the South wing facing the main 

courtyard. 

Adobe bricks can be identified in the thermal images because they are usually regular 

blocks elements with average heights of 0.10m, but with variable widths (Fig. 5). It is inferred 

from the infrared images that adobe was primarily used in the construction of the walls and arcs 

of the first floor, which are thicker and larger, respectively, than those of the main floor. It is 

hypothesized that such a choice was due since adobe bricks are usually much lighter than stones. 

The identified adobe bricks are about 0.51-0.55m long and 0.10m thick. Finally, massive ceramic 

bricks were also recognized based on their smaller dimensions (de 0.33-0.35m x 0.08m). They 

were identified mainly under the cornice of the main façade. 
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Fig. 5. Infrared images showing the irregular shape of the stones used in the arcs 

 of the gallery and in the areas close to the doors 

 

 

Fig. 6. Infrared images showing adobe bricks in the arcades of the first floor (left) and in the walls of the West façade 

(right). Massive ceramic bricks were used in the decorative cornices above the arcs 

 

Based on the thermal images collected, the available compiled historical data and 

information, and visual inspections, a stratigraphy of the main façade was elaborated (Figs. 7 and 

8) identifying the most probable configuration of materials on the Cabildo walls (Table 1). 

 

 
Fig. 7. Stratigraphy of the main façade (North) of the Cabildo of the city of Salta 
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Fig. 8. Stratigraphy of the Cabildo of the city of Salta. Cross view (East-West) 

 
Table 1. Description of the constructive elements of the Cabildo of the city of Salta 

 

Element Description 

Foundations Stone with joining mortar. Height: 0.50-0.80m above the ground level 

Walls 

     

Type 1 
Adobe plastered on both sides with mud mortar.  

Thickness: 0.60-0.70m 

Type 2 Mix of stone and adobe Thickness: 

0.83 – 1.10m (façade) 

0.70m (interior walls) 
Type 3 Mix of stone and solid ceramic brick 

Floor (First floor) Wood structure with ceramic tile covering 

Roof Wood structure with ceramic tiles 

Arcs (façade 

and courtyards) 

Type 1 Stone (details and molding of plastered solid bricks) 

Type 2 Solid bricks in the arcs of the main courtyard (Gómez R., 1999) 

 

Determination of the thermal resistance 𝑹 and the thermal capacitance 𝑪 

In situ thermal behaviour monitoring of a wall 

One wall of the original building, presumably built with adobe bricks, was selected to be 

studied. This wall is external and belongs to a room on the first floor. It was selected because it 

is directly exposed to the outdoor air conditions and also because it is shaded from solar 

irradiation. These conditions are likely to produce acceptable, large enough temperature 

differences between the opposite faces of the wall, following the requirement of the methods for 

estimation of the R-value. The time history of the weather conditions (air temperature and solar 

global irradiance on a horizontal surface) recorded during the measurement period in July of 2019 

(31 days) are summarized in figure 9. Keeping track of the weather conditions is important 

because unexpected meteorological phenomena (cold air fronts, heat waves, and so on) can deter 

the convergence of the dynamic estimation methods. During the measurement period, the air 

temperature experienced wide variations between 0 and 32°C, with mean daily thermal 

amplitudes on sunny days of approximately 20°C. A noticeable change in the meteorological 

conditions is observed starting on July 22nd. A strong drop in the air temperature right after the 

hottest day of the month was registered. This event is highlighted because it was picked up by the 

estimation methods as a change in the predicted values of R. As the radiation data in figure 7 

suggest, the days during the monitoring were mostly sunny, with clear skies and low cloudiness. 

Only a few periods of cloudy days were registered (on July 4-6, 13, 15-16, and 23-25).  As it was 

already stated in the methodology section, these highly variable outdoor conditions are not suited 

for quasi-steady thermal resistance estimation methods; thus, dynamical methods are the best 

option in this case. 

The recorded time history of the wall internal and external surface temperatures, Tin and 

Tex, respectively, and the heat flux through the wall qin are presented in figure 10. The total number 

of sampled data points is 2950. Considering the sampling period of 15min, the data corresponds 

to roughly 30 continuous days worth of measurements. For the reasons mentioned in the previous 

paragraph and to aid the convergence of the thermal resistance estimation methods, the initial 
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period of six days was disregarded. Besides, the unusually large difference between internal and 

external wall surface temperatures lead us to believe that an auxiliary small heating device was 

most likely turned on during this period. From July 7th on, the office room was lightly occupied 

and no heaters were used. Therefore, the data collected from that day on suits the conditions of a 

free-running building wall. It is important to mention that the unsupervised monitoring activities 

did not interfere with the normal daily use of the building and its spaces. 

 

 
 

Fig. 9. Weather conditions (air temperature and global solar irradiance on a horizontal surface) during the measurement period 

 

 
 

Fig. 10. Time history of the monitored variables. Primary (left) axis: temperatures on the internal and external surfaces 

of the wall. Secondary (right) axis: heat flux rate measured on the internal face of the wall 

 

Estimation of Thermal Properties 𝑅 and 𝐶 

The Pentaur method and the R2C model are employed to obtain estimations of the thermal 

resistance and thermal capacitance of the monitored wall. Following the methodology described 

in Section 3.3, an estimation of the value of 𝑅 can be obtained as s function of the amount of 

measurement data points used for the estimation. Because of the reasons mentioned in the 

previous section, measurement data up until the end of July 6th was disregarded for the 

computation of 𝑅 and 𝐶. The values of 𝑅 estimated through each of the models as a function of 

the measurement time is shown in figure 11. The large fluctuations in the values of 𝑅 (and 𝐶) 

estimated by the models between July 22nd and 26th are due to the aforementioned abrupt changes 

in the meteorological conditions during those days. The estimated values of R and C from July 
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7th to July 12th were not included in figure 11 because they presented fluctuations that are much 

larger than the scale of the plots.  

 
 

Fig. 11. Evolution of the values of the thermal resistance R and capacitance C estimated  

by the in-situ measurements. The vertical dashed lines indicate the day at which  

the convergence criteria were satisfied by each method 

 

A summary of the results obtained with both methods is presented in Table 2. In this table, 
the values 𝑅(𝑡𝑐) and 𝐶(𝑡𝑐) are the values obtained at the time 𝑡𝑐  when the convergence criteria 

is met.  Also, the mean and standard deviation values of 𝑅 and 𝐶 over a period of 3 days centered 

at the time of convergence are reported in the table. The Pentaur model met the convergence 
criteria after 12 days worth of data to a value of R = 0.91m2·K·W-1. For this model, a 48-hour 

influence window was used; therefore, a total of 577 coefficients (1 + 3 × 4 × 48) were 

estimated. Other influence windows with 24 and 36 hours were tested, but the 48-hour window 
was finally chosen because it leads to a better correlation and NRMSE of the validation data 

(Table 3). The R2C model converged after 13 days to values of 𝑅 = 0.95m2K·W-1 and 𝐶 = 

7.86x105J/(m2 ·K). The value of the Pentaur coefficients 𝐴𝑛, 𝐵𝑛, and 𝐶𝑛 (577 in total) are not 

included in the summary because they lack physical interpretation. 

 
Table 2. Summary of the results of the Pentaur and R2C methods 

 

 𝑅  (m2K/W) 𝐶 (J/m2K)   

 𝑅(𝑡𝑐) 3-day 
Mean 

3-day 
STD 

𝐶(𝑡𝑐) 3-day 
Mean 

3-day 
STD 

𝑡𝑐 

(days) 
R2C 0.95 0.95 0.048 7.86 x 105 7.88 x 105 1.7 x 104 13 

Pentaur 0.91 0.95 0.047 - - - 12 
 R =  0.93 ± 0.05 C = (7.9 ± 0.2) x 105  

 
The validation of the models with estimated (and now fixed) values of R, 𝐴𝑛, 𝐵𝑛 and 𝐶𝑛for 

the Pentaur model and 𝑅 and 𝐶 for the R2C model is performed using the remaining of the 

measurement data from the day of convergence onwards. The corresponding independent 
variable (heat flux rate 𝑞𝑖𝑛 for the Pentaur and internal wall surface temperature 𝑇𝑖𝑛 for the R2C 

model) was predicted with each model, and these predictions were compared with the actual 

measurement data. The comparison between the predicted history of the heat flux rate (for Pentaur 
method) and internal wall face temperature (for R2C model) and the actual data is shown in figure 
10. The statistical error analysis for the predicted data is summarized in Table 3. It is observed in 

Fig. 12a that the Pentaur model with the estimated thermal resistance value of 0.91m2K W-1 
predicts quite well the measurement data after the convergence point. The mean of the error of 
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the prediction of this model is 0.23W·m-2, with the largest errors occurring between July 22nd and 

July 26th when significant variations in the weather conditions were registered. It is observed in 
figure 12b that the R2C model can capture the main trend of the internal wall face temperature 
variation but not the details (that is to say, it is missing the high-frequency components). 

However, the performance of the model is still quite acceptable as judged by the correlation and 
standard deviation ratios which are close to 1. 

Finally, the range of probable values of 𝑅 and C is provided in Table 2. For 𝑅, an average 

of the two methods was performed. Thus, the estimated values are 𝑅 = (0.93 ± 0.05)m2K/W and 

𝐶 = (7.9 ± 0.2) x 105J/m2K. 

 

 
Fig. 12. Comparison between measurement data and predicted values. a) Heat flux rate predicted with  

Pentaur method (red line). b) Internal wall face temperature estimated through the R2C model (red line). 
Measured data are shown with a blue line 

 

Table 3. Statistical error analysis for the predictions of Pentaur and R2C methods 
 

 Parameters NRMSE Corr STDr 

R2C 2 0.70 0.94 1.03 

Pentaur 577 0.86 0.99 0.99 

 

Derivation of other thermal properties 

Once the thermal resistance and capacitance were determined together with the wall 

thickness (e = 0.642m), the additional thermal properties of the monitored wall were determined 
through Eqs. (8) to (11). The corresponding errors were determined by the usual calculation of 
error propagation. The results are summarized in Table 4. 

 
Table 4. Additional thermal properties of the wall. 

 

 Estimated value 

Static thermal transmittance 𝑈  0.91 ± 0.06W/(m2·K) 

Effective thermal conductivity 𝜆 0.69 ± 0.04W/(m·K) 

Effective thermal effusivity 𝜀 919 ± 40J/(s1/2 ·m2·K) 

Effective thermal diffusivity 𝛼 5.64 ± 0.5x10-7m2/s 

 

The values obtained for the thermal conductivity (𝜆 = 0.69W·m-1·K-1) and capacitance (𝐶 
= 7.9x105 J/m2·K) are in line with values for adobe found by other researchers. Reported values 
for the thermal conductivity of adobe usually range from 0.30 to 1.54W/(m·K), depending on its 
density and its water content, amongst other factors [33, 51, 52]. In the case of dry adobe, typical 
values found in the literature are between 0.56 and 0.80W/(m·K) [31]. On the other hand, the 
reported values of the thermal capacitance 𝐶 of adobe walls range between 4.7 and      
10.9 x105J·m-2 ·K, the density between 1300 and 1700 kg·m-3, and the heat capacity between 559 
and 1000J·kg-1·K-1 [30]. It is important to note that actual adobe constructions have wet-dry cycles 
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due to rain and relative humidity that cause variations of their thermal properties [51]. 
Additionally, the water contained in the adobe increases its latent heat content and modify both 
the thermal conductivity and thermal capacity of the material [33]. 

Based on the previous discussion, it is concluded that the obtained results of 𝑅 and 𝐶, the 
dimensions of the bricks observed through the thermographic analysis, and the historic data, all 
provide strong evidence that adobe is most likely the material used for the construction of the 
wall under analysis. 

 
Conclusions 

 

The energy retrofit of historic buildings is in the focus of current research at the 
international level. One of the main issues in this field is the estimation of the thermal properties 
of the building walls through non-destructive, in situ measurements. The estimation of these 
parameters is of uppermost importance for increasing the reliability of the results obtained 
through the energy simulation models. In this paper, the masonry patterns and the thermal 
properties of an adobe wall of the colonial Cabildo of the city of Salta (Argentina) were 
characterized using two in-situ non-destructive methods complemented with information from 
historic archives. Infrared thermography and dynamical wall surface temperatures and heat flux 
rate measurements were used to determine the thermal resistance, transmittance, conductivity, 
thermal capacity, and thermal diffusivity of one of the walls of the building. 

Infrared thermography provided excellent results in sunny walls. The different thermal 
and geometrical characteristics of the wall components (adobe blocks, stone, ceramic, and joining 
mortar) allowed them to be identified through the thermal images where the shape of the 
components was clearly visible. Regular blocks were hypothesized to be adobe or massive 
ceramic bricks, while irregular elements were assumed to be stone. The historic sources 
confirmed some of the obtained results; thus, for the first time, a stratigraphy of the main façade 
of the Cabildo was composed. The thermal resistance and capacitance of an exterior wall were 
estimated through experimental measurements of the heat flux rate and the wall surface 
temperatures, and the dynamical Pentaur and R2C characterization models. The values obtained 
for the thermal conductivity (𝜆 = 0.69W·m-1 K-1) and capacitance (𝐶 = 7.9x105J·m-2 K-1) are in 
agreement with values found by other researchers for adobe bricks. Therefore, it is concluded that 
the methods presented were successful in determining these variables and that their application 
can be potentially extended to other elements of the building envelope and other heritage 
buildings in different environmental contexts. In particular, future works in this direction should 
focus on analysing the suitability of the dynamical estimation methods for walls made of different 
materials, for buildings under different climates and/or measurements performed during different 
seasons from the one studied in the present effort (winter). The obtained results provide scientific 
support for decision making in future energy retrofit strategies and restoration of heritage 
buildings where the use of destructive study methods should be avoided. 
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