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Abstract:

 Hemp concrete is a sustainable lightweight concrete that became popular in the field of building construction because of its thermal and environmental properties. However; available experimental data on its hygrothermal behavior are rather scarce in the literature. This paper describes the design of a large-scale experiment developed to investigate the hygrothermal behavior of hemp concrete cast around a timber frame through a spraying process; and then coated with lime-based plaster. The equipment is composed of two climatic chambers surrounding the tested wall. The experiment consists of maintaining the indoor climate at constant values and applying incremental steps of temperature; relative humidity or vapor pressure in the outdoor chamber. Temperature and relative humidity of the room air and on various depths inside the wall are continuously registered during the experiments and evaporation phenomena are observed. The influence of the plaster on the hygrothermal behavior of hemp concrete is investigated. Moreover; a comparison of experimental temperatures with numerical results obtained from a purely conductive thermal model is proposed. Comparing the model with the measured data gave satisfactory agreement.
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1. Introduction

Nowadays, a large number of works deal with hygroscopic building materials in order to understand their hygrothermal performance in the building envelope and their interaction with enclosed space. In this view, numerical studies have shown positive effect on building energy demand [1], on HVAC (heating, ventilation, and air conditioning) system energy consumption in dwelling buildings [2,3] or on indoor air quality in buildings by reducing the amplitude of daily moisture variations [4,5]. Most of these studies are based on the description of HAM (heat, air and moisture) transport within the material. One of the difficulties in HAM simulation is to obtain an accurate knowledge of transport properties [6,7]. For example, moisture (in liquid or in vapor form) contained within the hygroscopic material may influence its thermal properties. For that purpose, Hagentoft’s [8] simple calculation of heat flow with and without moisture in a structure demonstrates that arbitrary choice of values for the thermal properties may result in an incorrect prediction of the building enclosure performance. This example confirms that validating the HAM models against experimental data is essential.

In this view, many experimental works are performed at different scales using several methods [9,10,11,12,13,14,15]. At the material scale, homogeneous samples have been well characterized for validation of coupled BES (Building Energy Simulation)-HAM models, as well as of CFD (Computational Fluid Dynamics) HAM models [9] or for investigation of specific phenomenon like temperature-driven inward vapor transport [10]. The methodology is well known and relatively cheap, but Van Belleghem et al. [9] point out that attention must be paid to control accurately the boundary conditions and to reduce influences from surroundings to a minimum. Furthermore, such experiment does not correspond faithfully to reality. At the building scale, experiments are longer, more expensive and require inserting sensors during building construction [11]. A good compromise lies therefore in studying large size (and sometimes heterogeneous) walls [12,13,14,15]. In this case, the boundary conditions may be well controlled either on both sides with a climatic or only on one side, the other side being subjected to the outdoor (or laboratory) conditions. This specific experiment allows investigation of the hygrothermal behavior as a function of combined and controlled heat, air and moisture fluctuations and thus creating a large database and benchmark for validating HAM models in order to accurately predict energetic behavior and overall comfort.

All these numerical and experimental methods are largely applied to classical hygroscopic building materials like gypsum, wood panels or insulation, but less to new sustainable materials, like hemp concrete, that may offer large possibilities in the sustainable building construction yet [16,17,18]. Indeed, this bio-based material formed from hemp shives and a lime-binder has a positive life cycle assessment [19], a low bulk density (300 < ρb < 600 kg∙m−3) [20], a high porosity (nf > 0.65) [21,22,23] and a good effective thermal conductivity (0.07 < λeff < 0.2 W∙m−1∙K−1) [22,23,24,25]. Furthermore, its hygric properties, like sorption/desorption curves, vapor permeability or moisture buffering capacity, are well characterized [23,26]. Nevertheless, even if hemp concrete properties are well known, there are few works dealing with the hygrothermal performance of hemp concrete. At the material scale, Colinart et al. [20] experimentally investigated the drying of hemp concrete and observed that manufacturing process influences the initial water content, and thus the drying time, and the final density whereas the hygrothermal behavior during the drying stage depends on the material formulation. At the building scale, Walker’s research group [27] reported recent works on the construction and the hygrothermal performance of experimental hemp–lime building and proposed a comparison of the results of steady-state co-heating tests with laboratory tests. Their results indicate that the temperature and humidity variations inside the house are significantly dampened compared with the external environment. For their part, Maalouf et al. [28,29,30] studied numerically the transient hygrothermal behavior of a hemp concrete building envelope using the simulation environment SPARK. They confirmed that indoor relative humidity variations are more dampened and that the energy consumption is lower when hemp concrete is used in the envelope instead of cellular concrete. Nevertheless, a sensitivity analysis indicates that their results are influenced by the ventilation strategy, by the thermal conductivity or by the presence of wall coating or external layer. At the wall scale, Evrard and De Herde [18,22] focused their work on transient hygrothermal performance of different wall assemblies, starting with determination of hygrothermal material parameters and applying them in WUFI® Pro 4.1 simulations. Hemp concrete assemblies showed a strong ability to improve indoor comfort in comparison to five traditional assemblies with a similar energy consumption of the building. Moreover, they highlighted the influence of the coupled heat and moisture transport phenomena on their results. However, the results of Maalouf and Evrard are not yet validated by experimental data. Such data are rather scarce in the literature, except from the work of Samri [24]. In its work, 1 m2 hemp concrete walls (without and with plaster) are placed between a climatic box and the laboratory: one face of the wall is exposed to constant (step functions of time) or cyclic conditions of temperature θ and relative humidity ϕ whereas the other face remains at the uncontrolled conditions of the laboratory. Thereby, Samri measured the hygrothermal response within the material and points out the effect of water phase changes. Nevertheless, numerical simulations based on the Künzel’s model and developed in Comsol Multiphysics® do not accurately capture the hygrothermal behavior of its wall: differences may come from uncertainty in the relative humidity measurement within the wall since the embedded sensors were invasive.

In this work, a specific experimental set-up and methodology is developed in order to investigate the hygrothermal behavior of a sprayed hemp concrete wall. The objective is to complete the previous set of results and to explore experimentally the interactions between the wall and its environment and the significance of the plaster. In this view, Section 2 contains the methods of hygrothermal performance assessment of multilayer hemp concrete wall. Results are presented and discussed in Section 3 before the conclusion.



2. Method of Hygrothermal Behavior Assessment of Multilayer Hemp Concrete Wall


2.1. Experimental Setup: The Biclimatic Room and the Hemp Concrete Wall

An experimental apparatus is developed and built at the laboratory of material science at the Université de Bretagne-Sud [31] in order to investigate the hygrothermal behavior of a hemp concrete wall. It consists of three principal components: a specimen support frame and two climatic rooms, one to model indoor climate and the second to model outdoor climate (see Figure 1).

Figure 1. (a) Schematic of the two climatic rooms separated by the hemp concrete wall. (b) Picture of the experimental device.
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Each room is insulated from the laboratory with polyurethane panels (U ≈ 0.4 W∙m−2∙K−1) and equipped with heating, refrigeration (for cooling or dehumidifying) and moisture control equipment (steam vaporizer) to maintain temperature and relative humidity to the desired level (see Figure 1a). Controllers (type DR4020 from Eliwell) are used to fix the set points. Working range and accuracy of the set-up are given in Table 1.


Table 1. Working range and accuracy of the two climatic rooms.



	
Operating parameter

	
Room 1 (Indoor)

	
Room 2 (Outdoor)




	
Range

	
Accuracy

	
Range

	
Accuracy




	
Temperature θ

	
18–27 °C

	
±0.5 °C

	
−5–35 °C

	
±1 °C




	
Relative Humidity ϕ

	
30%–60%

	
±2%

	
30%–90%

	
±2%











The tested material is a hemp concrete wall with dimensions of 270 × 210 × 36 cm3 (length × height × thickness). Hemp concrete is prepared according to a wall formulation, defined as 17 wt% of hemp shives (Chanvribat®), 33 wt% of pre-formulated binder (Tradical pf 70®) and 50 wt% of water [21]. Hemp concrete is sprayed on a support with specific concrete spraying machine [20,32]: a dry premix of lime and hemp shives is conducted by air through a hose, and pulverized water is added just before the hose outlet. This setting process has the advantage of providing a continuous homogenous mass and reducing the initial water content within the material, and thus the drying time [20]. In order to correspond to building standards, a wood-stud frame was erected (see Figure 2). Furthermore, the wall is insulated on lateral sides to provide adiabatic boundary conditions, and thus, to ensure one-dimensional heat and moisture flow. Experiments were performed on hemp concrete for two years in order to investigate the drying stage [33] and gain knowledge about its hygrothermal behavior in the view of developing and validating HAM model.

Figure 2. Wall projection and visualization of the wood-stud frame and the sensors.



[image: Buildings 03 00079 g002 1024]





However, in real life, hemp concrete is not used as it is, and plasters are applied on each side in order to correspond to building standards. Permeable and hygroscopic finishes have to be used inside to allow vapor dispersal from the wall, while impermeable coating must be applied outside to protect the wall from the weather load (sun, UV, rain fall, etc.). In this view, the interior and exterior coarse plasters are lime-based material and the exterior finishing plaster is a lime sand mixture, whereas the interior finishing plaster is a lime hemp mixture. Each plaster has a thickness comprised between 1 cm and 2 cm (see Figure 1 and Figure 3).

Figure 3. Localisation of temperature and relative humidity sensors within the coated hemp concrete wall.



[image: Buildings 03 00079 g003 1024]









2.2. Monitoring Methods

A monitoring of relative humidity and temperature within the wall is performed with K thermocouples and capacitive humidity sensors (type SHT 75 from Sensirion, measurement range of ϕ from 10% to 90% with an accuracy of ±2% and measurement range of θ from +5 to +45 °C with an accuracy of ±0.5 °C). The capacitive humidity sensor has a diameter d = 6 mm and can thus be inserted inside the sample at different levels without being too much invasive (even inside the plaster). According to the recommendation of Hedenblad [34] on humidity sensor installation (hole drilling and sealing approach), the humidity sensors are inserted within a sealed PVC-tube along the isothermal and iso-humidity lines. For the uncoated wall, humidity sensors are placed close to the indoor and outdoor rooms (resp. at x = 5 cm and x = 29 cm) and in the center of the wall. For the coated wall, additional humidity sensors are placed at the interfaces between the wall and the plasters.

Surface temperatures of the tested wall and of the room panels are measured with K thermocouples and selectively confirmed with optical pyrometers. Air temperature and relative humidity are measured in the center of each room with a thermocouple placed inside radiation shield and two capacitive humidity sensors (type HC2-S from Rotronic and type SHT 75 from Sensirion). Finally, additional sensors are selectively employed to investigate the stratification and evaluate the air velocity within the room. The positioning of all sensors is shown in Figure 3.

A data logger reads all sensor signals and the measured values are then sent to a computer where they are stored. All data are recorded every 10 min during the experiment.





2.3. Experimental Procedure

The biclimatic room test facility allows us to:


	Evaluate temperature and relative humidity in time and in space,


	Examine the drying stage of sprayed hemp concrete [33],


	Characterize the hygrothermal behavior of hemp concrete as function of boundary conditions,


	Investigate the influence of plasters on the hygrothermal performances of the wall.




Consequently, a series of experiments have been conducted to gather data that quantify heat, air and moisture (HAM) transport within the uncoated and coated hemp concrete wall. One of the objectives is to collect data of simple experiments (but not necessarily representative of climatic load) that are suited to benchmark detailed numerical models.

Since the hygrothermal performance of a building envelope system is dictated by the response of the system to combined heat, air and moisture fluctuations produced by exterior and interior conditions that exist on either side of the envelope, the following strategy has been adopted: indoor conditions are controlled (contrary to the work of Samri [24]) and kept constant at 23 °C and 50% relative humidity whereas outdoor conditions are incrementally changed to create temperature and/or relative humidity gradients. Table 2 summarizes the room conditions and the measurement strategy used.


Table 2. Measurement strategy for non-isothermal, steady-state measurements.



	
Operating parameter

	
θ [°C]

	
ϕ [%]

	
Pv [Pa]






	
Indoor conditions

	
23

	
50

	
1400




	
Outdoor conditions

	
Experiment 1

	
23 → 32

	
50 → 30

	
1400




	
Experiment 2

	
23 → 32

	
50

	
1400 → 2360




	
Experiment 3

	
32

	
50 → 30

	
2360 → 1400









In Table 2, the vapor pressure pv is calculated from the temperature T (in K) and the relative humidity ϕ (in %) as:
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(1)








2.4. Thermal Model


2.4.1. Heat Transfer Model

To enhance the understanding and interpretation of the experimental data, a conductive thermal model is used for evaluating the thermal behavior of the hemp concrete wall. Here, a macroscopic description is adopted even though the materials present heterogeneous and anisotropic microstructures [25]. Convection, moisture transfer and associated latent heat transfer across the wall are not considered in this work. Finally, heat transfers are solved far from the wood-stud frame (i.e., in the homogeneous part of the wall), and can thus be considered as one-dimensional. Heat transfers in the wall layer noted i are given by:
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(2)




where ρbi cpi is the apparent volumetric heat capacity; λeffi the effective thermal conductivity; and Ti the temperature in the layer I; N is the number of layer: N = 1 for the uncoated wall; N = 5 for the coated wall. In the case of the coated wall, a perfect thermal contact between each layer is assumed, which implies a continuity of temperatures and heat flows at each interface.


2.4.2. Boundary and Initial Conditions

For the uncoated and coated wall, convective and radiative boundary conditions are considered:
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(3)






 [image: Buildings 03 00079 i004]



(4)




where hint (resp. hext) is the convective transfer coefficients at the inner (resp. outer) surfaces; ε1 (resp. εN) the emissivity of the inner (resp. outer) surface, i.e., hemp concrete for the uncoated and lime-hemp plaster the coated wall (resp. hemp concrete or lime-sand plaster). Indoor and outdoor air (Tint and Text) and room panels (TPint and TPext) temperature are those measured by the sensors.
Initial conditions within the wall are given by the point measurements and are extrapolated over the wall thickness. The numerical model was developed in the Comsol Multiphysics® environment.





3. Results and Discussion


3.1. Hygrothermal Behavior of Uncoated Hemp Concrete

Results for a monolayer hemp concrete wall are extensively described in the next section. First, the experimental results should confirm the performance and the repeatability of the newly developed test set-up, validate the measurement methodology and provide trends in the hygrothermal behavior of hemp concrete. Then, a comparison with the numerical model is proposed.


3.1.1. Evaluation of Boundary Conditions

Before analyzing any results, boundary conditions are first evaluated. Every test should be carried out under well-mixed air conditions and under almost uniform temperature and relative humidity inside the climatic chambers. In this view, measurements of θ and ϕ are performed at eight different positions within the rooms and directly compared with those obtained with the reference sensor located at the center of the rooms. For example, Figure 4 shows the evolution of θ and ϕ at different heights in the indoor room (left graphs) and their variations compared to the reference sensor (right graphs): the differences are less than 0.5 °C and 2%, i.e., within the accuracy range of the sensors. It confirms that there are obviously no temperature stratification and no uneven moisture distribution within rooms. Thus, one sensor at the center of each test room may well catch the variations of θ and ϕ in the room.

Figure 4. θ and ϕ within the indoor room measured at different heights (a) and comparison to the reference sensor located in the center of the room (b).
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Additional air velocity measurements were performed at different locations within the room. Air velocity reaches a maximum value of 1.5 m∙s−1 at the evaporator outlet, but does not exceed 0.2 m∙s−1 close to the tested wall. Consequently, natural convection may be prevalent within both rooms.



3.1.2. Experimental Response to a Temperature and Relative Humidity Gradient (Experiment 1)

Experiment 1 consists in applying a temperature gradient and in maintaining the vapor pressure constant through the wall (see Table 2): θext increases from 23 °C to 32 °C, ϕext decreases from 50% to 30%, so that pv-ext is maintained at 1400 Pa. Indoor conditions are kept constant throughout the experiment. Before changing the set points, the wall was conditioned during 100 days and the experiment lasted 45 days.

Figure 5 presents the temporal variations of θ, ϕ and pv, respectively, in both climatic rooms and at three positions within the wall (see Figure 3): close to the indoor (x = 5 cm) and the outdoor room (x = 29 cm) and in the wall center (x = 18 cm). First, we note that temperature and relative humidity set points are rapidly reached within the rooms. As expected, the thermal response of the wall is faster than the hygric response. The closer to the exterior, the higher the amplitude is and the shorter the delay in the temperature response is. The thermal steady state is reached in less than 7 days. Concerning relative humidity, only the sensor at x = 29 cm is influenced by the change in the set points, while the other two remain almost constant. Because of θ and ϕ variations, the vapor pressure varies fast over the thickness at the beginning, and decrease then slowly at x = 29 cm.

Figure 5. Time response in θ, ϕ and pv at x = 5, 18 and 29 cm of uncoated hemp concrete wall subjected to temperature and relative humidity gradient.
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Looking at the profiles measured at different times shown in Figure 6, we observe that temperature close to the indoor room (x = 5 cm) has not changed over 15 days whereas temperature in the wall center (x = 18 cm) starts to increase only 12 hours after the change in the set points, indicating that hemp concrete may provide a good thermal inertia to the building envelope. At steady state (t = 15 d), as expected, temperature presents a linear profile. Relative humidity profile remains almost unchanged during the experiment.

Figure 6. Spatial response in θ, ϕ and pv at t = 0, 0.25, 0.5, 1, 2, 7 and 15 days of uncoated hemp concrete wall subjected to temperature and relative humidity gradient.
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On the other hand, the vapor pressure increases during the first days (t < 5 d) on the outdoor side (x = 29 cm): this may be attributed to evaporation and molecular desorption. Indeed, for given temperature and relative humidity, capillary condensation occurs in pore with a radius r given by the Kelvin-Laplace equation:
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(5)




Where σ is the surface tension; ϑ is the contact angle; ρl is the liquid water density; Mw the water molecular weight; and R is the gas constant.
Consequently, for increasing T and constant ϕ, capillary condensation occurs in smaller pores: part of water molecules contained in larger pores is thus released in the porous structure and pv increases (at this point, instantaneous hemp concrete moisture content is supposed to be constant). Then, as a vapor pressure gradient exists between the wall and the chambers, vapor transfer should take place. Nevertheless, as hemp concrete exhibits a high water vapor resistance factor [23], vapor diffusion occurs very slowly and the vapor pressure level is lightly reduced on the outdoor side (at this point, hemp concrete moisture content has decreased with increasing temperature, which is consistent with the literature on sorption of hygroscopic materials). After 15 days, vapor pressure within the wall has not reached the steady state and is still higher than the boundary condition, indicating that the moisture contained in the wall could condensate if the temperature should decrease.

Finally, even if this particular set of measurements could theoretically identify a moisture flux under a temperature gradient in the absence of a vapor pressure gradient, any thermodiffusive effect, independent of temperature generated vapor pressure gradients, is practically immeasurable.

Experiment 1 has been repeated once to validate the previous observations. Transient evolutions of θ and ϕ are shown on the top graphs of Figure 7. First, we observe that the outdoor conditions are well repeated. Small deviations exist in the transient response of the temperature and the relative humidity at the wall center (x = 18 cm), but it comes from different initial conditions. Bottom graphs of Figure 7 present the initial and final (t = 12 d) temperature and vapor pressure profiles. Final temperature profiles of the two distinct experiments are well overlaid while the vapor pressure profiles exhibit a small difference that remains in the order of measurement’s confidence. These results confirm the good reproducibility of the experiments.

Figure 7. Repeatability of the Experiment 1: (a) time response in θ and ϕ at x = 18 cm; and (b) spatial response in θ and pv at t = 0 and 12 d of uncoated hemp concrete wall subjected to temperature and relative humidity gradient. (Solid lines refer to the first experiment, dashed line to the second experiment).
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3.1.3. Experimental Response to a Temperature and Vapor Pressure Gradient (Experiments 2 and 3)

In this section, Experiments 2 and 3 are performed on the uncoated hemp concrete wall and directly compared with Experiment 1 (see Table 2). Results are presented successively in Figure 8 and Figure 9. For clarity, only the temperature variations at the wall center (x = 18 cm) and the initial (t = 0 d) and final (t = 15 d) profiles are shown.

Figure 8. (a) Time response in θ at x = 18 cm; and (b) spatial response in θ and pv at t = 0 and 15 d of uncoated hemp concrete wall subjected to Experiment 1 (solid lines) and Experiment 2 (dashed lines).
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Figure 9. (a) Time response in θ at the wall center; (b) and spatial response in θ and pv of uncoated hemp concrete wall subjected to Experiment 1 (solid lines) and Experiment 3 (dashed lines).
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Figure 8 allows investigating the transient and steady state responses of the wall when a temperature gradient is associated with or without a vapor pressure gradient. First, we note for both experiments that initial conditions are the same, transient evolution of the temperature at the wall center is found to be similar and steady state is reached rapidly (top graph). However, the temperature level at the wall center and more generally the slope of the temperature profile (left bottom graph) are higher for steady state when ϕ is constant. Concerning the vapor pressure (right bottom graph), differences are only observed close to the outdoor room (x = 29 cm). At this position, hemp concrete moisture content should decrease more for Experiment 1 than for Experiment 2 since θ increases and ϕ decreases. Therefore, the amount of evaporated water should be higher and a part of the energy is transferred as latent heat. Consequently, sensible heat transfer through the wall is more limited and could explain the lower temperature increase at the wall center in case of Experiment 1.



However, these experiments cannot conclude on the moisture flow through hemp concrete. Indeed, Peuhkuri et al. [35] examined similar non-isothermal moisture transport and highlighted the following contradiction: the moisture content is usually higher on the cold side of building envelopes, driving the moisture from cold to warm. Nevertheless, the use of the simplest models with only water vapor diffusion will result in a gradient of absorbed moisture content within a porous, water-absorbent material, which will tend to drive water in the opposite direction.

As the final set points of experiment 1 and 3 are the same, Figure 9 allows investigating the influence of the initial conditions on the transient and steady state responses of the wall. As shown on the bottom graphs, temperature profiles are strictly the same as for steady state, while relative humidity and vapor pressure profiles are similar to the measurement uncertainty. This indicates that long-term response of hemp concrete wall does not depend on initial state. Moreover, the analysis of transient response indicates that the temperature decreases at the wall center during the first two days and remains constant after (top graph). This observation can be attributed to the evaporation. Indeed, as vapor pressure is reduced in the outdoor room, vapor transport should take place from the higher potential to the lower, thus simultaneously reducing the vapor pressure and relative humidity levels within the material. Consequently, hemp concrete moisture content should lightly decrease: condensed pore water is vaporized and temperature decreases locally.





3.1.4. Comparison with Numerical Results

Measured temperatures are compared to numerical ones in Figure 10, Figure 11, Figure 12. Even if hemp concrete thermal conductivity increases with increasing temperature θ and relative humidity ϕ [25], we observe that similar values of thermal conductivity were found at (23 °C, 50%) and at (32 °C, 30%), thus a constant value of 0.1 W·m−1·K−1 is used for simulation. Similarly, thermal diffusivity is set at 2×10−7 m2·s−1. Since air velocity do not exceed 0.2 m·s−1 close to the wall surface, convective transfer coefficients are calculated for free convection at a vertical wall as [36]:

Figure 10. Comparison between experimental (black lines) and simulated (colored lines) temperature of uncoated hemp concrete wall subjected to Experiment 1. Top graph (a) shows the spatial response at t = 0 and 15 d; bottom graph (b) shows the transient response at x = 5, 18 and 29cm.
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Figure 11. Sensitivity analysis (colored lines) to the thermal properties (see Table 3) and comparison to experimental results (black lines). Top graph (a) shows the spatial response at t = 15 d; bottom graph (b) the transient response at x = 18 cm.


Table 3. Parameters used for the sensitivity analysis.


	Parameters
	h (W·m−2·K−1)
	λ (W·m−1·K−1)
	a (10−7 m2·s−1)





	Parameter 1
	2
	0.1
	2



	Parameter 2
	5
	0.1
	2



	Parameter 3
	2
	0.13
	2.5



	Parameter 4
	5
	0.13
	2.5
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Figure 12. Comparison between experimental (black lines) and simulated (colored lines) temperature of uncoated hemp concrete wall subjected to Experiment 2. Top graph (a) shows the spatial response at t = 0 and 15 d; bottom graph (b) the transient response at x = 5, 18 and 29cm.
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(6)




where λa is the air thermal conductivity; H the height of the wall and Ra the Rayleigh number.
For the experimental conditions, values around 2 W·m-2·K-1 are found. Since uncertainty exists in the thermal conductivity (depending on the measurement method) and in the convective transfer coefficients, a sensitivity analysis is carried out. Investigated parameters are presented in Table 3. Finally, no values of the hemp concrete emissivity are available in the literature. However, since most of building materials have an emissivity of 0.8 < ε < 0.95, a value of 0.9 may be acceptable. Furthermore, a sensitivity analysis not presented in this work indicates that this parameter has no influence on the simulated temperature variations.



Experimental (from Experiment 1) and numerical temperature profiles presented on top graph of Figure 10 show a good agreement at steady state. Although latent heat transfer associated with moisture transfer is not accounted for in the simulation, a similarity between experimental and numerical transient temperatures is observed on bottom graph of Figure 10. Nevertheless, predicted temperatures are still higher than the experimental ones during the first days, specifically for temperatures close to the outdoor room (x = 29 cm). In fact, heat is transferred in the form of sensible heat (as described by the thermal model) and of latent heat, causing the evaporation of water until new hygric equilibrium is reached. For this experiment, the equilibrium seems to be reached after 12 days.

Results of the sensitivity analysis are shown at t = 15 d and at x = 18 cm in Figure 11. Increasing the convective transfer coefficients leads to higher temperature levels within the wall, while increasing the thermal conductivity and diffusivity has almost no influence in the present case.





Finally, numerical and experimental results of Experiment 2 are presented in Figure 12. Globally, we observe that the numerical results are also lower than the experimental ones, but profiles at steady state are parallel.






3.2. Hygrothermal Behavior of Coated Hemp Concrete

In this section, we investigate the effect of plastering on the hygrothermal behavior of a hemp concrete wall by applying the same boundary conditions as on the uncoated wall. Results are presented in Figure 13, Figure 14, Figure 15.

Figure 13. Comparison of experimental results for uncoated (solid lines) and coated (dashed lines) wall subjected to temperature and relative humidity gradient. Time response in θ is shown on the top graph (a); and spatial response in θ and pv of hemp concrete wall is shown on the bottom graph (b).
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Figure 14. Comparison between experimental (black lines) and simulated (colored lines) temperature of coated hemp concrete wall subjected to temperature and relative humidity gradient. (a) Top graph shows the spatial response at t = 0 and 15 d; (b) bottom graph the transient response at x = 5, 18 and 29 cm.
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Figure 15. Comparison of experimental results for uncoated (solid lines) and coated (dashed lines) wall subjected to temperature and vapor pressure gradient. Time response in θ is shown on the top graph (a); and spatial response in θ and pv of hemp concrete wall is shown on the bottom graph (b).
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3.2.1. Experimental Response to a Temperature and Relative Humidity Gradient

Figure 13 presents a comparison of transient temperature and steady state (t = 8 d) temperature and vapor pressure profile for coated and uncoated wall subjected to a temperature and relative humidity gradient. First, we observe that temperature profiles are similar for steady state and transient state. Only a small time delay is observed in the temperature response in the presence of plasters. These light differences come from the small thickness of the plasters (1 to 2 cm) and their low thermal resistance. On the other hand, vapor pressure levels are lower within the wall when plasters are applied. It comes from the fact that plasters are less permeable to vapor [23] and thus act as barrier for vapor diffusion. Finally, we observe that even if vapor pressure levels are not exactly the same, the difference between initial and final state are similar. Thus, the amount of vaporized water is the same for coated and uncoated wall, and consequently, the presence of plaster does not affect the evaporation phenomena within hemp concrete.



Figure 14 allows comparing experimental and numerical results. Thermal properties used for the simulation are summarized on Table 4. As in Figure 10, the steady state temperature profiles overlay perfectly. Transient evolution of temperature is also well caught, even for the indoor and the outdoor plaster. Only a small difference can be observed at the wall center. We note in Figure 14 that indoor plaster temperature levels are lower than the indoor air temperature.

Table 4. Thermal properties of hemp concrete and plasters used for simulation.


	Material
	Density

(kg.m−3)
	Thermal conductivity

(W·m−1·K−1)
	Thermal diffusivity

(10−7 m2·s−1)





	Lime-Hemp plaster

(interior finishing plaster)
	990
	0.23
	2.41



	Lime-Sand plaster

(interior coarse plaster)
	1660
	0.58
	4.31



	Hemp concrete
	440
	0.1
	2.00



	Lime-Sand plaster

(exterior coarse plaster)
	1590
	0.39
	3.03



	Lime-Sand plaster

(exterior finishing plaster)
	1600
	0.39
	2.94














3.2.2. Experimental Response to a Temperature and Vapor Pressure Gradient

Figure 15 shows the experimental results for the uncoated and the coated wall when vapor pressure gradient is applied in addition to the temperature gradient (Experiment 2). For comparison, results of Experiment 1 for the coated wall are also plotted. Initially, temperature and vapor pressure profiles are similar. Once again, temperature increase at the wall center is not influenced by the presence of plasters whereas a difference is still observed between the two experiments as for the uncoated wall (top graph). At steady state, temperature and vapor pressure profiles are very similar (bottom graphs).



On the other hand, temperatures in the indoor plasters are always lower than indoor temperature, indicating that an endothermic phenomenon may exist in addition to the radiative heat transfer. At this interface, relative humidity is around 50% and a vapor pressure gradient is established through the wall (bottom right graph). Lime-hemp plaster presents a monomodal pore size distribution [23], with a main peak at about 0.9 μm and a secondary peak at about 0.075 μm for which capillary condensation occurs when ϕ < 50% according to equation (5): liquid water may exist in the indoor plaster. Moreover, Fick’s law indicates that vapor pressure gradient implies a moisture transport from outdoor to indoor side, even within the indoor plasters. Consequently, evaporation is probably the phenomenon that reduces the temperature on the indoor side of the wall. These observed phenomena could be assimilated to a “cold wall effect” during summer period and therefore insure a better thermal comfort. On the other hand, these phenomena were not observed for the uncoated wall since the number of micropores within hemp concrete is lower and thus there is less liquid water: moisture transfer within the uncoated wall occurs without evaporation on the surface and temperature profile is not modified.

Results for Experiment 3 are not presented, but the trend is similar as for the uncoated wall (see Figure 9): the temperature decreases lightly at the wall center (because of the evaporation) when the relative humidity is reduced while a temperature gradient is still applied. Moreover, the final profile of temperature and vapor pressure does not depend on the initial profiles, when similar climatic loads are applied. Finally, the vapor pressure presents a parabolic profile at steady state, whether the wall is coated or not.





4. Conclusions

Hemp concrete buildings are still at a pioneer stage and still require many more efforts to gain knowledge on its transient hygrothermal behavior. In this view, a large-scale experimental device has been set up in order to control the indoor and outdoor boundary conditions around a hemp concrete wall. Well-defined temperature and/or vapor pressure gradient are applied first through an uncoated hemp concrete wall, and then through a wall coated with lime-hemp and lime-sand plasters. Experiments on the uncoated wall allow validating the method (repeatability/reliability of the measurement) and could point out water phase change. Moreover, it was shown that a single thermal model could reproduce the thermal behavior of the wall for some boundary conditions. When plasters are applied, heat transfers are almost not modified since plasters have a lower thermal resistance than hemp concrete. On the other hand, moisture transfers are modified since plasters are less permeable than hemp concrete and vapor pressure levels are more dampened for the coated wall. Evaporation phenomena were also experimentally observed at the interior surface for summer conditions. Moreover, the non-isothermal tests show that the vapor pressure gradient seems to be the most important driving potential for moisture transfer within hemp concrete. Finally, these simple experiments could help in the understanding of transfer and storage mechanisms within hemp concrete and could serve to validate a heat and moisture transfer model.
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