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Abstract

Hemp-lime concrete (HLC) is a bio-based material which is currently undergoing a growing
development. HLC is a low embodied energy material and an excellent hygrothermal
regulator. Its thermal, hygric and mechanical properties are well known, and its capacity to
reduce energy needs and to improve hygrothermal comfort is demonstrated across many
laboratory and numerical studies. However, there are few works about its hygrothermal
performance in real climatic conditions on the scale of a building. In order to address this
issue, a long term in-situ measurement is carried out to analyze the hygrothermal
performance of a HLC individual dwelling-house during 4 years. The analysis of the
hygrothermal behavior of a wall is achieved by comparing measurements and numerical

simulations results. In this study, two simulation tools are used and compared. The first tool



is based on the well-known Wufi software. In the second simulation tool, hysteresis
phenomenon and temperature-dependence of moisture content are considered in a heat and
moisture transfer model. In-situ monitoring of walls temperatures shows the ability of HLC to
almost completely dampen variations of external temperature with about 12 hours time-shift.
The evolution of indoor relative humidity confirms that HLC has an excellent moisture buffer
performance. Comparisons between numerical and experimental results highlight the interest
to consider the effect of temperature on sorption process in the simulation of the
hygrothermal response of a HLC wall in real climatic conditions.
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1. Introduction

In a context of sustainable development, one of the concerns in building construction is the
choice of environmentally friendly materials. In fact, it has some impacts on exhaustion of
natural resources, energy consumption and polluting emission. In this framework, bio-based
materials appear as a good solution to address these issues [1-5]. This study deals with
Hemp-Lime Concrete (HLC) made of hemp shiv (renewable raw and fast-growing bio-based
material) and of lime which has a lower embodied energy than cement [6]. The use of hemp
in construction was demonstrated to be a promising opportunity to radically decrease the
carbon footprint of buildings [7]. Depending on its composition and manufacturing process of
compaction, HLC can be used for several applications: wall, floor and roof. HLC is
characterized by a very high porosity (more than 70% for a “wall’ mixture”) and a low dry
density around 400 kg.m™ for a “wall mixture” [4,5,8-12]. It shows low compressive strength
and is consequently mainly used as filling material associated with a wooden frame [4,13,14].
However, HLC shows interesting hygrothermal properties for its use in buildings: a low
thermal conductivity about 0.1 W.m™.K™* and a high vapor permeability about 10™** - 10

kg.m*.s™.Pa™’ [8-11,14-17]. A moisture buffer value (MBV) above 2 g.m?%%RH determined



in accordance with the Nordtest protocol [18] qualifies HLC as an excellent moisture
regulator [5,12,19].

Moreover, HLC presents a significant hysteretic behavior that influences the evolution of the
moisture content inside the material. Hysteresis is often not considered in sorption process
modeling. The relation between moisture content and relative humidity is modelled by a
single curve (usually the main adsorption curve). Due to the hysteretic effect, the equilibrium
moisture content depends not only on relative humidity but also on moisture history.
Adsorption and desorption cycles measured in [20] for HLC show the influence of hysteresis
on the moisture content and hygric capacity evolutions. Temperature influences also the
equilibrium moisture content: the warmer the temperature, the lower will be the equilibrium
moisture content at the same relative humidity. Some measurements at 10°C and 23°C are
provided for HLC in [21]. Hysteresis phenomenon and temperature effects on sorption
process are most often neglected for modeling the moisture content evolution in heat and
moisture transfer models. This can cause significant discrepancies to predict the
hygrothermal response of a material subjected to climatic variations as shown by Zhang et
al. in the case of wood materials [22].

The last researches on the transient hygrothermal response of HLC have been essentially
led on the wall scale in laboratory conditions [23-26]. In particular, these studies show the
relevance to consider hysteresis and hygric history to improve numerical results [25-27].
Nevertheless, there are few works about its hygrothermal performance in real climatic
conditions. Bejat et al. in France [28] and Shea et al. in Great Britain [29] have led some
experimental campaigns on hemp concrete wall subjected to real climatic conditions. The
comparison between numerical and experimental results show the inability of commercial
softwares to reproduce the effective hygrothermal response of the wall. More recently,
Costantine et al. [5] have focused their study on the scale of a hemp-concrete building for a
10-month period under real weather conditions, but they are not interested in the effective
hygrothermal behavior of HLC and temperature and relative humidity inside the wall were not

monitored.



In order to predict the real hygrothermal behavior of this material, this paper presents a field
study of the hygrothermal response of a HLC building subjected to climatic variations,
located in South West of France.

The main objective is to look for more realistic thermal and hygric behavior of hemp concrete
under real climatic conditions. The originality of this paper lies in studying the hygrothermal
response of a HLC individual dwelling-house in real climatic conditions, at both wall and
building scales, for a long monitoring period covering four whole years. First, a global
experimental analysis is performed to evaluate on the full scale the performance of the
building. External weather conditions, indoor air temperature and relative humidity of several
rooms are monitored to discuss the indoor comfort. Temperature and relative humidity of
north-faced and west-faced walls are monitored at two different depths and at surfaces to
analyze the hygrothermal behavior of walls. Then, the comparison between experimental and
numerical results of instrumented walls are discussed considering the effect of temperature

dependence and hysteresis on HLC sorption process.

2. Experimental setup

The monitored building is a 2-floor single-detached house of 250 m? with a semi-basement. It
is located close to Perigueux in South West of France at 180 m above sea level. The
weather is mild and humid, typical of temperate and oceanic climates. The building is
surrounded by vegetation that increases the humidity of the local environment.

The house was built in 2011 and is occupied by four inhabitants (2 adults and 2 children)
since December 2011. The building design is based on bioclimatic architecture with large
glazing area of 18 m? on the south fagcade and prow roof overhang (Fig. 1) in order to
maximize the solar gain during winter while avoiding summer overheating. Its envelope is
made of 30 cm thick HLC sprayed into walls of a timber frame structure. HLC is also used in
roof and intermediate floor in 10 cm and 15 cm thickness respectively. The walls are
internally and externally protected with lime-sand plasters, except the internal face of the

walls in the office room. The HLC was sprayed during April-May 2011, and the plasters were



applied immediately after finishing the walls construction. A wood pellet boiler coupled with
12.6 m2 of solar collectors provides energy for heating and domestic hot water. Heat is
distributed in the house through radiant floor at the ground level and radiant walls at the top
level. A balanced ventilation system with heat recovery is used for ventilation.

Fig. 2 presents the ground and floor plans of the building. The main living room and the

master bedroom are located on the ground floor, while the other bedrooms are located on

the floor level.

Fig. 1. View of the south facade of the building.
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Fig. 2. Floor plans of the building with the location of sensors.



Thermographic inspection and airtightness test were carried out in order to evaluate the
building envelope performance. The thermographic inspection helps to detect insulation
defects, especially thermal bridges that may occur due to the timber frame structure. The
blower door test helps to evaluate the level of air permeability according to the standard NF
EN 13829 [30] and to detect the air leakages through the envelope. The thermographic
diagnostic is performed using the FLIR® Thermacam E4 infrared camera, and the
airtightness testing with the blower door Minneapolis® system.

The hygrothermal performance of the indoor environment was monitored using 8 Hobo data
loggers (HOBO U12-002) that measured the indoor air temperature and relative humidity in
different rooms of the house. Special care was taken to prevent the probe from being
subjected to radiation from neighboring heat sources. Fig. 2 shows the locations of the
sensors in the different rooms.

In order to evaluate the hygrothermal performance of the envelope, temperature and relative
humidity monitoring was done for the west and north-facing walls of the office room. The
north-facing wall is sunless; it was monitored for comparison purposes with the west-facing
wall. Both walls are made of 30 cm of HLC, and 3 cm of exterior lime-sand plaster. They
were initially uncoated at the interior surface. A textile inner lining was added few months
after the beginning the monitoring for aesthetic reason, but its hygrothermal resistance is
neglected in this study. Each wall is monitored as shown in Fig. 3.

Two sensors are placed within the wall and measure temperature and relative humidity at
two different depths (15 and 25 cm from the interior surface). The sensors are 12 mm
diameter. They were inserted into the wall through drilled holes at the specified depths. Once
the sensors placed, holes were sealed with acrylic sealant. This measurement technique is
validated in [10]. Two thermocouples (STCS from Prosensor), fixed with adhesive tape,
measure the interior and exterior wall surface temperatures. The indoor air temperature and
relative humidity of the studied room are measured with two Hobo data loggers located near

the walls and at the center of the room. Outdoor air temperature and relative humidity are



measured using a Hobo datalogger that is placed on the north facade (HOBO U23-001 from
Onset). Besides, a complete weather station (HOBO U30 from Onset) was added lately in
December 2014 close to the house. It measures outdoor air temperature and relative
humidity, horizontal solar radiation, wind speed and direction, and rainfall.

All data were monitored continuously from February 2012 till January 2016 during 4 years
with a time step of 15 minutes. Table 1 presents the measurement parameters, the devices
and their specifications. These devices are all new devices whose calibration has been

certified by the manufacturer.
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Indoor S fS & m™ Outdoor
i N® oo

T & RH air

T surface —{|

T&RH —
within <
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Measurement Data logger  Sensor Measurement Accuracy Drift

parameter reference reference range

Indoor air HOBO U12- HOBO U12-012 T:-20°to 70°C T:£0.35°C T:0.1°Clyr

T&RH 012 RH: 5% to 95% RH<90%: + 2.5% RH: < 1%/yr
@ 15 min RH>90%: + 5%

Surface T HOBO U12- STCS T: -20° to 70°C T:+£0.35°C T: <0.1°Clyr
006
@ 15 min

Wall T & RH HOBO U14- S-THB-M002 T:-40° to 75°C T:+£0.21°C T: <0.1°Clyr
002 RH: 0% to 100% RH < 90%: + 2.5% RH: < 1%/yr
@ 15 min RH > 90%: + 5%

Outdoor air HOBO U23- HOBO U23-001 T:-40°to 70°C T:+0.21°C T: <0.1°Clyr

T&RH 001 RH: 0% to 100% RH <90%: +2.5% RH: <1%/yr
@ 15 min RH > 90%: + 5%

Weather station HOBO U30 T&RH: T:-40° to 75°C T:+0.21°C T:<0.1°Clyr

(only during @ 15 min S-THB-M002 RH: 0% to 100% RH<90%: +2.5%  RH: < 1%/yr

the last year)

RH > 90%: + 5%

Solar radiation: 0-1280 W/m? +10 W/m2 or 5% < 12 %lyr
S-LIB-M003

Wind speed: 0to 45 m/s +1.1m/s -
S-WSA-M003

Wind direction: 0 to 355° +5° -
S-WDA-M003

Fig. 3. Sensors location through the wall and on the internal and external surfaces.



Table 1. Specifications of the measurement devices.

3. Model
3.1. Heat and moisture transfer model
The hygrothermal performance of the monitored north HLC wall located in the office room is
simulated with two different simulation tools.
The first simulation tool used in this paper is WUFI Pro 5.1® software [31]. This version of
WUFI is able to simulate one-dimensional heat and moisture transfer in porous materials.
The second simulation tool uses the Matlab software. The developed model is fully described
in [32] and main points are reported in [21]. Only a short summary is presented in this paper.
According to Kinzel formalism [31], the driving potentials of the 1D hygrothermal model can
be expressed in terms of two potentials: temperature 7 and relative humidity ¢. The
governing system of equations of moisture and heat transfer is given in Eq. (1) and (2):
S0 22+ &2 = V[[6,V(9psar)]| + V[D; Vo (1)

[poco + ci(w + (T = Trep)er) 50+ [e0 (T = Trep )6 )| 52 (2)

= VAT + (1 + (T = Tref) ) [6,V(0P5a0)] | + VIe(T = Treg ) [P, Vo]
5, [kg.m™. s*.Pa™] is the vapor permeability, D;[kg.m™.s™] the liquid conduction coefficient,
psar [Pa] the saturated vapor pressure and T..r [K] the reference temperature (equal to
296.15K). ¢, [J.kg™'.K"] and ¢ [J.kg™*.K™] are the specific heat capacity of, respectively, vapor
and liquid water. ¢, [J.kg™.K ] is the specific heat capacity of the dry material. 1 [W.m™.K"] is
the thermal conductivity of the moist material and /, the latent heat of evaporation [2.45x10°
J.kg™ at the temperature of 296.15K].
In these equations, &[kg.m™] is the hygric capacity with « [kg.kg™] the moisture content and

po [kg.m™®] the density of the dry material.

d
$p = Pogyl. (3)

(4)

du
ér = .00_|
datly



Neumann boundary conditions are chosen to model the exchange between the HLC wall and
the indoor and outdoor environments.

Moisture exchange coefficient is deduced from the heat transfer coefficient with the Lewis
relation [33]. The governing system of strongly coupled unsteady differential equations is
implemented in Matlab with a finite differences method. The model was benchmarked
against the international benchmark HAMSTAD WP2 [34]. The model was validated in [32]
against all the test cases of the benchmark.

3.2. Material properties modeling

The properties of the HLC wall provided by the manufacturer gives a dry bulk density po =
450 kg.m™ and a dry heat conductivity 4, = 0.11 W.m™.K™. The hemp concrete hygrothermal
properties used in this study are those experimentally determined in [11,12], which gives
similar values.

In Wufi, logarithmic interpolations between the experimental data allow to determine the
value of a parameter.

In the Matlab program, the hygrothermal properties of HLC are modeled in [21] from the
experimental results obtained in [11,12]. These properties are listed in Table 2.

The main adsorption and desorption curves are built using the Van Genuchten model [35].
RT ] i ,
uj((P) = Usat (1 + |ajM—Lngl((P)| ]) K ,J = ads or des (5)

where u.qs and uqes respectively represent the main adsorption and desorption functions. usar
[kg.kg™] is the saturated moisture content. R [8.314 J.mol™.K™] is the ideal gas constant, M
[18 g.mol™] the molar water mass, g[9.81 m®.s™] the gravity acceleration and 7'[296.15K] the
reference temperature.

The values of the parameters are given in Table 3.



Property Expressions
Dry density po 450 kg.m™
Open porosity ng 68%

Vapor permeability &,

Vapor diffusion resistance factor pg
Liquid diffusion coefficient D,
Fictitious vapor diffusion resistance
factor y*

Critical moisture content ug,
Equivalent thermal conductivity A
Dry thermal conductivity Ag
Saturated thermal conductivity As
Equivalent specific heat capacity c*
Dry specific heat capacity cq

Vapor permeability of air 8,

510" kg.m™*.s*.Pa*’
Uo = 5p,a/5p

D, = (1//1*(”) - 1/#0)6p,apsat

*(w) = 6, 4(23°C)/4.0664. 10 exp(20.814.u
12

1 (uer) = to
A=A+ (Ao — As) (Usqr — U)/Usqr
Ao =0.117 W.m™ K*
As = 0.6 W.mtK?
c* =co+uc
Co= 1250 J.kg™t.K™*

8pa = 2.31.1075M;/RT(T /273.15)*51

Table 2. Hygrothermal properties of HLC [21].

Parameter Unity Value
Usat ka/kg 1.500
Adsorption

Olads - 0.0119
Nads - 2.0462
Desorption

Oges - 0.0185
Ndes - 1.647

Table 3. Hygrothermal properties of HLC.



The properties of the render provided by the manufacturer gives a dry bulk density p, = 935
kg.m™ and a dry heat conductivity o= 0.19 W.m™.K™,
The hygrothermal properties of the render selected for this study are given in WUFI database

and reported in [36]. The main properties are summarized in Table 4.

Property Expressions

Dry density 0o 988 kg.m™
Total porosity ng 58%

Vapor diffusion resistance factor Ly Uo = 24

Dry thermal conductivity Aq Ao =0.165 W.m™.K*
Dry specific heat capacity co Co= 850 J.kgt.K*

Table 4. Main hygrothermal properties of the render.

3.3. Hysteresis model

In comparison with Wufi, Matlab gives more computational scopes to the users. In particular,
advanced hysteresis models can be implemented. In this paper, Huang's hysteresis model is
chosen [37]. This model gives the more consistent results in comparison with other
hysteresis models [20] for the studied hemp concrete.

Eq. (6) and (7) describe respectively the adsorption and desorption scanning curves after a

series of alternating processes of desorption and adsorption:
e, ) = (D) + (D) = (1) 2o ? (6)

(e, ) = ur (D) + (D) — (1) 2ot (7)
uy(i) and us(7) respectively represent the residual and the saturated moisture contents. The
index 7 represents the number of switches between adsorption and desorption phases. The
calculation of these parameters is based on the perfect closure of the scanning curve at
reversal points. Scanning curve indexed i includes the last reversal point (¢;u;) and the

penultimate reversal point (¢;-z, ui-1).



3.4. Temperature-dependence of moisture content modeling

The consideration of the effect of the temperature on moisture content relies on the
thermodynamic evolution of the sorption mechanism [38]. This approach is based on the
exothermic process of adsorption [39] and on the principle of Le Chatelier and the rule of
Van't Hoff. As presented in [38], the Clausius-Clapeyron relation is used to express the heat

involved in the sorption process [39] called isosteric heat g.[J.kg™]:

|

pv [Pa] is the vapor pressure with ps [Pa] the saturated vapor pressure and 7 [K] the

(8)

_ _i din(py)
qse(w) = Ml[ 6(%)

u

temperature.
The isosteric heat g is determined from the experimental data of sorption isotherms
obtained in [21] for hemp concrete at two temperatures: 10 and 23°C. In this paper, the

relation proposed by Powers and Brownyard [40] is implemented:

qst(u) = lv + (bfu)c (9)

The parameters a, b and ¢ are derived to fit the experimental data: a = 0.697 J.kg™, b =
0.0886 kg.kg™ and ¢ = 6.443. Expressed under this form, the isosteric heat decreases with
moisture content and asymptotically tends to the latent heat of vaporization.

The sorption isotherm at any temperature 7is deduced from the reference sorption isotherm

@(Trsu) as follows:

U(T-Trer)
T

M
Psat(Trer) Ast(W—Fprr——
(p(T, u) = (p(Tref: u) M e R Tref (10)

Psat(T)

4. Results and discussion

4.1. Experimental results

4.1.1. Performance of the envelope and hygrothermal comfort analysis

The thermographic inspection was performed in March 2013 with covered sky, and adequate
temperature differential of 15°C between the indoor and the outdoor. Fig. 4 shows the

thermographic image of the exterior surfaces of the north/east corner of the house. The
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exterior surface temperature of the walls is clearly homogeneous. No structural thermal
bridge due to the timber framework is observed. Also, no thermal losses are observed on the
walls of the floor level due to radiant wall heating. Hence, the thermal insulation level of the
HLC is good enough to prevent structural thermal bridges.

The airtightness test was carried out on the same day. The air permeability was calculated
according to the French indicator Qup..sur[m>.h™.m™?]. It represents the ratio of the air leakage
rate at 4 Pa over the envelope area of the building except the ground floor area [41]. The test
result indicates an air permeability of 1.32 m®h™.m?, more than twice as the French
mandatory level (0.6 m3.h™*.m? for a single-family house). This can be explained by the
shrinkage of the timber frame structure which creates gaps at the joints between the frame
elements and interior finishing of the walls. Thermogram of Fig. 4 shows an example of air

leakage at the joints between the roof frame and the wall.

EAST 10°C 22°C
FACADE !
NORTH
FACADE
3 -5°C 18°C

Fig. 4. Thermogram of the North and East facades of the building (on the left), and

thermogram from the inside showing air leakages at the joint between the roof frame and the

wall (on the right).



4.1.2. Hygrothermal comfort analysis

Statistical summaries of measured outdoor and indoor air temperature and relative humidity
are provided in Table 5 for the total experimental data set broken down by year and by
season.

During the winter, the outdoor air temperature ranges globally from -7 to 25°C with mean
values between 5 and 8°C over the four years. The outdoor air relative humidity is clearly
high with mean values between 79 and 88%RH over the four years because of the
surrounded vegetation. The indoor air temperatures are homogeneous with mean values
around 20°C in the ground floor rooms and 21°C in the first floor rooms. The temperature
during the first year (2012) is slightly higher because the setpoint of the heating system was
not correctly set. The mean values of indoor relative humidity range between 40 and 50%RH
with higher values in the bedroom 1 which is occupied by the parents (maximum about 60%).
During summer, the outdoor air temperature ranges globally from 4 to 38°C with mean
values between 19 and 20°C over the four years. As for the winter, the outdoor air relative
humidity is high with mean values between 70 and 79%RH over the four years. The indoor
air temperatures range from 19 to 27°C. They are homogeneous with mean values around
23°C in the ground floor rooms and 24°C in the first floor rooms. The maximal indoor
temperature never exceeds 27°C while the maximal outdoor temperature reaches 38°C. The
mean values of indoor relative humidity are higher and range between 55 and 60%RH with
maximal values of 76%RH.

During the mid-seasons, the indoor temperatures are also homogeneous with mean values
between 22 and 23°C. The indoor relative humidity values are as high as in summer with

mean values between 47 and 60%RH.



2012 2013 2014 2015

_ > @ = _ > @ = - > @ = - > @ =

g £ E 5 & £ E S5 g £ E 5 g £ E G

S & 3 3 S 43 & 2 S 4 3 2 S & 3 3
Outdoor air temperature [°C]
Mean 7.7 139 19.6 10.3 4.7 125 19.7 15.3 7.0 142 19.2 6.5 5.8 14.6 194 105
S.D. 51 57 55 59 44 53 55 50 46 54 44 3.0 48 6.0 6.2 52
Min -57 -1.0 36 -7.0 54 -15 72 0.6 -7.1 03 8.0 -1.6 -6.7 -1.0 5.7 -45
Max 246 30.1 358 27.6 18.8 30.0 35.2 27.2 20.8 30.0 34.1 12.7 21.0 339 37.8 23.0
Office air temperature [°C]
Mean 20.9 21.1 229 21.1 20.2 20.8 235 21.9 20.2 21.1 23.2 20.9 20.3 21.2 23.1 20.4
S.D. 05 15 12 09 06 10 12 12 07 13 1.0 1.0 07 13 13 0.6
Min 19.7 16.7 19.9 185 17.6 185 20.7 194 17.4 18.8 20.6 19.3 17.6 19.0 20.5 18.6
Max 22.6 249 27.3 24.0 21.7 249 26.6 24.3 23.1 25.4 255 245 22.1 25.0 26.9 22.6
Living air temperature [°C]
Mean 21.7 21.8 23.2 21.6 20.4 21.3 235 225 20.7 21.6 235 21.3 20.4 215 232 21.1
S.D. 10 15 12 11 09 11 12 13 08 13 11 1.2 09 13 15 1.1
Min 194 17.2 189 15.8 18.1 19.1 195 19.3 18.0 19.6 19.1 18.9 18.0 18.7 18.5 18.8
Max 24.4 258 27.2 25.4 234 24.4 26.9 255 229 26.1 26.2 244 249 258 27.2 29.3
Bedroom1 air temperature [°C]
Mean 21.1 215 232 21.1 19.6 20.9 23.1 225 19.9 21.1 23.0 20.8 19.5 21.2 229 20.6
S.D. 1.1 16 13 1.3 10 12 13 13 1.1 14 12 14 09 13 14 1.0
Min 19.2 175 19.3 17.8 16.8 18.8 20.2 19.5 16.9 18.6 19.0 18.1 16.5 18.3 19.6 18.4
Max 24.0 259 27.2 2438 23.2 25.3 26.9 25.6 234 25.8 258 25.1 22.3 25.3 26.4 23.6
Bedroom4 air temperature [°C]
Mean 22.3 22.3 24.1 21.9 21.1 219 242 227 212 222 242 21.7 211 22.4 242 215
S.D. 08 15 13 1.0 07 11 14 14 0.7 13 11 1.1 0.7 13 14 0.6
Min 19.8 17.8 21.2 19.2 19.2 19.9 21.0 19.6 19.2 20.1 21.3 19.8 18.9 20.0 21.5 19.6
Max 24.3 26.4 28.0 25.2 24.0 25.3 27.9 25.8 23.6 27.0 26.9 25.1 23.2 26.6 27.6 235
Outdoor air relative humidity [%oRH]
Mean 79 76 70 90 88 79 74 89 84 75 79 93 88 76 75 88
S.D. 21 20 19 11 15 18 19 11 18 19 17 8 14 20 19 12
Min 20 20 21 41 33 30 23 44 26 20 21 21 22 17 23 36
Max 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Office air relative humidity [%RH]
Mean 41 51 58 52 40 47 57 60 43 49 59 54 40 49 57 51
S.D. 5 7 4 7 4 5 4 4 2 5 4 5 4 7 4 5
Min 31 31 40 38 31 37 45 51 36 39 51 41 31 33 47 41
Max 52 66 69 67 50 65 70 68 49 67 70 65 50 62 65 63
Living air relative humidity [%RH]
Mean 39 49 656 51 41 49 59 61 46 51 61 56 44 52 60 53
S.D. 6 7 5 7 5 6 5 3 3 5 4 5 4 6 4 5
Min 28 27 34 34 31 35 43 52 34 39 49 40 32 33 49 38
Max 52 69 73 70 52 68 73 68 5 72 76 67 54 69 72 67
Bedroom1 air relative humidity [%6RH]
Mean 43 52 58 56 47 52 60 62 49 53 63 58 46 53 60 54
S.D. 7 8 5 6 5 6 5 4 3 5 4 5 4 7 4 5
Min 29 28 40 41 35 38 44 48 38 41 51 46 31 26 50 45
Max 61 67 73 73 61 68 73 70 63 74 75 71 59 74 71 66
Bedroom4 air relative humidity [%6RH]
Mean 34 47 54 56 - 47 55 60 43 48 57 54 41 48 56 51
S.D. 3 7 4 5 - 5 4 3 2 5 4 5 4 6 4 5
Min 28 29 35 45 - 36 43 51 33 38 47 42 33 32 46 41
Max 41 64 66 68 - 63 66 67 50 64 68 67 49 62 65 64

Table 5. Statistical summary of indoor and outdoor air temperature and relative humidity

(S.D.: Standard-Deviation).



Fig. 5 shows the statistical results of the measured indoor air temperature and relative
humidity in the living room for the total experimental data set broken down by year and by
month. Each box represents the main statistical results for each month of the 4-year period
of measurement (from February 2012 till December 2015). The median is represented by the
central mark (red line). The lower and upper edges of the box are the 25" (1% quartile) and
75" percentiles (3" quartile) respectively. The whiskers extend to the most extreme data
points not considered outliers (approximately +2.7 times the standard-deviation). The outliers
are plotted individually by the red crosses.

Globally, the annual trends of indoor temperature and relative humidity are similar over the

four years for the living room. The measurements show the same result for the other rooms.
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Fig. 5. Statistical monthly results of the measured indoor air temperature (a) and relative

humidity (b) in the living room.

In order to analyze the thermal comfort, the EN 15251 standard [42] was used. The standard
defines four categories of comfort depending on the level of expectation: category | for
spaces occupied by very sensitive and fragile person, category Il for new buildings, category
[l for existing buildings used as reference in this study, and category IV for values outside

the previous categories. The category IV corresponds to discomfort, and values in this



category are only accepted for a limited part of the measurement period (5% of occupied
hours).

The measured psychrometric data of the living room are presented in Fig. 6 for the winter
and summer periods respectively. The boundary of the comfort zone (category Ill) are also
shown on the figures. During winter, measurements of temperature and relative humidity are
located in the comfort zone almost all the time for the four years. Temperature never
exceeds the upper limit of comfort zone (25°C). It falls below the lower limit (19°C) less than
5% of occupancy time. The relative humidity values never exceed the upper and lower limits
of comfort zone avoiding the risk of dry air. For summer periods, the situation is different.
Temperature values never exceed the upper limit of comfort (27°C). They fall below the lower
limit (22°C) during 12% of time over the four years. This should not harm the summer
thermal comfort as lower temperature can be considered as pleasant during summer.
Humidity ratio values exceed 12 g.kg'ldry ar during 16% of occupancy time over the four

years. However, relative humidity values remain below 70%RH avoiding mold growth [43].
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Fig. 6. The measured psychrometric data of the living room for the winter periods (left) and
the summer periods (right) from 2012 till 2015. The green polygons illustrate the winter and

summer comfort zones of the EN 15251 standard.



Finally, the indoor air temperature and relative humidity of different rooms were analyzed and
compared to the comfort zones of the EN 15251 standard [42] as shown in Fig. 7 for each of
the different winter and summer periods. We only considered the lower limit of comfort zone
for winter, and the upper limit of comfort zone for summer. The measurements of different
rooms showed a good level of thermal comfort with values in category IV less than 5% of
occupied hours, except the bedrooml during winter as the parents set lower temperature

during night.



Winter-2012

Summer-2012

O Cat.] O Cat.l @ Cat.ll B Cat. IV O Cat.] O Cat.ll O Cat.ll @ Cat. IV
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Office [ I | Office [1 1
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Fig. 7. Quality of thermal environment in percentage of occupancy time in the four categories

of the EN 15251 standard.



4.1.3. Hygrothermal behavior of the north and west walls

Fig. 8 and Fig. 9 show the statistical results of the measured relative humidity and
temperature of the outdoor air, the North-facing wall at 25 cm depth (near the outdoor
surface) and 15 cm depth (in the middle of the wall), and the indoor air near the wall. The full

experimental data set is broken down by year and by month.
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Fig. 8. Statistical monthly results of the measured relative humidity of the outdoor air (a), the

North wall at 25 cm depth (b) and 15 cm depth (c), and the indoor air near the wall (d).

For the relative humidity at 15 cm depth, the highest values are reached during the first year
(2012) with maximum variations: minimum value around 65% during winter up to a maximum
value around 95% during summer. After the first year, relative humidity variations are
dampened and monthly median values continue to slowly decrease from year to year. The

median value falls from 75% in February 2013 to 70% in February 2015, and from 80% in



June 2013 to 73% in June 2015. Besides, monthly values of wall relative humidity vary in a
narrow range (5% to 10%) regarding the monthly variation of outdoor relative humidity (up to
80%).

The higher values of relative humidity during the first year could be explained by the fact that
the HLC wall was still drying even though the measurements were undertaken one year after
the walls construction. In fact, the lime-sand plaster was applied shortly after the walls
construction. Besides the outdoor RH showed high values over the period of the
measurements (daily average varies between 60 and 95%). This could induce a significantly

longer drying time.
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Fig. 9. Statistical monthly results of the measured temperature of the outdoor air (a), the

North wall at 25 cm depth (b) and 15 cm depth (c), and the indoor air near the wall (d).



Unlike relative humidity, wall temperature values at 15 cm depth show almost no variation
from year to year with monthly median values around 13°C in winter and 25°C in summer.
Yearly values of wall temperature range from 10°C to 25°C while the outdoor temperature
values range from less -5°C to more than 35°C. Similarly, the monthly variations of wall
temperature were much lower regarding the variations of outdoor temperature (5°C against
20°C).

The measured temperature and relative humidity at 25 cm depth of the North-facing wall
(near the outdoor surface) show the same annual trend with higher values and higher
variations than in the middle of the wall. Relative humidity of the wall at 25 cm depth seems

to be more influenced by outdoor air conditions than at 15 cm depth.
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100 T rrarpr T e Ty T i e r ey iy rrrrrTirrryd

g

Relative humidity [%)]
s 8
I
'—E—

-—L’D—i

-

T

+I~
e,
-
-
-4
= [

I —m-

HI- e

T &
HIO— +
(-

e Tt
H-an-
Ijj--

-—D]— -+
I
'{D—N—
'—-U}'
HH
I
HT—1
T
[ mn i 13
- -
I

40IIIIIIIIlIIIIIIIIIIIiII-IIIIIIIIIIIIIIIIIIIIIIII

b} Relative humidity of the West wall @15cm
100 Vererr ey rpr e ey ety ety R

90 | | | -

P358g, | | | '
BT g natbatiy g el agagpettilyy, ag

50 | ! 4
40IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIIIII

Relative humidity [%a]
=]

c) Temperature of the West wall @ka

' b |
I8 4 léégﬁ l
1

11t 1 & 1 1 ‘081 .+ & 1 & 1 | t 1 1 1

40IIII

ol nm ]
-
—O—+
—
——&
i 5
"*m“-ﬂ—
I—-m—-l

[ | T T T T T

| NN TSN NS T NN (N I |

d) Temperature of the West wall @15cm

1heg, ; é;%%%é% E L é%ééé

&l
4

HIH
I
T

eratu

& 8
2_| I‘I-EB-" T :

I

i o

I~

Fig. 10. Statistical monthly results of relative humidity and temperature of the West wall at 25

cm depth (a, ¢) and 15 cm depth (b, d).



Fig. 10 shows the statistical results of the measured relative humidity and temperature of the
West-facing wall at 25 cm depth (near the outdoor surface) and 15 cm depth (in the middle of
the wall). The total experimental data set is broken down by year and by month.

Regarding the West-facing wall which is more exposed to solar radiations, measurements at
both depths showed the same trend as the North-facing wall with more variations and slightly

lower relative humidity and slightly higher temperature.
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Fig. 11. Hourly temperature (a) and relative humidity (b) within the west-facing wall from 29"

to 31% July 2015.
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Moreover, Fig. 11 shows that the wall is able to dampen the outside daily variations by 90%
and to delay the effects of peak values about a dozen of hours. Similar trends are also

observed in winter. This result confirms the good thermal inertia of 30 cm thick HLC walls.

4.2. Experimental versus numerical results

Simulations are set up during a period of one year from 1% January 2015 to 31%' December
2015. Measured indoor (in the office room) and outdoor temperatures and relative humidities
are presented respectively in Fig. 12a and Fig. 12b. The wind velocity and the global and
diffuse solar radiations measured on site are respectively represented in Fig. 12¢c and Fig.
12d. Meteonorm weather files for the city of Bergerac (located at 40 km from the site) are
selected to consider short wave solar radiation. The short wave solar absorption coefficient is
set to 0.6.

Standard interior surface exchange coefficients are quite representative of the effective
values considering natural convection on a vertical wall located in a room at ambient
temperature around 20°C and, at a lesser degree, radiative contribution of the house lighting.
The exterior surface of the wall is subjected to natural convection due to the thermal gradient
between exterior air and the wall surface temperature, to forced convection due to wind, to
solar radiation and to wind-driven rain. All these phenomena are significantly weather-
dependent and may highly fluctuate during all the year. In order to evaluate the impact of
these exterior phenomena on the relative humidity and temperature evolutions, a set of
correlations detailed in [32] have been implemented to consider natural and forced
(considering wind effects) convections and long wave solar radiative exchange. The results,
not presented in this paper, show that under the studied climatic conditions, the standard
heat and moisture exchange coefficients are quite able to represent the surface exchange.
The standard interior and exterior heat exchange coefficients considered in the simulations
are thus chosen respectively at 7.7 and 25 W.m?2.K™. The interior and exterior surface

moisture exchange coefficients are respectively 2.5 10® and 1.3 107 kg.Pa™.m?.s™.
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Fig. 12. : Evolution of the exterior and interior temperatures a), relative humidity b), wind

velocity ¢), and solar radiations b) measured on site for the north wall.

4.2.1. Comparison between Wufi and Matlab numerical results

In this section, the hygrothermal response of the north wall is simulated with Wufi and Matlab
and the numerical results are compared with the experimental ones.

The initial temperature of the wall is 20°C and the initial relative humidity 65%RH. These
values are the average ones measured in the wall the 1* January 2015 at midnight.

For a reason of readability, Fig. 13a and Fig. 13b show the evolution of temperature
respectively at 25 cm and 15 cm depth during August, and Fig. 13c and Fig. 13d during
March. Fig. 14a and Fig. 14b show the evolution of the relative humidity and Fig. 14c and
Fig. 14d the evolution of temperature throughout the year respectively at 25 cm and 15 cm
depths.

Concerning temperature evolutions, the results show a quite good agreement between Wufi
and Matlab simulations. However, during winter the simulated temperatures are lower by 2-

3°C than the experimental ones and their amplitude of variation is higher.
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Fig. 13. : Evolution of the temperature at 25 cm depth in August a), at 15 cm depth in August
b), at 25 cm depth in March c¢), at 15 cm depth in March d). The black solid line stands for the
experimental values, the red dashed line for the simulated results obtained with Wufi and the

blue points line for the simulated results obtained with Matlab.

As for the temperature evolution, the simulated results obtained with Matlab concerning the
evolution of relative humidity are in a quite good agreement with the simulated results
obtained with Wufi. The discrepancies between Wufi and Matlab results can be explained by
the fact that the moisture content and the liquid transport coefficient are not similarly
implemented. In Matlab, analytical equations are used to model the evolutions of the
moisture content and of the liquid transport coefficient (which depends on moisture content),
whereas in Wufi, a numerical table with logarithmic interpolation between the table values is

used.
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Fig. 14. : Evolution of the relative humidity at 25 cm depth a) and at 15 cm depth b) and
temperature at 25 cm depth c¢) and at 15 cm depth d) from 1% January to 31* December

2015.

Furthermore, as observed in [28], Wufi and Matlab simulations are not able to reproduce
daily variations. Nevertheless, in comparison with the experimental data, the results show
that Wufi and Matlab simulations allow well reproducing the yearly global trend of the
evolution of the relative humidity even though the simulated results are lower from 5% to
15%RH than the experimental results. At 25 cm, during the stage of desorption from
February to July, experimental and numerical relative humidities slightly decrease then
increase during the stage of adsorption from July to January. However, at 15 cm depth,
some differences can be observed: a delay occurs between the stages of adsorption and
desorption when the numerical results are compared to the experimental ones. Several
reasons can explain this difference. First, the models do not consider the hysteresis
phenomenon which occurs during the sorption process. Kwiatkowski [44] confirms through a
sensitivity analysis that, in realistic conditions, neglecting hysteresis leads to an

overestimation of the moisture buffering properties of the material. The temperature



variations have also an impact on the sorption process [21,27,45] and may significantly
influence the evolution of relative humidity through the wall.
These elements are investigated and discussed in the following sections with the Matlab

model.

4.2.2. Influence of hysteresis and hygric history

In this paragraph, hysteresis phenomenon is considered. The influence of this phenomenon
is discussed from Matlab simulations. The Huang’s hysteresis model associated with the Van
Genuchten model, selected to represent HLC hygric sorption process, is implemented in the
heat and moisture transfer model.

First, the simulation with hysteresis is performed from 1% January 2015 to 31% December
2015 from the initial conditions described in the previous paragraph. Temperature evolutions

are not presented but hysteresis does not create significant modifications in this case.
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Fig. 15. : Evolution of the relative humidity at 25 cm depth a) and at 15 cm depth b) from 1%
January to 31% December 2015. The black solid line stands for the experimental values, the
red dashed line for the simulated results obtained with hysteresis and the blue points line for

the simulated results obtained without hysteresis

Fig. 15a and Fig. 15b show for both studied depths that there occur few differences in
relative humidity evolution with or without hysteresis consideration. In order to explain the

differences observed without and with hysteresis, the simulated evolution of relative humidity



at 25 cm depth is analyzed. During the first adsorption stage from 1% January at 65%RH to
15" April, both approaches considering or not hysteresis follow the main adsorption curve.
This explain why the evolution of relative humidity is the same during this period. Then,
during the desorption stage from 15" April to 20" July, with hysteresis, moisture content does
not follow the main adsorption curve but a primary desorption curve. Consequently, the
hygric capacity is reduced which explains the evolution of relative humidity. Finally, during
the second stage of adsorption from 20" July to 31% December, moisture content follows a
secondary adsorption curve. This curve has also a reduced hygric capacity in comparison
with the main adsorption curve, case for which hysteresis is not considered.

Then, in order to evaluate the influence of the previous hygrothermal variations, the
simulations are performed from the 1% July 2012 (date of the beginning of the experimental
campaign) to the 31% December 2015. The results are still presented from 1* January 2015
to 31% December 2015 in Fig. 16a and Fig. 16b only concerning the relative humidity

evolution.
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Fig. 16. Evolution of the relative humidity at 25 cm depth a) and at 15 cm depth b) from 1%
January to 31% December 2015 considering the previous hygrothermal variations from the 1%

July 2012.

For both models with or without hysteresis, the consideration of the hygric history lived by the

wall before the 1% January 2015 allow finding a better agreement between experimental and



numerical results especially at 25 cm depth. This is explained by a better estimation of the
initial relative humidity and temperature through the wall at the beginning of the simulation.

Despite a more physical and realistic description of the sorption process, humerical results
obtained with or without hysteresis are equivalent. Under these hygrothermal conditions, the
relevance to consider hysteresis phenomenon is poor. Indeed, the variations of outside and
inside hygrothermal conditions are not enough high to observe an effective influence of the

hysteresis consideration on the relative humidity and temperature evolution through the wall.

4.2.3. Influence of temperature-dependent sorption process

The influence of the temperature effect on moisture content is analyzed in this section with
and without hysteresis. The model based on the Clausius-Clapeyron equation and the
Powers and Brownyard relation used to express the evolution of the isosteric heat is
implemented in the heat and moisture transfer model.

Starting from the effective initial relative humidity and temperature determined in the previous
paragraph with the hygric history consideration, two simulation runs are performed
considering the temperature effect on sorption process, with and without hysteresis. The
results are compared with the experimental data and the standard simulation results
obtained when hysteresis and temperature effect on sorption are not considered.
Temperature evolutions are not represented but, as observed in [45], few differences occur
in the evolution of the temperature with or without consideration of the temperature effect on
sorption process.

Fig. 17a and Fig. 17b which compare the evolution of the relative humidity with the evolution
of temperature for 3 days from the 1% June to the 4™ June respectively at 25 cm and 15 cm
depths show that the consideration of the temperature-dependence of the moisture content
significantly improves the numerical results. Indeed, the predicted local daily variations are in
a good agreement with the experimental ones. The local daily variations of relative humidity
are strongly related to the local daily variations of temperature. Indeed, relative humidity

decreases (respectively increases) with decreasing (respectively increasing) temperature.



These results are relevant with the temperature effect on sorption process highlighted in
[21,45]. Moreover, the simulation with hysteresis gives better results than the simulation
without.

Fig. 18a and Fig. 18b show the evolution of the relative humidity throughout the year

respectively at 25 cm and 15 cm depth.
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Fig. 17. Evolution of relative humidity and temperature at 25 cm depth a) and at 15 cm depth
b) from 1% to 4™ June 2015 considering the temperature effect on sorption process, with and

without hysteresis.
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Fig. 18: Evolution of the relative humidity at 25 cm depth a) and at 15 cm depth b) from 1%

January to 31% December 2015 considering the temperature effect on sorption process, with

and without hysteresis.

Whatever the case, the simulated results presented Fig. 18 show that the evolution of the

relative humidity is in a good agreement with the experimental results until the end of July.



During this period, the temperature increases when moisture content highly decreases
especially at 25 cm depth (Fig. 19). Consequently, a slight diminution of relative humidity is
observed. In summer, when temperatures are the highest, the moisture content is minimum
throughout the wall. Then, from the end of August to the end of the year, moisture content
slightly increases with decreasing temperatures. During this period, some discrepancies are
observed between numerical and experimental results up to 15%RH even though the global
trend is respected. This can be explained by the low level of moisture content found with the
developed modeling for the highest temperatures reached in the wall (Fig. 19). Indeed, as
shown in previous studies [21,38], the consistency of the modeling of the temperature-
dependence of moisture content strongly depends on the quality and the quantity of the
experimental data collected. In the case of hemp concrete, additional measurements

campaigns have to be launched especially at high relative humidities and temperatures [21].
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Fig. 19. Evolution of the moisture content at x = 25 cm depth and x = 15 cm depth with

temperature-dependence and hysteresis consideration.

4. Conclusion

In this paper, the hygrothermal performance of a hemp-lime building located in South-West
of France is analyzed. The study presents the monitoring results considering the
hygrothermal comfort and the hygrothermal behavior of a wall. The evolution of relative
humidity and temperature experimentally collected through the wall are also compared with
numerical simulations.

Building envelope inspections show a good level of insulation for the 30 cm thick HLC walls

with homogeneous temperature at the exterior surfaces. However, the exposed timber frame



breaks the continuity of the finishing plaster. The shrinkage of the timber frame creates gaps
at the joints between the frame elements and interior finishing of the walls. Due to air
leakages at these locations, the result of the envelope airtightness test was poor. This
problem can be avoided by applying a continuous plaster over the internal face of the walls.
The in situ monitoring of the building shows that HLC helps to maintain hygrothermal
conditions at winter and summer comfort levels while outside temperature and relative
humidity daily variations are up to 15°C and 50%RH respectively. In fact, relative humidity of
indoor air never falls below 30% during the heating period, and indoor air temperature never
exceeds 27°C during summer (even when outdoor air temperature is higher than 35°C). The
measurements show also the good thermal inertia of 30 cm thick HLC wall, which allowed
them to dampen the daily temperature and relative humidity variations by 90% and to delay
the effects of peak values up to about 12 hours. It confirms the global idea that bio-based
materials are good hygrothermal regulators. However, relative humidity values within the wall
are slightly high and need to be further examined in order to evaluate the risk of molds
development.

The numerical evolutions of relative humidity and temperature inside the wall give promising
results in comparison with the experimental measurements. Nevertheless, despite a more
physical representation of the effective hygric behavior of HLC, numerical simulations with
hysteresis do not significantly improve the results under the studied hygrothermal conditions.
However, the simulations performed show that the consideration of the temperature-
dependence of the sorption isotherms gives promising results. The predicted local daily
variations of relative humidity through the wall are in a good agreement with the experimental
results which show that relative humidity evolutions follow the temperature evolutions.
However, some complementary experimental investigations have to be performed to better
identify the influence of temperature on sorption process mechanism for HLC. An uncertainty
remains also concerning the effective hygrothermal properties of the coating in lime-sand

plaster. In this way, further investigations should be done in the future.
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Highlights

e Hygrothermal performance of a HLC building monitored during 4 years is
evaluated.

e Hysteresis and temperature-dependence of moisture content effects are
discussed.

e HLC helps to maintain a good hygrothermal comfort level in winter and
summer.

e HLC is confirmed to be a good hygrothermal regulator.

o Effect of temperature on sorption enables more realistic results in simulation.



