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Abstract

:

During the last decades, attention to energy and environmental problems has significantly grown, along with the development of international and national policies addressing sustainability issues. In the construction sector, one of the most widespread energy efficiency strategies consists of thermal insulation of buildings thanks to external insulating panels. Among these, wood fiber is an insulating material characterized by a natural, eco-sustainable and biodegradable structure, coming from the recycling of waste wood from sawmills. The present study aimed to characterize small test building insulated with wood fiber panels from the thermal point of view, comparing the results with those of an identical, non-insulated reference test building. The experimental campaign highlighted several advantages and an excellent thermal performance provided by the eco-sustainable solution of wood fiber insulating panels: Lower values of the thermal transmittance (−57%), thus ensuring greater stability of the internal air temperature and better values in terms of attenuation (−60% in summer and −74 % in winter) and phase shift (+2 h in summer and +2.28 h in winter) compared to those obtained from the reference building. The material is also equipped with an Environmental Performance Declaration (EPD) that certifies its environmental benefits.
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1. Introduction


Anthropogenic Greenhouse Gases emissions (GHG) are considered to be mainly responsible for global warming and climate change [1].



In this context, buildings play a fundamental role, being responsible for a significant percentage of total energy consumption worldwide, producing about 40% of CO2 emissions and 38% of waste. Even at the European level, data are worrying, in fact buildings are responsible for about 40% of energy consumption and about 36% of greenhouse gas emissions, mainly due to buildings heating and cooling needs and to the production of materials for their construction and use [2,3,4].



Improving energy efficiency and energy consumption of the construction sector, increasing the employment of renewable energy sources, and making production and transport processes of building materials more sustainable are urgent and crucial measures that need to be applied in order to achieve the ambitious purpose of carbon neutrality by 2050, as defined in the European Green Deal [5,6,7,8,9,10,11,12,13].



In fact, current trends in residential construction require a significant adjustment towards the increasingly stringent requirements of structural quality, thermal and energy performance and internal comfort, as well as the growing awareness towards the use of materials with lower economic and environmental impact.



In this context, the European Commission in March 2020 adopted the new “Action Plan on the circular economy for a cleaner and more competitive Europe” [14]. Indeed, the European Parliament has requested to bind targets for 2030 to make consumer products more sustainable starting from their design. Therefore, rules have been defined in the Plan to design products with a greater use of recycled raw materials, longer lasting products, easier to reuse, repair and recycle.



Furthermore, the definition of the “Investment Plan for a Sustainable Europe” [15] was central to the EU strategies, aimed at promoting and facilitating the transition towards a climate-friendly, competitive and inclusive economy. Indeed, the Plan combined legislative and non-legislative initiatives to achieve three objectives: (i) Mobilize funding worth at least EUR 1 trillion from the EU budget and other public and private sources over the next decade; (ii) placing sustainability at the heart of investment decisions in all sectors; and (iii) provide support to public administrations and project promoters to build a strong pipeline of sustainable projects.



The close links between environmental sustainability objectives and the application of the circular economy and solid waste recovery model have led numerous companies to actively pursue alternative approaches to the linear “take-make-waste” model. In fact, the report “Achieving a Circular Economy: How the Private Sector is Reimagining the Future of Business” [16] presents companies that are contributing business solutions to societal challenges, illustrating a collection of best practices and strategies on how these companies are exploiting the environmental, economic and social opportunities offered by the circular economy in a profitable way.



With regard to the building sector, the most ambitious goal of a modern and sustainable building is to drastically reduce energy and environmental consumption.



To ensure energy efficient building behavior, the implementation of an adequate thermal insulation system is undoubtedly an excellent strategy in order to obtain the reduction of heat loss, the increase in thermal lag, as well as an adequate level of indoor comfort guaranteed throughout the year.



From this perspective, the use of natural and sustainable insulating materials could be a viable solution, since the thermal insulation properties of buildings are often entrusted to petrochemical (often polystyrene) or mineral (glass or rock) artificial materials [17,18,19,20].



Asdrubali et al. [20] reported a state of the art product for the insulation of buildings made with unconventional materials, highlighting their thermal, acoustic and environmental performances.



These unconventional products can be manufactured using natural sources such as residues from agricultural production and processing industries. Other sources are represented by recycled products or by-products of industrial plants. The study showed that some of the materials investigated are characterized by performance similar to commercial ones. As far as thermal issues are concerned, an example is given by a recycled cotton insulation having a density and thermal conductivity comparable to EPS, XPS and sheep’s wool. Focusing instead on acoustic performance, high values of sound absorption and insulation were measured in materials made from recycled denim. Products made from PET and recycled fabric are also characterized by better environmental performance than those made from rock wool and kenaf fiber.



Cetiner et al. [21], in a study, highlighted how wood waste could be used as insulation material applied to wood frame wall construction by manual filling or mechanical blowing of the bulk filling material between the frame uprights and without the addition of any binder, obtaining a slightly higher thermal conductivity than inorganic materials and close to that of some natural insulating materials.



Kristak et al. [22] demonstrated that wooden materials, i.e., larch bark composites with densities between 350 and 700 kg/m3, could be successfully used for thermal insulation in buildings, obtaining insulating bark panels with a density of about 350–400 kg/m3, with a thermal conductivity in the range of 0.065–0.070 W/mK, thermal diffusivity in the range of 0.13–0.17 mm2/s and a specific heat capacity of about 1300 J/kgK, therefore comparable to other insulating panels.



Several studies have also been conducted on the use of alternative feedstocks such as agricultural biomass and recycled wood waste and by-products in the production of a particle board may prove to be a viable approach to address the increasing global demand for wood-based materials [23].



However, a relevant problem with particle board and other engineered wood products manufactured from agricultural waste biomass and/or recycled wood waste is the lack of sufficient information on their fire characteristics and reaction to fire; in fact, their combustion remains an aspect to be taken into consideration due to the recent stringent fire regulations.



Nevertheless, the promising carbon footprint of wood, in addition to their insulating capabilities, make insulating panels based on wood fibers a valid solution for an increasingly sustainable design.



In particular, wood fiber is a completely recyclable and biocompatible product of vegetable origin and is generally not subjected to chemical treatments, with substances such as formaldehyde.



Wood fiber panels are characterized by excellent thermal insulation qualities, sound insulation properties, biodegradability, light weight and low environmental impact and durability.



In fact, it is a completely recyclable and biocompatible product of plant origin and it is generally not subjected to chemical treatments, with substances such as formaldehyde. The wood fiber panels are characterized by excellent thermal insulation qualities, acoustic insulation properties, biodegradability, lightness and low environmental impact and durability. The material is commercially available in the form of panels, which can differ in thickness, porosity and hardness depending on the context of use. There are commercial products containing wood fibers from certified forests and with environmental labels such as the Environmental Product Declaration (EPD) [24,25,26,27,28,29].



Wood fiber materials require less energy during production and can contribute to reduce emissions compared to mineral or petrochemical based insulation materials [30,31,32,33], but still maintaining good insulating properties [34,35,36].



At the same time materials environmental effects and their sustainable aspects in buildings applications need to be assessed. Wood-based insulation materials are characterized by remarkable hygroscopic qualities, due to the moisture capacity that is higher compared to the traditional products, such as mineral wool insulation [36,37,38,39]. Due to this characteristic, using natural and highly hygroscopic insulation may have a positive effect on the moisture conditions in wood-frame constructions [40,41,42,43,44]. It is also worth noticing that the wood fiber resists humidity very well and tends to keep its characteristics unchanged even if the percentage of humidity is very high.



Furthermore, technological changes have also recently been noted regarding the adhesive systems and additives used in European industries for particle board, medium density fibreboard (MDF) and oriented strand board (OSB) dictated by the obligation to achieve emissions even lower formaldehyde levels and the need to reduce production costs due to strong competition in the wood-based panel market sector [45].



Several studies analyzed the hygrothermal performance of wall panels by employing wood fiber, mineral wool application on masonry walls, concrete and brick wall panels, hemp fiber and mineral wool insulation [46,47,48]. Additionally, in-situ experimental studies were carried out to assess the hygric, thermal or hygrothermal performance of wall panels or insulation materials and wall panels incorporating wood fibre, mineral wool and hemp-lime [49,50,51,52,53,54,55,56,57].



Among the different possible ways to potentially improve panel properties, in particular the surface quality, there is the possibility of adding wood fibers to face layers. In [58], the properties of structure modified by adding different typologies and quantities of wood fibers were studied. It is also possible to modify the quality of wood-based panel produced by working on parameters or on the surface structure. Moreover, it is worth noticing that the materials mechanical and physical properties can be modified by the fiber’s degree of defibration [59].



Wooden houses ensure significant energy savings, with a significant reduction in consumption and environmental impact [60,61,62,63].



Finally, wood fiber perfectly meets the principles of environmental sustainability and energy efficiency and can be included in a virtuous circle of recycling and circular economy [50,51,52,64,65,66]. Thus, in the past years, the employment of green materials has also grown worldwide as the green building concept [53,54,55,67,68,69].



There are a few references in the literature regarding the effects of adding different fibers to the panels structure. The fibers’ morphological characteristic is fundamental when specific fiberboards, such as Medium Density Fiberboard (MDF), are employed and analyzed [70,71,72,73].



The present study was conducted through a long-term experimental campaign, which was carried out on two identical masonry small building prototypes, one of which insulated with a layer of wood fiber insulation, with the aim of comparing and quantifying the different thermal behaviors of the walls and analyzing the benefits deriving from the installation of natural, eco-sustainable and biodegradable insulating material.



This paper has the following structure: Section 2 describes the materials and method of the research, providing information about the studied buildings and illustrating the applied methodology; Section 3 shows the results and discussion about data post-processing; finally, the conclusions are drawn in Section 4.




2. Materials and Methods


This study was conducted through an experimental campaign on a real case study in order to evaluate the in-situ performance of wood fiber-based panels. The thickness of the panels is the one typical for the retrofit of buildings in regions characterized by mild climate conditions.



The experimental measurements campaign was carried out in both summer and winter conditions near Rome, Italy, at the CEFMECTP school, on a small building entirely insulated with wood fiber panels. The thermal behavior of the insulated building was compared with a reference building with the same constructive characteristics but without wood fiber panels.



2.1. The Case Study


This experimental measurement campaigns took place at the CEFMECTP school located in Pomezia (Rome, climatic zone D) (Figure 1). CEFMECTP is a joint body for training and safety in construction managed by the Association of Building Constructors of Rome.



The buildings, used for the practical training of the students of the school, are characterized by their small size and by the same masonry construction method in reinforced concrete slab and tuff blocks with internal and external cladding with cement plaster (Figure 2).



The buildings used for the experimental campaign are identical and differ only due to the presence, in one of the two buildings, of an external insulation: a 80 mm thick wood fiber insulating panel applied to the perimeter walls.



In particular, a thickness of 80 mm was chosen for the wood fiber panels in order to guarantee an adequate level of thermal insulation of the study building.



In addition, it is one of the most used thicknesses for this type of insulation; the thickness present on the market for the selected panels is in fact between 60 mm and 160 mm.



Even the volumetric density (140 kg/m3) present in the selected panels respects the average values present on the market for the type treated.



The test building without insulation was instead used as a reference and comparison structure (Figure 3). Table 1 reports the buildings components stratigraphy.



The single-layer, homogeneous, rigid and water-repellent wood fiber panels selected for the experimentation are produced in Germany by the manufacturer 3THERM [74] with a composition of recycled silver and red fir fibers from the forests of Baden-Württemberg. Specifically, the “S WALL 140” semi-rigid, dry and plasterable panels used for thermal insulation have dimensions of 1250 mm × 600 mm with a thickness of 80 mm and are characterized by a volumetric density of 140 kg/m3, by a thermal conductivity equal to 0.040 W/mK and by a specific heat equal to 2100 J/kgK.



Furthermore, these panels stand out on the market for the certifications obtained, including the green building brand NaturePlus [75], the high mechanical resistance that gives the facade a stability guaranteed over time and compliance with the so-called Minimum Environmental Criteria, according to Italian Legislation [76], including: “Low emissions of materials” (art. 2.3.5.5); “Recovered and recycled material” (art. 2.4.1.2); “Absence of dangerous substances” (art. 2.4.1.3); “Sustainability and legality of wood” (art. 2.4.2.4); “Criteria for thermal and acoustic insulation” (art. 2.4.2.9) and “Use of renewable raw materials” (art. 2.6.4).



The wood fiber panels used in this study, in addition to being sustainable and with low environmental impact, are also equipped with the Environmental Product Declaration (EPD)—of the Institut Bauen und Umwelt e.V. [77], in accordance with ISO 14025: 2006 [78] and ISO 21930:2007 [79]. The panels are characterized by good values of Global Warming Potential (GWP) equal to −1.1346 kgCO2 eq/kg, total consumption of non-renewable energy resources (PENRT—Primary Energy Non-Renewable, Total-), equal to 9.76 MJ/kg, and renewable energy resources (PERT—Primary Energy Renewable, Total-), equal to 29.83 MJ/kg.



Furthermore, the values of the environmental impact indicators of the wood fiber panels selected for this study are perfectly aligned with those found in other EPDs of similar products on the market. As a matter of fact, different EPDs of wood fiber panels were analyzed [80,81,82,83,84,85] from various Program Operators, such as the “Institut Bauen und Umwelt e.V.” (IBU) [77] and the “Epd-Norge” [86], and characterized by a density between 50 and 170 kg/m3, a thermal conductivity between 0.036 and 0.047 W/mK and a specific thermal capacity of 2100 J/(kgK).



By comparing these EPDs, an average GWP value of −1.05 kgCO2eq/kg was determined, very close to the EPD value of the panels used (−1.13 kgCO2eq/kg), with values between −0.57 and −1.25 kgCO2eq/kg. Furthermore, the negative value of the GWP confirms the effectiveness of wood, and in this specific case, of wood fiber panels, which show a good absorption of CO2.



When it comes to the PENRT, an average value of 11.88 MJ/kg was recorded, very close to the reference 9.76 MJ/kg, with maximum and minimum values of 21.31 and 6.47 MJ/kg respectively. Finally, the average value recorded for the PERT is equal to 23.65 MJ/kg, in line with the 29.83 MJ/kg of the study panels, with values ranging between a minimum of 18.99 MJ/kg and a maximum of 30.58 MJ/kg.



All the available EPDs confirm the good properties of wood fiber insulating panels in terms of environmental performance and sustainability.




2.2. The Experimental Setup


To characterize the two buildings from a thermal point of view, measurements of the heat-flow density (q), and therefore, of thermal transmittance (U) were carried out, in addition to the evaluation of the external and internal temperatures of the two structures and internal and external surface temperatures of the walls exposed to the North-West for the calculation of the Decrement Factors (DF) and Phase Shift (PS).



The instrumentation installed in situ and represented in Figure 4 is inclusive of air temperature probes arranged inside and outside the two buildings while on the two walls facing North-West of the surface temperature probes and heat-flow meters were installed (on both internal and external sides). All sensors were connected to the respective data-logger for data recording. Table 2 shows the technical specifications of the measuring instruments.



The experimental campaign was conducted in both summer, in the period between July 2021 and October 2021, and in the winter, between November 2021 and February 2022.



In wintertime, measurements were carried out considering different scenarios in terms of switching on and off times of the heating system, represented by electric fan heaters, adequately shielded to avoid disturbing effects on the sensors. The experimentation took place with heating systems switched on (scenario called “On”), by evaluating, at the end of the heating phase, the subsequent phase of the two structures (phase of “Transition”), and by keeping the heating systems off within the two buildings (scenario defined as “Free-floating”).



In summertime, on the contrary, measurements were carried out only in free floating conditions.



During the processing of the acquired data, the phase shift of the thermal waves (PS -Phase Shift-) was determined as the time difference between the recording time of the maximum external surface temperature (h_Ts max_e) compared to the time with the maximum internal surface temperature recorded (h_Ts max_i) (1).


  PS = h  _     Ts   max   e    − h  _     Ts   max   i     



(1)







Instead, the attenuation of the thermal waves (DF—Decrement Factor) was calculated as the ratio among the difference between the maximum internal surface temperature (   T   s    max  i       ) and the average one (   T   s    avg  i       ), and the difference between the maximum external surface temperature (   T   s    max  e       ) and the average one (   T   s    avg  e       ) as defined in the following expression (2):


  DF =  [     T   s    max  i      −      T     s    avg  i         T   s    max  e      −      T     s    avg  e         ]   



(2)







Finally, the measurement of the thermal transmittances U of the walls took place in accordance with the ISO 9869-1 standard [87]. The acquired data were processed using the progressive averages method, applying the following relationship (3):


  U =     ∑   j = 1  n   q j      ∑   j = 1  n     (   T  ai   −      T    ae    )   j     



(3)




where Tai and Tae are, respectively, the indoor and outdoor air temperatures of the building analyzed and qj is the specific thermal flux.





3. Results and Discussion


3.1. Summer Experimental Campaign


The first part of the experimental campaign took place in the summer period between July and October 2021 in a pure “free-floating” regime, i.e., in the absence of cooling systems in the two study buildings. In this phase, the processing of the acquired data was mainly focused on identifying the attenuations and average phase shifts during the measurements. In particular, Figure 5 shows the trends in the internal and external surface temperatures of the two test buildings recorded in a week characterized by particularly high temperatures (7–13 August 2021).



Figure 5 shows how the internal surface temperatures have a more stabilized trend in the recording period and more contained fluctuations than the ones recorded for the external surface temperatures of the two study buildings.



Table 3 reports the monthly mean values of the attenuation (DF) and phase shift (PS) factors. Both the attenuations and the phase shifts were calculated with respect to a daily interval, while the final average value was determined as the average of the attenuations and the daily phase shifts.



The analysis revealed a reduction of the attenuation factor of 60% in the insulated structure compared to the reference one, thus demonstrating a consequent greater stability of the internal air temperature. Instead, in regards to the phase shift factor, mean values of the isolated test structure were recorded, which were about 2 h higher than those of the reference structure. It can be noted that the improvement of the dynamic behavior of the structure following the installation of a layer of wood fiber also has a significant impact on internal comfort.



Subsequently, the trends in the temperatures of the air inside and outside the two buildings were analyzed. Figure 6 shows an example of the period between 20 and 24 July 2021: it is possible to observe the greater stability of the internal air of the building insulated with wood fiber panels as well as the presence of lower temperature values, differently from what happens in the reference building, where temperature oscillations are very high and close to the peak values of the external air temperature.



Furthermore, considering two particularly hot days in July (22 July 2021) and August (12 August 2021), the difference between the maximum external and internal temperatures of the two isolated buildings was analyzed (Table 4).



As can be seen from Table 4, an average temperature difference of 7.3 °C was recorded between the external air temperature and that of the insulated building, while that recorded for the reference building has a much lower difference, equal to 0.7 °C, confirming the good insulating capacity and thermal inertia obtained with the aid of selected wood fiber panels.



Furthermore, with the aim of analyzing the thermal stability recorded on the i-th day, the internal temperature difference recorded in the two test buildings was also calculated.



Figure 7 shows the trend of the internal and external air temperature of the insulated and reference building in the period between 7 and 13 August 2021, highlighting the differences in the internal air temperature of the reference (in green) and of the isolated structure (in red), characterized by values of 5 °C and 0.3 °C respectively.



The lines shown in Figure 7 indicate the maximum difference between the internal temperature of the reference building (lines of extremes and arrow shown in green) and of the isolated building (lines of extremes and arrow shown in red) recorded on 12 August 2021.



Instead, Table 5 shows the indoor temperature variations in the two buildings on a few typical days of each month of the summer period.



In this case, variations in the internal temperature equal to 0.5 °C for the insulated building and 4 °C for the reference one were recorded, highlighting, even in the absence of any cooling system, the achievement of acceptable conditions of air stability and comfort inside the insulated building.



Finally, Figure 8 shows the trend of the heat flow through the north–west facing wall, both in the insulated building and in the reference one in the period between 21 September and 27 September 2021.



The wood fiber panels allow for a reduction of the heat flow of about 90% and a lower oscillation in the selected time frame, ensuring greater temperature stability over time, consequently, better levels of indoor comfort.



The analysis and comparison of the data obtained from the experimental campaign in the summer period allow to draw the following conclusions:




	−

	
an overall improvement in the dynamic behavior of the insulated structure, due to the increase in the average thermal phase shift of about 2 h, and the reduction of the average attenuation of 60% compared to the reference building;




	−

	
average air temperatures values were close to those typical of thermal comfort in the insulated building. This condition was reached in the absence of a cooling system;




	−

	
the insulated building showed a significant stability of the indoor air temperature with an average fluctuation of 0.5 °C compared to the value of 4 °C of the reference building;




	−

	
an average reduction of about 90% of the heat flow through the wall of the insulated building compared to the reference one was achieved.










3.2. Winter Experimental Campaign


The second part of the experimental campaign took place in the winter period between November 2021 and February 2022 both in the pure “free-floating” regime and in the presence of the heating systems in the two study buildings.



Figure 9 shows the air temperature trend in the insulated building and in the reference building. Specifically, in the considered period, the data acquisition began on 29 November 2021 at 12:43 with the electric fan heaters set to 600 Watts and kept continuously on until they were switched off (represented with a vertical line in red), which took place at 16:03 on 5 December 2021.



Figure 9 also shows the linear regression lines relating to the two internal temperature trends with the aim of evaluating, through their angular coefficients, the different heating and cooling rates of the two structures.



In fact, it can be observed how the insulated building, due to its thermal inertia, is able to retain the heat more effectively inside the building, and in the presence of a heat source, increases its temperature more rapidly. Similarly, once the heating systems are turned off, in the insulated structure the decay of the internal temperature occurs more slowly.



Table 6 shows the values of the internal air temperatures of the insulated building and of the reference one at initial time (switch on of the heating system; “initial T”), when the heating system is switched off (“T switching off”) and finally at the end of the analyzed period (“final T”). The table shows a significant difference between the two buildings, especially at the shutdown of the heating system and in the final phase, characterized respectively by an internal temperature variation equal to 4 °C (“T shutdown”) and to 5.5 °C (“final T”).



The thermal behavior of the two test buildings was also analyzed by increasing to 800 W the power of the electric fan heaters.



Figure 10 shows the temperature trends of the external and internal air of the two buildings in the time interval between 26 December 2021 and 20 January 2022, while Table 7 summarizes the maximum, minimum and average values of the temperatures.



From Table 7, significant differences emerge between the internal and external temperature variations recorded in the presence and absence of the external insulation system; specifically, the average temperature variation recorded in the reference building is equal to 11.6 °C, while in the insulated one the recorded value is approximately double, equal to 22.4 °C.



In the same time interval, measurements of thermal flows and thermal transmittances were also carried out; with reference to the former, the results are reported in Figure 11 and Table 8.



As can be seen from the graph in Figure 11, the trend of the thermal flow of the reference building shows larger oscillations and higher values, while the difference between the average values (Table 6), although lower than in the summer regime, is equal to −17%.



The last analysis carried out in this time interval was aimed at evaluating and comparing the thermal transmittances of the two study buildings.



Figure 12 shows the trend of thermal transmittances resulting from data processing thanks to the progressive averages method (par. 2, Equation (3)) while Table 9 reports the stabilized transmittance values and the percentage difference between the calculated values.



The thermal insulation system using wood fiber panels allows us to obtain a thermal transmittance equal to 0.53 W/m2K with a percentage reduction of about 37% compared to the reference building (1.24 W/m2K).



The second phase of the winter experimental campaign focused on the study of the thermal behavior of the two structures buildings after switching off the heating systems in the period between 19 and 31 January 2022.



Figure 13 shows the trend of the external air temperature and of the internal air temperature of both buildings, in the transition and free-floating periods, while Table 10 reports the values in the proximity of each regime variation.



As can be seen from the graph (Figure 13), there is a time lag between the estimate of the start of the free-floating condition of the insulated building compared to the reference one, confirming the greater stability of the indoor air temperature and the thermal inertia of the former.



In particular, in the free-floating regime, in addition to evaluating the internal and external temperature trends of the two buildings, the dynamic parameters of attenuation (DF) and phase shift (PS) were also evaluated (page 2, Equations (1) and (2)).



Figure 14 and Table 11 respectively show the trends and values of the external and internal air temperatures of the insulated building and of the reference one in the free-floating regime.



An average difference of 14.2% occurs between the curves of the air temperature inside the two buildings, while a percentage difference of 66.7% is reached between the peaks of the maximum and minimum temperature.



The trends and values of the surface temperatures inside and outside the two buildings, in the free-floating regime, are shown in Figure 15 and in Table 12.



From Table 12, it can be seen that the difference in the average internal and external surface temperature of the insulated building reaches almost 2 °C, which is different from the reference one.



Finally, the values of the dynamic attenuation (DF) and phase shift (PS) parameters of the two buildings in the free-floating regime are reported in Table 13.



The analysis revealed a 74% reduction in the attenuation factor and an increase in the phase shift of the insulated building by 75% compared to the reference one, confirming the achievement of greater stability of the indoor air temperature and the achievement of better comfort conditions.



The analysis and comparison of the data obtained from the experimental campaign in the winter period allow us to draw the following conclusions:




	−

	
a greater stability of internal temperatures was achieved, as welle as significantly higher internal temperatures;




	−

	
a lower influence from external temperature fluctuations, thanks to lower dispersions and greater thermal inertia guaranteed by the insulation system, was found;




	−

	
a higher internal heating speed in the presence of heating and lower decrease at the shutdown of the heating system was found;




	−

	
a significant reduction in thermal transmittance, equal to 57%, and in the attenuation factor (equal to approximately 74%), in addition to an increase in the phase shift of the thermal wave of 75% were recorded.











4. Conclusions


The present study was aimed to characterize a small test building insulated with wood fiber panels from the thermal point of view, comparing the results with those of an identical, non-insulated reference test building.



The study confirmed the effectiveness of this solution, able to return, even with a reduced thickness, excellent thermal insulation performance and better thermal comfort for users in both summer and winter conditions. In the insulated building, lower values of the thermal transmittance were found, as well as higher values of the phase shift and lower values of the attenuation.



In particular, the analysis and comparison of the data obtained from the experimental campaign in the summer period highlighted an overall improvement in the dynamic behavior of the insulated structure, due to the increase in the average phase shift of about 2 h and the reduction of the average attenuation of 60% compared to the reference building.



Furthermore, the insulated building showed a significant stability of the internal air temperature with an average fluctuation of 0.5 °C compared to the value of 4°C of the reference building. Finally, an average reduction of about 90% of the heat flux through the wall of the insulated building was obtained compared to the reference one.



Instead, with regard to the winter regime, the analysis showed a 74% reduction in the attenuation factor and a 75% increase in the phase shift of the insulated building compared to the reference one, confirming the achievement of greater stability of the indoor air temperature and the achievement of better comfort conditions.



In addition, a greater stability of the internal temperatures was achieved, as well as significantly higher internal temperatures. The experimentation showed a lower influence from external temperature fluctuations, thanks to the lower dispersions and the greater thermal inertia guaranteed by the insulating system. Finally, there was a significant reduction in thermal transmittance, equal to 57%, and in the attenuation factor (equal to approximately 74%), as well as an increase in the phase shift of the thermal wave by 75%.



Wood fiber panels also have advantages in terms of sustainability, as they are produced with reduced emissions and impact on the environment; some commercial products available on the market are equipped with Environmental Product Declarations and other certifications such as Nature Plus.



Therefore, greater awareness is needed for the large-scale use of eco-sustainable materials, such as natural or recycled ones, with the aim of decarbonising the construction sector, also using materials with reduced incorporated carbon.



Hence, the results of the annual measurement campaign made it possible to estimate the level of optimization of the thermal performance of the structure under study following the installation of panels made with an insulating material with a natural, eco-sustainable and biodegradable structure such as wood fiber.



The data illustrated can be used as a comparison with other innovative and sustainable insulating materials, also enriching the scientific sources based on still limited experimental studies.



Future developments are planned to quantify the annual energy needs for heating and cooling of a real building characterized by the same stratigraphies and construction methods of the test building in order to evaluate the energy, environmental (through Life Cycle Assessment -LCA- analysis) and economic savings related to the use of this solution.
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Glossary




	GHG
	Greenhouse Gases



	EPDs
	Environmental Product Declarations



	LCA
	Life Cycle Analysis



	FU
	Functional Unit



	PENRT
	Non-Renewable Primary Energy, Total(MJ/FU)



	PERT
	Total Renewable Primary Energy, Total (MJ/FU)



	GWP
	Global Warming Potential (kgCO2eq/FU)



	DF
	Decrement Factors



	PS
	Phase Shift (h, min)



	ISO
	International Organization for Standardization



	Min.
	Minimum value



	Max.
	Maximum value



	Ave.
	Average value



	Int.
	Internal



	Ext.
	External



	Ref.
	Reference building



	Ins.
	Insulated building



	T
	Temperature (K, °C)



	Δ
	difference between the analyzed values



	Initial T
	internal air temperatures of the analyzed building at initial time when the heating system is switch on (K, °C)



	T switching off
	internal air temperatures of the analyzed building when the heating system is switched off (K, °C)



	T shutdown
	internal air temperatures of the analyzed building at the at the shutdown of the heating system (K, °C)



	final T
	internal air temperatures of the analyzed building at the end of the analyzed period (final phase) (K, °C)



	    h     Ts   max   e      
	Time of maximum external surface temperature (h, min)



	    h     Ts   max   i      
	Time of maximum internal surface temperature (h, min)



	    T   s    max  e        
	Maximum external surface temperature (K, °C)



	    T   s    max  i        
	Maximum internal surface temperature (K, °C)



	    T   s    avg  e        
	Average external surface temperature (K, °C)



	    T   s    avg  i        
	Average internal surface temperature (K, °C)



	    T  ae     
	External air temperature (K, °C)



	    T  ai     
	Internal air temperature (K, °C)



	    q j    
	Specific thermal flux (W/m2)



	    q   wood   fiber      
	Specific thermal flux of the insulated building (W/m2)



	    q  ref .     
	Specific thermal flux of the refence building (W/m2)



	U
	Thermal transmittance (W/(m2K))



	    U   wood   fiber      
	Thermal transmittance of the insulated building (W/(m2K))



	    U  ref .     
	Thermal transmittance of the reference building (W/(m2K))



	    T    se   _  wood   wiber        
	External surface temperature of the insulated building (K, °C)



	    T    si   _  wood   wiber        
	Internal surface temperature of the insulated building (K, °C)



	    T    ai   _  wood   wiber        
	Internal air temperature of the insulated building (K, °C)



	    T    se   _ ref .       
	External surface temperature of the refence building (K, °C)



	    T    si   _ ref .       
	Internal surface temperature of the reference building (K, °C)



	    T    ai   _ ref .       
	Internal air temperature of the reference building (K, °C)



	    T    max   _ external       
	Maximum external air temperature (K, °C)



	    T    max   _ internal       
	Maximum internal air temperature (K, °C)



	GHG
	Greenhouse Gases
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Figure 1. View of the site of the experimental campaign and of the test buildings. 
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Figure 2. Characteristics of the test buildings used in the study. 
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Figure 3. Test building insulated with wood fiber panels (a) and reference building (b). 
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Figure 4. Measurement scheme used in the study. 






Figure 4. Measurement scheme used in the study.



[image: Sustainability 15 01963 g004]







[image: Sustainability 15 01963 g005 550] 





Figure 5. Trend of the internal and external surface temperature of the insulated and reference building (period between 7 and 13 August 2021). 
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Figure 6. Trend of the internal and external air temperature of the insulated and reference building (period between 20 and 24 July 2021). 
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Figure 7. Trend of the internal and external air temperature of the insulated and reference building (period between 7 and 13 August 2021). 
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Figure 8. Trend of the thermal flow of the insulated and reference building. 
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Figure 9. Trend of the air temperature of the insulated and reference building with electric fan heaters set at 600 Watts. 
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Figure 10. Trend of the air temperature of the insulated and reference building with electric fan heaters set at 800 Watts. 
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Figure 11. Trend of the thermal flow of the insulated and reference building with electric fan heaters set at 800 Watts. 
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Figure 12. Trend of thermal transmittances of the insulated building and of the reference with electric fan heaters set at 800 Watts. 
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Figure 13. Trend of the internal air temperature of the insulated building and of the reference one in the transition phase from the heating regime to the free-floating one. 
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Figure 14. Internal air temperature trend in the two buildings in the free-floating regime. 
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Figure 15. Trend of the internal air temperature of the insulated building and of the reference one in the free-floating regime. 
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Table 1. Building components stratigraphy.






Table 1. Building components stratigraphy.





	
Component

	
Material

	
Thickness [m]






	
Door

	
Oak wood

	
0.04




	
Roof

	
Reinforced concrete flab

	
0.14




	
Ground floor

	
Reinforced concrete flab

	
0.12




	
External wall

	
External cement plaster

	
0.04




	
Tuff blocks

	
0.26




	
Internal cement plaster

	
0.04
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Table 2. Technical specifications of the measuring instruments.
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	Measuring Instrument
	Manufacturer
	Model
	Measuring Range
	Resolution
	Accuracy





	Heat-flow meter
	Hukseflux
	HFP01
	−2000 ÷ 2000 W/m2
	0.01 W/m2
	5% on 12 h



	Thermometer
	LSI
	Pt100
	−40 ÷ 80 °C
	0.01 °C
	0.10 °C (0 °C)



	Surface temperature probe
	LSI
	EST124
	−40 ÷ 80 °C
	0.01 °C
	0.15 °C (0 °C)
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Table 3. Average values of the Decremental factors (DF) and Phase Shift (PS) obtained from the monitoring in the passive regime.
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Month

	
Building

	
DF

	
PS






	
July 2021

	
Insulated

	
0.3

	
5 h 32 m




	
Reference

	
0.7

	
3 h 13 m




	
Difference

	
52%

	
2 h 20 m




	
August 2021

	
Insulated

	
0.2

	
5 h 06 m




	
Reference

	
0.9

	
3 h 23 m




	
Difference

	
75%

	
2 h 01 m




	
September 2021

	
Insulated

	
0.3

	
5 h 10 m




	
Reference

	
0.6

	
3 h 27 m




	
Difference

	
48%

	
1 h 43 m




	
October 2021

	
Insulated

	
0.3

	
5 h 11 m




	
Reference

	
0.7

	
2 h 54 m




	
Difference

	
58%

	
2 h 17 m




	
Average values of differences

	
60%

	
2 h
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Table 4. Comparison between the maximum temperature values outside and inside the two test buildings.






Table 4. Comparison between the maximum temperature values outside and inside the two test buildings.





	
Day

	
Temperature [°C]

	
Insulated Building

	
Reference Building






	
22 July 2021

	
Tmax_external

	
32.9




	
Tmax_internal

	
26.0

	
32.4




	
delta T [°C]

	
6.9

	
0.5




	
12 August 2021

	
Tmax_external

	
35.2




	
Tmax_internal

	
27.6

	
34.3




	
delta T [°C]

	
7.6

	
0.9




	
Average values

	
7.3

	
0.7
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Table 5. Comparison between the internal air temperature variations in the two test buildings.
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Delta T [°C]




	
Day

	
Insulated Building

	
Reference Building






	
22 July 2021

	
0.6

	
3.8




	
12 August 2021

	
0.3

	
5.0




	
24 September 2021

	
0.7

	
3.7




	
3 October 2021

	
0.4

	
3.0




	
Average value

	
0.5

	
4.0
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Table 6. Comparison between the internal air temperature variations in the two test buildings.






Table 6. Comparison between the internal air temperature variations in the two test buildings.





	
Air Temperature (Heat Heaters Set to 600 Watts)




	
Building

	
Initial T

	
T Switching Off

	
Final T




	
[C°]

	
[C°]

	
[C°]






	
Reference

	
10.9

	
16.5

	
9.5




	
Insulated

	
12.8

	
20.5

	
15.0




	
ΔT [C°]

	
1.9

	
4.0

	
5.5




	
%ΔT [-]

	
17.4

	
24.2

	
57.9
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Table 7. Comparison between the internal and external air temperature variations in the two test buildings with electric fan heaters set at 800 Watts.






Table 7. Comparison between the internal and external air temperature variations in the two test buildings with electric fan heaters set at 800 Watts.





	
Air Temperature




	
Building

	
Min.

[C°]

	
Max.

[C°]

	
Ave.

[C°]

	
ΔT Max. − Min. [C°]

	
%ΔT Max. − Min.

(Ref. − Ins.) [-]






	
Reference

	
16.5

	
24.8

	
20.8

	
8.3

	
−38.6




	
Insulated

	
28.7

	
33.8

	
31.6

	
5.1




	
External

	
1.0

	
18.4

	
9.2

	
17.4

	
-




	
ΔT ref. − ins. [C°]

	
−12.2

	
−9.0

	
−10.8

	

	




	
%ΔT ref. − ins. [-]

	
73.9

	
36.3

	
52.1

	

	




	
ΔT ref. − ext. [C°]

	
15.5

	
6.4

	
11.6

	

	




	
ΔT ins. − ext. [C°]

	
27.7

	
15.4

	
22.4
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Table 8. Comparison of the heat flow densities recorded in the two test buildings.






Table 8. Comparison of the heat flow densities recorded in the two test buildings.





	
Heat Flow [W/m2]




	
Building

	
q Ave [W/m2]






	
Reference

	
14.350




	
Insulated

	
11.930




	
Δq. ref. − ins.

	
2.420




	
%Δq. ref. − ins.

	
−16.9
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Table 9. Comparison between thermal transmittances (U-value) recorded in the two test buildings.






Table 9. Comparison between thermal transmittances (U-value) recorded in the two test buildings.





	
Thermal Transmittance




	
Building

	
U [W/m2K]






	
Reference

	
1.24




	
Insulated

	
0.53




	
ΔU ref. − ins. [W/m2K]

	
0.71




	
%ΔU ref. − ins. [-]

	
−57.0
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Table 10. Comparison between the variations of the temperature in the two test buildings in the transition phase from the heating regime to the free-floating one.






Table 10. Comparison between the variations of the temperature in the two test buildings in the transition phase from the heating regime to the free-floating one.





	Building
	T Air

(Initial)

[°C]
	T Air

(16 h 20 min)

[°C]
	T Air

(3.5 Days)

[°C]
	T Air

(11 Days)

[°C]





	Reference
	19.8
	12.0
	6.4
	6.9



	Insulated
	29.4
	21.9
	15.5
	10.5



	External
	11.8
	8.9
	7.4
	4.8



	ΔT air ref. − ins. [°C]
	−9.6
	−9.9
	−9.1
	−3.6



	ΔT% air ref. − ins. [-]
	48.5
	82.5
	142.2
	52.2
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Table 11. Comparison between the indoor and outdoor air temperatures in the two test buildings in the free-floating regime.






Table 11. Comparison between the indoor and outdoor air temperatures in the two test buildings in the free-floating regime.





	
Air Temperature




	
Building

	
Min.

[C°]

	
Max.

[C°]

	
Ave.

[C°]

	
ΔT Max. − Min.

[C°]

	
%ΔT Max. − Min.

(Ref. − Ins.) [-]






	
Reference

	
7.2

	
10.2

	
8.8

	
3.0

	
−66.7




	
Insulated

	
9.6

	
10.6

	
10.1

	
1.0




	
External

	
1.6

	
15.9

	
8.5

	
14.3

	
-




	
ΔT ref. − ins. [C°]

	
−2.4

	
−0.4

	
−1.3

	

	




	
%ΔT ref. − ins. [-]

	
33.3

	
3.9

	
14.2
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Table 12. Comparison between the surface temperatures of the internal and external air in the two buildings in the free-floating regime.






Table 12. Comparison between the surface temperatures of the internal and external air in the two buildings in the free-floating regime.





	
Surface Temperature




	
Building

	
Min.

[C°]

	
Max.

[C°]

	
Ave.

[C°]

	
ΔT Max. − Min.

[C°]

	
%ΔT Max. − Min.

(Ref. − Ins.) [-]






	
Reference (int.)

	
7.4

	
10.6

	
8.9

	
3.2

	
−65.6




	
Reference (ext.)

	
1.8

	
16.3

	
8.9

	
14.5




	
Insulated (int.)

	
9.4

	
10.5

	
9.9

	
1.1




	
Insulated (ext.)

	
0.4

	
17.6

	
8.1

	
17.2




	
ΔT int. − ext. ref. [C°]

	
5.6

	
−5.7

	
0.0

	

	




	
%ΔT int. − ext. ins. [-]

	
9.0

	
−7.1

	
1.8

	

	











[image: Table] 





Table 13. Comparison between the dynamic parameters of attenuation (DF) and phase shift (PS) of the two structures in the free-floating regime.






Table 13. Comparison between the dynamic parameters of attenuation (DF) and phase shift (PS) of the two structures in the free-floating regime.





	Building
	DF
	PS [h:min]





	Reference
	0.129
	03:16



	Insulated
	0.033
	05:44



	Δ
	0.095
	02:28



	Δ%
	74
	75
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