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A B S T R A C T

Hempcrete is a promising self-bearing thermal insulation material, as it has low thermal
conductivity and a minor to negative CO2 footprint. It is also believed to be applicable
not only in building construction, but also for renovation or additional insulation, since
hempcrete hygrothermal properties are compatible with wooden structural elements. To utilize
it efficiently, it must be possible to make predictions regarding hempcrete hygrothermal
performance and whether it is up to the modern standards — this requires a verified material
model for use in numerical simulations. Previously, we have shown that hempcrete by itself
performs well as insulation for building wall envelopes, and we have validated a material mode
for hempcrete. This study assesses, both experimentally numerically, if hempcrete is suitable for
use in multi-layer envelopes. A multi-layered wall envelope of a wooden multi-story building
was insulated from the inside with hempcrete blocks. Relative humidity and temperature within
the wall, as well as heat flow, were monitored over ∼ 2 years. The wall envelope was modeled
numerically using WUFI. Temperature and humidity dynamics predicted numerically are in
good enough agreement with experimental observations. In addition, the mold risk forecast
derived from simulation and experiment results agree rather well with actual observations —
no mold risk was predicted, and no mold was observed upon inspection. All of this suggests
that hempcrete could indeed be used as a part of multi-layer building insulation envelopes, at
least for climate conditions sufficiently similar to Latvian.

1. Introduction

Currently, the main challenge in the building materials industry is to ensure higher energy efficiency and to maximize CO2
neutrality [1,2]. There are several legislators who set targets and conditions to achieve near-zero energy buildings [3–5]. However,
reducing the operational energy consumption of a building may result in solutions that significantly increase the effective amount
of energy expended to construct a building, and the related CO2 emissions [6]. Therefore, energy efficiency must be considered in
combination with the impact of building materials on the environment to create truly sustainable and optimal long-term solutions.

Hemp concrete (hempcrete) is a material with low embodied carbon due to high organic particle content [7]. It has relatively low
thermal conductivity and high vapor permeability [8]. This set of properties contributes to both indoor comfort and sufficiently good
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thermal performance. However, sometimes relative humidity (RH) in hempcrete walls can reach up to 80–90%, enough to promote
mold growth in the long term [9]. Hempcrete could also be more sensitive in this regard compared to traditional mineral-based
building materials, because hempcrete aggregate, hemp shives, are biologically produced [10,11]. Hempcrete is mostly used in
newly constructed buildings, but it is also used in renovations for historic buildings. In such cases, the insulation layer is assembled
from the inside, but this may create additional mold risks [7].

We have previously shown that over a ∼ 2 year interval, the mold growth risk in Latvian-like climate seems entirely negligible
even if the hempcrete block has initial RH near unity after its installation within the wall envelope [12]. However, despite this
promising outcome, more and longer in-situ observations are necessary, since desired building exploitation time scales are roughly
an order of magnitude greater, and other types of wall assemblies may show different results. In general, long-term monitoring data
and studies with different outdoor climate conditions are not widely available for building structures containing hempcrete layers
or pure hempcrete walls, so for now it is necessary to mostly rely on numerical calculations to predict long-term temperature and
RH dynamics.

A considerable hurdle is verifying that hempcrete performs according to today’s standards, i.e., that its hygrothermal performance
is adequate in the long term. While we have demonstrated that hempcrete by itself performs well as insulation for building wall
envelopes, and we have validated a numerical model for hempcrete hygrothermal properties [12], it is still necessary to test
whether integrating hempcrete layers into wall envelopes of buildings leads to excessive accumulation of water mass, condensation
of water vapor, mold formation, etc. [13–22]. This is especially true because some of the hempcrete properties important for
numerical modeling and forecasting building performance have been, or even can be, readily measured directly. Another issue is that
measurement results must be verified via monitoring in laboratory or field conditions, since property uncertainties are inevitable,
and, without extra validation, could lead to inadequate material models [23–25].

In [12], we provide an overview of numerical and experimental (laboratory and in situ) studies involving hempcrete and its
material model. However, to establish context while avoiding repetition, a brief summary is in order.

On the numerical modeling side, while the amount of research reporting significant advances in understanding hempcrete
behavior (e.g., moisture sorption hysteresis and its temperature dependence [26–29]) would seem sufficient, most of the work
validates the simulations in laboratory conditions, and the experiments are rather short-term (the longest reported run is ∼ 85
days [29]) when compared to time scales considered for building performance (years) [26,29–32].

In in situ studies, on the other hand, are much less common. To our knowledge, there are four instances involving either a
standalone hempcrete layer or a wall envelope with an integrated hempcrete layer [33–36]. The longest of these studies accumulated
1 year of monitoring data for a hempcrete only wall with various coatings, coupled with numerical modeling using for the entire
observation period. And while we were not the first to model a single layer of hempcrete in our previous paper [12], more
independent monitoring datasets with different climate conditions and insulating envelopes containing a hempcrete layer.

Concerning the latter point, here we continue our previous efforts by considering a multi-layered wall envelope of a wooden
multi-story building, additionally insulated from the inside with hempcrete blocks. RH and temperature were monitored at different
wall depths, and heat flow through the envelope was measured. Experimental data was accumulated over ∼ 2 years (versus ∼ 8
months in [12]), and the insulation envelope and its hygrothermal behavior was reproduced numerically using WUFI software. We
show that temperature and RH dynamics predicted numerically are in good enough agreement with experimental observations. In
addition, the mold risk forecast derived from simulation and experiment results corresponds well with the actual observations — no
mold risk is predicted, and no mold is observed upon envelope inspection. All of this suggests that the utilized material model for
the hempcrete material is adequate and that hempcrete could indeed be used as a part of multi-layer building insulation envelopes,
at least for climate conditions sufficiently similar to Latvian (Dfb type according to the Koppen–Geiger classification [37]).

2. Materials & methods

2.1. Materials

Experimentally manufactured hempcrete blocks were used in the internal insulation of an existing building. Blocks were made by
mixing hemp shives with formulated hydraulic lime (FHL) in a 1:2 ratio by mass, obtaining a material with a density of 350 kg∕m3,
a thermal conductivity of 0.076 W∕(m2 K) and a compressive strength of ∼ 0.15 MPa. The latter allows this material to be used as a
self-supporting insulation material [12]. Manufacturing technology, methods for testing the material properties and other mixture
proportions are outlined in [12]. Properties used for numerical modeling are given in Table 1. The blocks were completely dried at
the time of installation and were held in place by a silicon sealant around the perimeter of each block to minimize the effect of an
additional gluing layer.

2.2. Experiments

A multi-story wooden building constructed in 1936 (Fig. 1) was insulated from the inside with the experimentally made hemp
blocks. By default, its walls consist of load-bearing wooden posts with a wooden filling/insulation layer between them. Fig. 1 shows
the front facade of the building — on the second floor, there is a wall insulated with hemp blocks where sensors for monitoring are
placed. The facade is facing the SSE cardinal direction, and it is partially shaded by a nearby tree.

The wall insulated with the hemp blocks is located in the living room of a two-room apartment with a corresponding RH regime
2

(no special sources of humidity). The wall section can be seen in Fig. 2b without hempcrete and 2a with hempcrete and the sensors.
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Table 1
Hygrothermal coefficients used for hempcrete in simulations.
Property Unit Value

Density kg/m3 350
Porosity N/A 0.8
Dry specific heat capacity J/(kg K) 1270
Dry thermal conductivity (20 ◦C) W/(m K) 0.076
Water vapor diffusion resistance factor (0% RH) N/A 6.58

Fig. 1. A wooden multi-story building insulated from inside with hemp blocks.

Fig. 2. The experimental setup of a wall envelope (a) with hempcrete and (b) without hempcrete. The wires shown in (a,b) are inserted into the wall with
their respective sensors, as illustrated in [12].

The assembly consists of cement-lime plaster, two layers of pine supports, lime plaster and hempcrete. Sensors were placed in the
assembly to collect data on RH and temperature at relevant locations.

RH and temperature at different wall depths, as well as heat flow through the structure, were measured with wired sensors.
The data was used for numerical model validation and mold growth risk assessment. The information regarding the sensor system
is given in [38]. Sensors were placed by drilling tilted (45 degrees) holes in the wall or hempcrete (shown in Section 2.3). The
heat-flux sensor was placed between the existing wall and the hempcrete layer to give an accurate measurement of the heat flow
3
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Fig. 3. Wall envelope model schematics: (a) with and (b) without a hempcrete layer. The sensors are numbered 1 through 6 and their locations (depths/material)
are given in Table 2.

Table 2
The depth of sensor positions within the wall, with respect to the exterior surface
(Fig. 3).
Nr. Depth, mm Comments

1. 0 Outer surface
2. 120 Pine layer middle
3. 190 30 mm from the pine layer inner surface
4. 230 Hempcrete/lime plaster boundary
5. 270 Hempcrete layer middle
6. 310 Inner surface

through the assembly. The experiment was performed from April 9, 2017 to April 27, 2019, over ∼ 2 years. After the measurements,
the hempcrete blocks were dismantled to visually observe whether mold had formed on the contact surface with the lime plaster.

2.3. Numerical modeling

The two wall envelopes described in Section 2 were reproduced numerically using WUFI, which uses finite volume method-based
solvers for one-dimensional temperature and moisture transfer equations. The numerical model used here is the same as in [12],
which is based on [39]. The schematics for the WUFI wall envelope models are shown in Fig. 3. The structure consists of cement-lime
plaster, pine supports that act as insulation in the original structure, lime plaster and a hempcrete layer for additional insulation.
Both plasters and pine layer form the original construction of the building, with hempcrete as an additional insulation to increase
the thermal resistance of the wall, and to bring it more up to date with the energy efficiency requirements. This inner insulation
layer could be constructed using more traditional insulation materials, such as mineral wool, but this would require additional vapor
insulation to prevent the risk of condensation. The locations of virtual temperature and RH sensors (i.e., locations for which solution
data is stored) correspond to the locations of sensors in the experimental setup, and are highlighted in Fig. 3 and listed in Table 2.
The total thickness of this envelope was 0.31 m, with 𝑅 = 2.41 (m2K)∕W (𝑈 = 0.386 (m2K)∕W).

In addition, temperature and RH time series from January 20, 2017 to April 8, 2017 were recorded before the hempcrete layer
was installed. This was done because the envelope includes a thick old wood layer, which may present difficulties in terms of
numerical modeling, because of uncertainties in the material model for this specific old pine wood. The additional data is meant
to check if, indeed, an adequate material model is used for the wood layer. The key properties of wood were determined [40–43]
and adjusted to approximate the experimental results. Therefore, a case without the hempcrete layer was considered, which can be
seen in Fig. 3b. Sensor 4 in this setup measures the indoor temperature and RH. This envelope variant was also simulated in WUFI.
The total thickness of this envelope was 0.23 m, with 𝑅 = 1.38 (m2K)∕W (𝑈 = 0.641 (m2K)∕W).

For both numerical models, a one-dimensional mesh (Fig. 3) consists of 1500 elements with geometric inflation (size in-
crease/decrease coefficient is 1.05) at the material and wall construction boundaries. The maximum time step 1 h with adaptive
refinement as described in [12].

3. Results

Heat flux time series from experiments and simulations for an envelope both with (Fig. 4) and without the hempcrete layer (Fig. 5)
were obtained, and the experiments match the output of numerical models fairly well. The difference between numerical results and
experimental data in winter months is greater, because this coincides with greater disparity between experimentally measured and
4
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Fig. 4. Heat flux 𝑄,W∕m2 for the wall envelope with hempcrete: time series from the heat flux sensor (yellow) and the numerical model (blue) for the entire
monitoring period. 𝑄 < 0 means heat flux directed towards the inner surface. The heat flux sensor is attached to the interior wall surface. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Heat flux for the wall envelope without hempcrete: time series from the heat flux sensor (yellow) and the numerical model (blue). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

simulated RH. RH differences, in turn, mean unequal local (and global) water content, resulting in perceivably different thermal
conductivities, and therefore heat flux. The measured heat flux in the winter months is lower than in the simulations, thus hempcrete
shows even better energy efficiency than expected.

The results of numerical modeling in comparison with the experimentally obtained data for temperature and RH dynamics in
the envelope with hempcrete are shown in Figs. 6–11, which indicate temperature and RH dynamics at various depths within the
assembly. Temperature dynamics plots overlap very well between experiments and simulations. For RH dynamics, the plots match
quite well in Figs. 6 and 11, but in Figs. 7–10 there are notable differences, especially in Fig. 7, which corresponds to the old pine
layer. During winter, the difference is greater. However, as seen in Figs. 12 and 13, the relative errors should be within acceptable
bounds.

While differences are observed in the wood layer (Figs. 7 and 8), note that they are quite small within hempcrete (Figs. 9 and
10). The error could be due to slight mismatch between the initial RH conditions specified for WUFI and the actual RH levels within
the assembly; another possibility is that the sensors are not actually in the specified locations, i.e., there are sensor placement errors,
etc. The differences in the wood layer could mainly arise because it is difficult to find the properties that would exactly match the
specific old wood grown in Latvian conditions, and therefore the utilized wood material model may not be fully representative,
particularly the sorption curve, which affects the RH dynamics the most out of all the material properties.
5
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Fig. 6. (a) Temperature, ◦C, and (b) RH (dimensionless) dynamics over the monitoring period at control point 1 (outer surface): experiment (yellow) versus
simulation (light blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. (a) Temperature and (b) RH dynamics over the monitoring period at control point 2 (the middle of the pine layer): experiment (yellow) versus simulation
(light blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. (a) Temperature and (b) RH dynamics over the monitoring period at control point 3 (30 mm from the pine layer inner surface): experiment (yellow)
versus simulation (light blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6 exhibits a temperature range from −10 ◦C to +30 ◦C, while in Fig. 11 one has from +18 ◦C to +28 ◦C, suggesting that
the structure is indeed a good heat insulator and temperature oscillation dampener, the latter being important for indoor thermal
comfort. Observe that the amplitude of RH fluctuations decreases as well, which also promotes more stable indoor conditions and
decreases mold growth risk throughout the envelope.

To better evaluate the discrepancies between experiments and simulations, consider the relative error for RH seen in Figs. 12
and 13, where sub-figures (a) show the mean error across all sensors, and (b) display errors for individual sensors. Evidently, the
error magnitudes are within reasonable bounds. The calculated errors in the average RH of each sensor is shown in Fig. 12a. As
seen in Fig. 13a, the mean relative error is in the (0.00; 0.15) range, with the most likely value interval being (0.05; 0.1). The greatest
6
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Fig. 9. (a) Temperature and (b) RH dynamics over the monitoring period at control point 4 (hempcrete/lime plaster boundary): experiment (yellow) versus
simulation (light blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. (a) Temperature and (b) RH dynamics over the monitoring period at control point 5 (middle of the hempcrete layer): experiment (yellow) versus
simulation (light blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. (a) Temperature and (b) RH dynamics over the monitoring period at control point 6 (inner surface): experiment (yellow) versus simulation (light blue).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

error contribution is due to sensor 5 (Fig. 13b) which is in the middle of the hempcrete layer, and the smallest error is for sensor 4
which is at the outer hempcrete surface. However, it must also be noted that it is due to normalization to lower RH values overall
(versus sensors within the wood layer). Note also that the RH time series for sensors within hempcrete conform to the experiments
rather well, despite greater error peaks than what is seen in the wood layer.

The ranges of temperature, RH and water content over the simulated time interval within the envelope with hempcrete are shown
in Fig. 14. Note the RH peak at the lime plaster and hempcrete boundary, indicating the risk of mold growth must be checked. To
do this, consider the plots showing mold growth risk history and intensity in Figs. 15–18.
7
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Fig. 12. Differences in RH dynamics between WUFI and experiments: (a) mean relative error ⟨𝜖rel⟩ (dimensionless) and (b) relative errors 𝜖rel for sensors 2-5.
‘‘CP’’ in the plot legends stands for ‘‘control point’’.

Fig. 13. Relative error probability density 𝜌: (a) averaged over all sensors and (b) individual for sensors 2 through 5.

Fig. 14. Temperature (red, ◦C), RH (green) and water content (blue) ranges within the envelope. The curves plotted within the ranges are instantaneous profiles
at the end of the simulation run. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The mold growth risk can be assessed in terms of how much time the temperature/RH at a location are above the critical
LIM (lowest isopleth for mold). Consider Figs. 15–18 — there, LIM 0 corresponds to an optimal culture medium; LIM I —
biologically degradable building materials (e.g., hempcrete); LIM II — biologically adverse materials (e.g., renderings, mineral
building materials). LIM 0 to II therefore classify materials that are progressively more difficult to biologically degrade. For WUFI
results shown in Figs. 17–18, LIM curves cannot be seen, since all the temperature/RH events are below these curves, indicating no
risk.

After the experimental measurements, the hempcrete blocks were dismantled, and it was visually observed that no mold had
formed on the contact surface with lime plaster or on the blocks themselves. The experiment and the numerical results agree very
well in this regard. Notice that Figs. 15a and 17 show that at the beginning of the numerical calculation the mold risk is low, it grows
8
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Fig. 15. Mold growth risk dynamics derived from (a) WUFI output and (b) sensor data at control point 4 (outer hempcrete surface). The temperature/RH events
are color coded in order of appearance, dark blue to yellow. The LIM (limiting isopleth for mold) 0, I and II curves are gray, blue and red, respectively —
events above the lines indicate risk. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 16. Mold growth risk intensity derived from (a) WUFI output and (b) sensor data at control point 4 (outer hempcrete surface). The color map represents
the relative number density of temperature/RH events, with higher values above the LIM curves indicating greater mold growth risk (LIM I for hempcrete).
White contours are lines of constant number density.

somewhat, but then stabilizes below LIM 0 over time. Therefore, hempcrete has been shown both experimentally and numerically
to have a low risk of mold in this case, where it interacts with other materials. This is certainly promising in that this material is a
potential alternative to standard insulation solutions like wood wool, mineral wool, etc., typically used in wall envelopes.

4. Conclusions & outlook

Continuing the study started in [12] with a single hempcrete layer, here we have assessed the hygrothermal performance of
hempcrete in a multi-layer wall envelope. To this end, an experimental setup was assembled and ∼ 2 year field tests in Latvian
climate have been conducted, with temperature and relative humidity readings recorded at key locations in the envelope, including
the hempcrete layer. The experiment was mirrored by numerical models in WUFI, utilizing the hempcrete material model used
in [12].

Numerical simulations have given results that are within reasonable bounds with respect to the experimental observations, further
reinforcing the conclusion from [12] that the developed hempcrete material for hempcrete should be valid. In addition, the mold
risk forecast derived from both the numerical modeling results and sensor readings coincides with actual observations — that is,
in all cases no mold risk was predicted for the tested wall envelope over the course of ∼ 2 years, and no mold was observed
upon inspecting the assembly on site. This reinforces the proposed idea of using hempcrete as a substitute for more conventional
insulation solutions (wood wool, mineral wool, etc.) in multi-layer building envelopes. Of course, the above can only be stated with
9
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Fig. 17. Mold growth risk dynamics derived from (a) WUFI output and (b) sensor data at sensor 5 (middle of the hempcrete layer).

Fig. 18. Mold growth risk intensity derived from (a) WUFI output and (b) sensor data at control point 5 (middle of the hempcrete layer).

any confidence for climate conditions that are sufficiently similar to Latvian. However, the created models allow calculations for
other climate conditions as well, making it possible to evaluate the applicability of hempcrete for these conditions.

Hempcrete is being used in construction more and more frequently, so the authors are continuing their research, currently
creating an experimental building entirely made of hempcrete. It will be used to research how to use hempcrete in various building
envelopes. In addition, hempcrete is also used in wall 3D printing, where its hygrothermal properties help create walls without
additional layers of insulation.

While the numerical models implemented in WUFI that are utilized here and in [12] (based on the Kunzel model [39]) seem to be
adequate for the hempcrete being tested in our cases, it is certainly important to transition to more advanced models. It is planned to
shift towards using COMSOL, where material models can be customized, and the sorption curve with a temperature dependence can
be introduced. In addition, COMSOL has an optimization module, which should both enable a more rigorous approach to material
model derivation based on experiments, and help optimize building envelopes for performance. The latter, of course, would require
validated material models. It would also be of interest to check the hempcrete models proposed by other research groups against
our data.

Our hempcrete model introduced in [12] and further validated here should be of value for anyone who wished to use hempcrete
in building envelopes, and wishes to assess their long-term performance in realistic climate conditions. While not the first material
model out there for hempcrete, our result is nonetheless important as one more reference, which can be verified against other
existing material models. It is also based on more experimental data than in other instances. Also, the few currently available
models were established/tested in different climate conditions (even if in similar climate zones) or in laboratories, as well as for
differently manufactured hempcrete, which is another reason why input from more and diverse in situ monitoring sites is required.

The results presented here, in [12], as well as in the references cited in the Introduction section, could also potentially be a
reference/baseline for studying insulating composites made of a wood wool and hempcrete [44].
10
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