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Abstract. An appropriate and stable indoor climate in museums is crucial to
guarantee an appropriate preservation of our cultural heritage. Depending on the
collection, indoor temperature and relative humidity need to be kept within a cer-
tain range. Fluctuations in temperature and relative humidity could cause damage
to museum artefacts and may require higher energy needs than necessary. Biochar
is a material of which the use is relatively new in buildingmaterials. Previous stud-
ies have shown that biochar has unique moisture properties with a high surface
area, high porosity and therefore high capability of moisture uptake. In Southern
Sweden there are several biochar manufacturers that produce biochar from local
biomasses such as seaweed, gardening wastes and residues from greenhouses.

The aim of this project was to investigate the impact of hygroscopic surface
materials on the indoor climate of buildings, focusing on moisture buffering and
hygrothermal properties. The buildingmaterials that were studiedwere hemp-lime
(with and without biochar) and rape straw-lime. Passively influencing the indoor
climate by choosing appropriate surfacematerials could contribute to lower energy
needs and less need for mechanical ventilation in historic buildings and museums
without the need for excessive HVAC solutions.
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1 Introduction

Traditional building materials used in the interior of historic buildings have different
material properties than many conventional materials due to their hygroscopic nature.
Also, historic artefacts often consist of different materials with different hygroscopic
properties [1]. With moisture absorption the materials swell and shrink and as they
change size objects will deteriorate faster. A stable climate without moisture fluctuation
therefore would provide better conditions for preservation. If the building itself is made
of hygroscopic materials with a high moisture buffering capacity they could contribute
and help providing a more stable relative humidity (RH) in the air [2]. The aim of this
study was to see if novel bio-based materials with high moisture buffering properties can
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be an alternative as surfacematerials on plasteredwalls and roofs in historic buildings i.e.
churches, castles and local museums. Many of those buildings have a low temperature in
winter and themoisture levels can thus be higher than preferred. In this study themoisture
buffering properties are investigated of hemp-lime, of hemp-lime with an addition of
biochar as well as of rape straw-lime.

Previous research has shown that hemp-lime has an “excellent” moisture buffer
value [3 4 5]. According to the classification in the Nordtest protocol, a material with
“excellent” moisture buffering has a moisture buffer value greater than 2.0 kg/(m2·%
RH). Hemp-lime is a building material in which hemp shiv (the woody core parts of the
hemp stem) are used in combination with building limes. Hemp-lime has been tested as
additional insulation and is compatible with historic wooden houses as well as historic
masonry [6, 7]. Thematerial has both good thermal insulation and relatively high thermal
inertia. Studies have also shown that it can contribute to a good indoor environment due
to its acoustic properties as well as its good fire resistance [8–10]. The fact that the
material also has a low climate impact makes it interesting for the transition towards
more sustainable building constructions.

Hemp-lime is a hygroscopic material that can be used as a visible internal surface
layer on walls and in roofs or, more commonly, as a base layer for a thin lime plaster
surface finish in historic buildings.

1.1 Hemp-Lime and Rape Straw-Lime

Rapeseed (Brassica napus andBrassica rapa) and hemp (Cannabis sativa) are agricultural
crops cultivated in Sweden. Statistics from the Swedish Board of Agriculture [11, 12]
state that the total acreage cultivated in 2022 was 127,500 ha rapeseed (both Brassica
napus and Brassica rapa), see Fig. 2. The same year 222 ha hemp was cultivated, see
Fig. 3. Rapeseed is a significant oilseed crop in Sweden, while hemp cultivation is
not as common. Hemp cultivation was prohibited in Sweden from the 1965 until 2003
[13], which caused knowledge on hemp cultivation techniques to vanish, as well as
the commercial market for hemp seed, hemp fiber and hemp shiv. Since 2003 hemp
cultivation has been allowed again in Sweden. In 2007 hemp cultivation peaked at 828
hectares. Since then, hemp cultivation has been approximately 200 ha annually. Today,
hemp-lime is used for construction in Sweden on amodest scale, with a handful of hemp-
lime houses built in southern Sweden. For hemp-lime the hemp shiv are used, which
are the woody core parts of the hemp stem, see Fig. 1. When not used in construction,
hemp shiv are commonly used for animal bedding. Rape straw-lime is a material that
consists of chopped rape straw that is used in combination with building limes, in a
similar fashion as the production of hemp-lime. For rape straw-lime (to our knowledge
thus far not used in Sweden for construction) the straw of rapeseed was used, see Fig. 1.

Because of the greater abundance of rape seed in Sweden, residues from rapeseed
cultivation would be interesting for use in building materials. Nowadays rape seed straw
is usually ploughed under in the field to improve soil structure and add nutrients to the
soil (so-called soil incorporation) or used as animal bedding [14].

The use of biomass from agriculture in buildingmaterials is advantageous inmultiple
ways. The building sector benefits from the production of building materials with a low
environmental impact as increasing the biobasedmaterial content of a building generally



146 P. Strandberg-de Bruijn and K. Balksten

Fig. 1. Hemp shiv to the left, rape seed straw to the right.

results in a reduced climate impact if the biogenic carbon sequestration is accounted for
in the life-cycle analysis [15]. Biobased residuematerials fromagriculture are renewable;
newmaterial can be cultivated each year.At the same time, the agricultural sector benefits
from finding a commercial market for its residue materials.
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Fig. 2. Hemp cultivation (hectares) in Sweden 2003–2022 [11].
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Fig. 3. Rape seed cultivation, Brassica napus and Brassica rapa, in Sweden 2002–2022 [12].

1.2 Biochar

Locally sourced seaweed (macroalgae)was used to produce the biochar used in this study.
Seaweed from theBaltic Seawas collected at the shoreline of Trelleborgmunicipality, on
the southern coast of Sweden. Every year problems arise with seaweed at the shoreline
of Trelleborg municipality. These seaweed-related problems entail inconveniences for
beach visitors such as difficulties to reach the beach because of beach-cast seaweed and
an unpleasant smell, economic problems that arise when removing the seaweed, and
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loss of income from tourists that stay away. But mostly the seaweed accumulation leads
to, and is amplified by, ecological problems such as eutrophication and biodiversity loss
[16]. At the same time, seaweed is a material resource that is available in abundant
amounts. Therefore, Trelleborg municipality is searching for ways to upcycle seaweed
harvested from its shoreline and put it to use in a different function, such as biogas [16]
or biochar [17]. The biochar in this study was produced by Skånefrö AB in Hammenhög,
southern Sweden. The biochar was produced through pyrolyzing biomass (in this case
seaweed) by subjecting it to high temperatures in the absence of oxygen, thereby causing
thermal decomposition of the biomass [17].

Biochar is today mostly used as a fertilizer and to improve soil structure. However,
there is also research ongoing exploring the use of biochar in concrete or in renders and
mortars with a cement-based or lime-based binder [18–22]. Adding biochar to cement or
lime could improve the material’s environmental impact as biochar functions as a carbon
sink [23].Using biochar in buildingmaterials is effectively contributing to carbon capture
in thematerial, thus decreasing the amount of carbon that is released into the atmosphere.
In addition, the algae biomass is not returned to the sea thus reducing eutrophication
in the Baltic Sea. According to [24] biochar plaster (biochar added to a lime-based
binder) has a good moisture storage capacity and can function as a humidity regulator
in environments that have occasional peaks in relative humidity. Therefore, biochar was
added to the hemp-lime in this study to determine if adding biochar to the hemp-lime
would improve its moisture buffering capacity.

Fig. 4. Left: Beach cast seaweed at the southern Swedish coast. Right: Biochar produced from
local sea weed.

2 Materials and Methods

The following materials were studied in this paper;

– HL: Hemp-lime (Tradical® Thermo lime and Granngården hemp hurds),
– HL20: Hemp-lime with 20% biochar (20% of the lime binder replaced by seaweed-

based biochar. Seaweed provided by Trelleborgs municipality, seaweed pyrolyzed by
Skånefrö),

– HL50: Hemp-lime with 50% biochar (50% of the lime binder replaced by seaweed-
based biochar),
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– RL: Rape straw-lime (Tradical® Thermo lime, and rape straw provided by Halmeko
Scandinavia).

The hemp-lime was produced in accordance with instructions provided by the man-
ufacturer’s product sheet for lining plaster application with a trowel. Rape straw-lime
was produced in a similar way as the hemp-lime in this study, with Tradical® Thermo
lime as a binder. For the Tradical® Thermo lime the material quantities for the applica-
tion Lining with trowel were used. The hemp-lime in this study is thought to be used as
an indoor lime plaster used for renovation purposes, in other words, the plaster would
most likely be applied by a mason with a trowel on site. Samples were produced with a
thickness of approx. 50 mm and a surface area of 150x150 mm. Exact measurements of
the surface area as well as exact sample thickness were performed prior to each moisture
buffer test (Table 1 and Fig. 5)

Table 1. Material proportions by weight.

Abbreviation Lime [kg] Shiv or straw [kg] Water [kg] Biochar [kg]

HL 2.70 1.0 4.0 0.0

HL20 2.16 1.0 4.0 0.54

HL50 1.35 1.0 4.0 1.35

RL 2.70 1.0 4.0 0.0

.

Fig. 5. Left: Hemp-lime, center: Hemp-lime with 20% biochar, right: Hemp-lime with 50%
biochar.

Biochar was produced by Skånefrö AB of beach cast sea weed from the southern
Swedish coastline near the city of Trelleborg. The biochar consisted of small lumps, see
Fig. 4, and was therefore ground into smaller particles before it was added to the binder
mix. Particle size distribution of the ground biochar is shown in Fig. 6.
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Fig. 6. Particle size distribution of the ground biochar.

2.1 Thermal Properties

Thermal conductivity, thermal diffusivity and specific heat capacity were measured by a
Transient Plane Source (TPS) method using a Thermal Constants Analyzer (TPS1500,
HotDisk®). After the moisture buffer measurements, specimens were dried in a heating
cabinet at 40 °C until mass change was less than 0.01% between three consecutive
weighing at 24-h time steps. Drying at this rather low temperature prior to testing thermal
properties was done to perform the measurements on a sample that is sufficiently dry so
that moisture flows within the material do not interfere with the measurement too much.
Drying at a higher temperaturemight have alteredmaterial properties andwould not have
been representative to actual conditions in a building. The dried samples were placed
in plastic bags, and the samples in their plastic bags were placed in plastic containers
with a desiccant and a glass lid. Samples were transported to the TPS1500 HotDisk®
device inside the plastic containers and remained there for 24 h to acclimatize to the
surrounding temperature (21 °C). When performing the measurements, specimens were
kept inside the plastic bags, with the sensor on top of the material surface. On top of the
sensor, a rigid insulating material with known material characteristics was placed with a
weight on top. At least three measurements were performed per sample, three samples
per material. Measurements were performed at 2-h intervals with sensor Kapton 8563
(9.868 mm), measurement time 320 s and output power 40 mW.

After the measurements were completed, the samples were returned to the drying
cabinet where they were kept at 40 °C. Once all measurements with the TPS1500 Hot-
Disk® device were completed, the samples were dried at 105 °C and moisture content
at 40 °C was determined, see Table 3.



150 P. Strandberg-de Bruijn and K. Balksten

2.2 Moisture Buffering

To determine the moisture buffering capacity of the materials in this study, an adaptation
of the NORDTEST protocol [25] was used. In the NORDTEST protocol the moisture
buffer performance of a room is described as”the ability of the materials within the room
to moderate variations in the relative humidity” [25].

Usually, the sorption isotherm is used to define moisture absorption and moisture
desorption of a building material. A sorption isotherm for a building material can be
determined in a lab situation, waiting for the material to reach equilibrium with its
surroundings. However, when a material is used in a building, the material will most
likely not reach equilibrium because of fluctuations in temperature and relative humidity.
Instead, the material will have a moisture content that fluctuates between its sorption
and desorption isotherm. This is why the moisture buffer value of a material could be
a more suitable indicator of the moisture absorption and desorption of a material in a
shorter time span.

The practical moisture buffer value (MBVpractical) is defined by [25] as “the amount
of water that is transported in or out of a material per open surface area, during a certain
period of time, when it is subjected to variations in relative humidity of the surrounding
air” [25].

The time period and variations in relative humidity proposed by the NORDTEST
protocol are cyclic variations of 8 h of 75%RH followed by 16 h of 33%RH;

MBVpractical = �m

A · �RH
[kg/(m2% RH)] [25]

Δm=mass, defined as the average of the weight gain moisture uptake (absorption),
and the weight loss during moisture release (desorption) [kg].

ΔRH = the difference in relative humidity between the high RH (8 h of 75% RH)
and low RH (16 h of 33%RH) [%].

A = area of the moisture buffering material exposed to the fluctuations in relative
humidity [m2].

As a direct cause of the Covid-19 pandemic access to the building lab was limited
during a long period of time. This made it considerably more difficult to performmanual
measurements. Therefore, instead a climate test cabinet (CTS C-20/1000) was used to
create an environment with cyclic variations of 75%RH for 8 h followed by 33%RH for
16 h. Inside the climate test cabinet three scales (OHAUS Scout with an accuracy of two
decimals) were placed that continuously measured the weight of the samples that were
suspended underneath the scales.

Also, additional plastic containerswere placed beneath the specimens to protect them
from too strong air flows inside the climate test cabinet. Air velocity inside the climate
test cabinet can influence the moisture buffer value of the material since air velocity has
an influence on the surface transfer coefficient. The Nordtest protocol mentions an air
velocity interval of 0.10± 0.05 m/s [25]. The air velocity inside the climate test cabinet
was measured near the surface of each of the three samples and found to be 0.14 ±
0.10 m/s.

Prior to the moisture buffer test, samples were dried; 24 h at 40 °C followed by
24 h at 50 °C followed by drying at 60 °C until equilibrium was reached. Equilibrium
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was reached when variation in weight was less than 0.01% between three consecutive
weighing at 24-h time steps. After drying, the samples were placed in a climate chamber
with relative humidity 60± 5% and temperature 20± 0.5 °C until they reached equilib-
rium; variation in weight less than 0.01% between three consecutive weighing at 24-h
time steps. Before the specimens were subjected to the moisture buffer test inside the
climate test cabinet, aluminum tape was applied to all but one surface of the samples.
The surface area was measured for each specimen. The surface that was left open would
be able to absorb and desorb moisture once inside the climate test cabinet, see Fig. 7.

Fig. 7. Examples of specimens sealed with aluminum tape on all but one surface.

Each scale was placed inside a plastic container with a glass lid. Inside the plastic
container, desiccantwas placed to keep the relative humidity inside the container as stable
as possible. However, it was found that the scales anyway were subjected to changes in
moisture inside the climate test cabinet. To allow the suspended stirrup to move freely, a
small hole was made in the bottom of the plastic container. Air could pass freely through
this hole, changing the relative humidity in the scale environment somewhat. The scales
were found to react to this change in relative humidity, affecting the measurements.
Therefore, a calibration of the scales was performed by weighing steel weights while
they underwent the same cyclic variations; 33%RH for 8 h followed by 75%RH for 16
h. A steel weight 500 grammes was weighed by each scale respectively, throughout a
minimum of three cycles. These measurements were used to calibrate the data.

Between each cycle, 30 min was required for the climate test cabinet to change from
33%RH to 75%RH or from 75%RH to 33%RH. This time was not included in the 8-h
period of 33%RH or in the 16 h period of 75%RH. Thus, a period of 8 h 33%RH was
followed by 30 min changeover time. Then a period of 16 h 75%RH, again followed by
30min to reach 33%RH. This led to a total phase time of 25 h (instead of 24 h as required
by the NORDTEST protocol). In order to get a value for MBV that can be compared to
other research results, it was important to have a moisture buffer value for 24-h cycles.
Therefore, the weight change during these last 30 min of each relative humidity level
was disregarded when analyzing the results, see Fig. 11.

Data analysis was performed in MATLAB R2020b. Measurement results were
imported in MATLAB. The changes in weight that were registered for the steel weight
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throughout the cyclic variations were deducted from the measurement results. Measure-
ments for all materials had been made every 15 s. A moving average was calculated
for every 80 measurement values. The moving average was then used to calculate the
moisture buffer value. Moisture buffer values were calculated both for absorption and
desorption. The average moisture buffer value was calculated from a minimum of three
relative humidity cycles per material for three specimens per material.

3 Results and Discussion

Dry apparent density of the materials was determined, three samples per material. When
adding biochar to the material the overall apparent density decreased, see Table 2.

Table 2. Dry apparent density of material samples. Drying of samples at 60 °C.

Material Dry apparent density [kg/m3] Standard deviation

HL 487.5 25.8

HL20 477.0 7.2

HL50 422.1 33.4

RL 468.0 37.6

3.1 Thermal Properties

Thermal conductivity, thermal diffusivity and specific heat capacity were determined by
a Transient Plane Source (TPS) method. The moisture content of the materials at the
time of the thermal testing was determined, see Table 3. The moisture content in the
hemp-lime specimens with 50% biochar was the highest.

Table 3. Moisture content of material samples prior to thermal test. Dry weight at 105 °C.

Material Moisture content Standard deviation

HL 3.12% 0.04%

HL20 3.17% 0.05%

HL50 3.82% 0.09%

RL 3.06% 0.06%

The results from the thermal testing showed that the thermal conductivity of the
materials decreased when biochar was added to the specimens. The hemp-lime speci-
mens without biochar had the highest values for thermal conductivity. Rape straw-lime
and hemp-lime with 50% biochar had similar values for thermal conductivity, see Fig. 8.
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Thermal diffusivity also decreased for the material with biochar, with the specimens
of hemp-lime with 50% biochar showing the lowest value for thermal diffusivity. This
indicates that a hemp-lime with biochar would allow for a slower heat flow through the
material, thus contributing to a more stable indoor climate. The specific heat capacity
of the three hemp-lime materials was quite similar, see Fig. 9. Here the rape straw-lime
material showed somewhat lower values for specific heat capacity, indicating that less
heat is needed to change the temperature of the rape straw-lime, even though the standard
deviation was quite high. Overall, the specific heat capacity of the tested materials can
be compared to aerated concrete with values 0.4 MJ·m-3K-1 for aerated concrete with
density 400 kg·m3 and 0.5MJ·m-3K-1 for aerated concrete with density 500 kg·m3 [26].

(a) (b)

Fig. 8. (a) Thermal conductivity [W·m−1·K−1]. (b) Thermal diffusivity [mm2·s−1].

Fig. 9. Specific heat capacity [MJ·m−3K−1]

3.2 Moisture Buffering

Data from themoisture buffermeasurements had to be calibrated. Each of the three scales
had a different calibration file. This data had to be deducted from the measured raw data.
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Fig. 10. Weight of one sample of hemp-lime undergoing the moisture buffering regime. Light
grey line uncalibrated data, dark grey line calibrated data and black line average data for 80 data
points (equivalent of 10 min). The data is shown before calibration and after calibration, taking
into account the changes in the scale due to changes in RH.

After calibration, a moving average value was calculated, see the black continuous line
in Fig. 10.

Also, half an hour of each relative humidity level had to be excluded asmeasurements
had been made for 8.5 h 75%RH and 16.5 h 33%RH. To allow values to be compared
to other MBVpractical the data had to be adjusted to 8/16 h intervals, see Fig. 11.

Fig. 11. Weight of one sample of hemp-lime undergoing themoisture buffering regime, excluding
30 min with each change in RH.

According to [22] the level of MBVpractical, can be divided into five cate-
gories; negligible for values <0.2 g/m2·%RH, limited 0.2–0.5 g/m2·%RH, moderate
0.5–1.0 g/m2·%RH, good 1.0–2.0 g/m2·%RH and excellent >2.0 g/m2·%RH.

Results from the moisture buffering measurements showed that the hemp-lime and
rape-straw lime materials either have “good” or “excellent” practical moisture buffer
values, see Fig. 12.
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Fig. 12. Average moisture buffer value for all four materials.

Adding biochar to the hemp-lime material increased the moisture buffer value, with
an average value of 2.78 g/m2·%RH for hemp-lime with 50% biochar, thus providing
excellent moisture buffer capacity.

4 Conclusions

Biochar is an interesting material for use in many different applications, one of which
could be the use as an additive in building materials, for example in hemp-lime.

Before using biochar in buildingmaterials more research is needed. For example, the
choice of biomass fromwhich the biochar is produced will have an influence on the final
material properties. Biochar based on seaweed will have some marine salts still present
which could potentially negatively influence the material in which the biochar is used.
Which salts and how much salt is still present in the biochar should be investigated prior
to its use in building materials. Biomasses other than seaweed could be a potentially
good source for biochar suitable for building.

Adding biochar to the hemp-lime gave a material with lower density, lower thermal
conductivity, and lower thermal diffusivity. From a thermal insulation point-of-view it
could therefore be beneficial to add biochar to the mix. Regarding moisture buffering,
adding biochar increased the practical moisture buffer value, achieving a material with
excellent moisture buffer capacity. Adding biochar to the surface finish of historic build-
ings could therefore contribute to achieving an indoor climate with stable temperature
and stable relative humidity.

The rape straw-lime mix used in this study showed material properties similar to
those of hemp-lime and could therefore be a valid alternative to hemp-lime in Sweden
where hemp cultivation is scarce and rape seed is cultivated in abundance.
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