
Citation: Grudzińska, M.; Patyna, K.;
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Abstract: The junction between the roof and the external wall is a sensitive area within the building
envelope; here, increased heat flow often takes place. In the case of partitions insulated with materials
based on plant ingredients, thermal bridges are particularly dangerous due to the possibility of
condensation and, consequently, mold. The present article analyzed the connection of the roof
with the knee wall made of a hemp–lime composite and the ridge in terms of the occurrence of
thermal bridges. The following factors that may affect heat transfer in the junction were taken into
account: the location of the load-bearing wooden frame, the roof slope, and the presence of internal
plaster in the junction. Two-dimensional heat transfer analysis was performed based on the finite
element method using THERM 7.4 software. All of the studied thermal bridges had ψ values below
0.10 W/(m·K). Calculations of heat losses through a roof with different slopes were also presented,
taking into account the considered thermal bridges. As the roof slope decreases, the heat flow through
the roof decreases, despite the increasing value of the linear thermal transmittance. The share of
the considered thermal bridges in the total heat loss from the roof reached up to 15%. To verify the
obtained results, in further analysis, it would be necessary to calculate the impact of the roof–knee
wall bridge variants on heat losses throughout the entire building.

Keywords: hemp–lime composite; thermal bridge; heat losses; roof; ridge; structural junction

1. Introduction

One of the dominant directions in the global climate policy is the reduction in energy
consumption and the decrease in the carbon footprint in the construction industry. Accord-
ing to various estimates, this sector accounts for 30–40% of all energy consumption and
between 27% and 30% of greenhouse gas emissions [1–5]. The Paris Agreement (Accord
de Paris), resulting from the United Nations Framework Convention on Climate Change
(UNFCCC), stands as a pivotal agreement concerning the limitation of global warming.
It obliges member states to reduce greenhouse gas emissions, significantly impacting the
construction sector by promoting the energy efficiency of buildings [6].

The European Green Deal, as one of the most crucial European policies, represents
the European Union’s strategic plan aiming to achieve climate neutrality by 2050. Within
this framework lies the Renovation Wave, imposing a series of actions and standards to
enhance the energy efficiency of existing buildings. The Directive on the Energy Perfor-
mance of Buildings (2002/91/EC) [7], amended in 2023 (2023/1791/EU) [8], stands as
a key legal act at the European level, specifying minimum requirements regarding the
energy performance of buildings. Through these agreements and directives, the European
Union and the international community take steps to reduce emissions and enhance the
energy efficiency of the construction sector, contributing to global efforts for sustainable
development. According to Trotta’s estimations, energy consumption by buildings in the
EU should decrease by 30% by 2030 [9].

One of the ways to improve the energy efficiency of buildings, besides increasing
the thermal insulation of building partitions, is the elimination of or reduction in thermal
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bridges. Theodosiou et al. observed that the omission of thermal bridges in thermal
insulation calculations leads to a 30% increase in energy consumption [1,10]. However,
these estimates vary depending on the region in which the studies were conducted. For
instance, Kotti et al. [11] observed a 13% energy loss due to thermal bridges in residential
buildings in Greece. Evola et al., in their research estimating energy loss costs in the
Mediterranean climate due to thermal bridges, indicated a potential 17.5–25% savings in
heating energy upon reducing thermal bridges [12].

Furthermore, as indicated by Ilomets et al. [13], based on studies of existing residential
buildings, the occurrence risk of surface vapor condensation due to thermal bridges is
approximately 49–51%, depending on the construction technology used. Condensation of
water vapor in building partitions can lead to mold and other fungal developments within
the building [1,10,13–16]. This phenomenon adversely affects the health and comfort of
occupants, leading to serious respiratory, rheumatic, and allergic conditions [17,18].

The issue of thermal bridges is widely recognized; however, many studies focus on
those occurring in walls and their connections with other building elements. Issues related
to thermal bridges in roofs are much less frequently addressed.

The most prevalent problem associated with thermal bridges in roofs involves the
occurrence of linear thermal bridges on rafters and at the junction between the actual
thermal insulation and the structural elements of the roof truss. It is important to note that,
in the traditional model of thermal insulation, where the insulation layer is placed between
rafters, structural heterogeneity occurs. In these areas, thermal bridges form within the
insulation layers near wooden elements [19]. Despite wood having a relatively low heat
transfer coefficient ranging from 0.16 to 0.30 W/(m·K) [19], it possesses thermal properties
that are significantly worse than those of standard insulation materials, such as mineral
wool, which has a heat transfer coefficient ranging from 0.030 to 0.040 W/(m·K).

The contemporary requirements for thermal insulation, stemming from national and
international regulations, incline towards solutions involving additional layers of thermal
insulation. For technological reasons and installation convenience, an additional insulation
layer is often placed within the partition, between the frames intended for the installation of
plasterboard panels. This placement results in structural wooden elements being located in
cold-temperature layers. The lack of insulation continuity at the knee wall encourages the
formation of thermal bridges at the junctions between the building’s structural elements.
Also, the occurrence of condensation at negative temperatures in these areas is likely
to damage the structure due to the expansion of water within the material’s capillary
pores [19].

The transitioning of surfaces, such as in chimneys or any installation openings, leads to
a breach in the integrity of thermal insulation, resulting in the formation of thermal bridges.
The solution lies in minimizing the number of penetrations through the insulation layers.

Any discontinuity of surfaces in building construction generates geometric thermal
bridges by increasing the external surface area of the partition compared to the internal
part. These areas primarily occur at the junctions of external walls with the roof and in
the ridge [1,15,20]. The junction of the truss with the wall also poses a problem due to the
use of different insulation materials of varying thicknesses. Modern architectural concepts,
devoid of roof gutters (known as hidden gutters), often exacerbate this issue.

With the growing interest and a policy-driven approach towards improving the energy
efficiency of buildings, technologies are being developed to enhance material insulation
while simultaneously reducing the carbon footprint of production. One such method
involves the utilization of hemp fibers or shives in building materials such as hemp wool
insulation, blown insulation in the form of blocks, or in the form of the discussed hemp–lime
composite cast in formwork on the construction site.

In light of the subject of the present article, the main thermal and moisture parameters
of the hemp–lime composite are presented below. The primary component of the mixture,
hemp shives, is characterized by a high porosity level, reaching 78% [21]. Empirical and
computational scientific studies thus far unambiguously indicate that the porosity of mate-
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rials significantly affects the thermal conductivity [22–25]. The high porosity contributes to
the hemp shives having a low thermal conductivity, with a coefficient of lambda at the level
of 0.05 W/(m·K) [21]. The composite, consisting of a mixture of hemp shives, hydrated
lime, metakaolin, and gypsum, can exhibit a thermal conductivity coefficient ranging
from 0.07 W/(m·K) to 0.138 W/(m·K), depending on the applied proportions [26–28]. The
increase in the lambda coefficient is a result of the higher density of the mixture. Mix-
tures characterized by increased compressive strength tend to have reduced insulation
properties [29,30]. An additional aspect arising from the porosity of the composite is its
low diffusion resistance, leading to a natural ability to regulate air humidity in indoor
spaces [31]. Similarly to thermal parameters, the diffusion resistance decreases with an
increase in the density of the mixture.

The embodied energy of the hemp–lime composite, considering the entire production
process, is relatively lower compared to traditional thermal insulation materials such
as polystyrene, mineral wool, or wood wool. The amount of embodied energy directly
translates into the quantity of CO2 emitted during the material’s life cycle.

The lower energy requirement for the production of hempcrete stems from several
factors. One of the initial and significant factors is the production process of the primary
raw material, industrial hemp. Apart from the energy required for transportation, sowing,
and field processing, the absence of the need for fertilization is crucial, resulting in a low
energy requirement for the production of fertilizers. During the growth phase, hemp plants
sequester carbon dioxide. Roughly, from one hectare of cultivation, 7–10 tons of hemp
shives can be obtained [32].

Assuming that one ton of material can sequester approximately 1800 kg of CO2 [28],
one hectare of cultivation would impound between 12.6 and 18 tons of CO2. The se-
questered carbon dioxide is not subsequently released.

Other components of the hemp mixture, such as hydrated lime, metakaolin, and
gypsum, require significant energy inputs during the production process. Hydrated lime,
constituting 75% of the binder mixture mass, is a significant factor in terms of energy
consumption, primarily due to its substantial use among the components. A factor that
partially offsets CO2 emissions during production is the fact that lime rebinds CO2 during
the curing process of the hemp concrete mixture [33].

The components mentioned above, when combined with water, form hemp concrete.
The total amount of emitted carbon dioxide, despite processes related to the production of
hemp shives and lime, varies between −0.3 and −1 kg CO2 per kilogram of the mixture,
depending on the mixture’s density [34]. For comparison, traditional insulation materials
such as expanded polystyrene (EPS), glass wool, and polyurethane foam exhibit a high
carbon emission coefficient due to their production processes and use of non-renewable
resources. The CO2 emission coefficient per kilogram varies depending on the assumptions
made, with values ranging from 5.05 kg to 8.25 kg CO2 for expanded polystyrene, from
2.77 to 3.62 kg CO2 for glass wool, and 5.31 kg CO2 for polyurethane foam (per kilogram of
product, respectively) [35].

Wood wool, considered an environmentally friendly material, also has an increased
carbon emission coefficient compared to the hemp–lime composite, standing at 1.56 kg
CO2 per kilogram of the product [35].

As indicated by the referenced literature, hempcrete, when used as thermal insulation
for buildings, demonstrates favorable thermal properties. Furthermore, it exhibits good
CO2 emission coefficients compared to traditional insulation materials, which is significant
in the context of reducing emissions in the construction sector. Therefore, further research
is necessary to determine the essential parameters for achieving this goal.

The aim of this work is to present simulated two-dimensional models of thermal
bridges in the area of roof–wall and ridge connections. The analyzed junctions differ in
the location of the load-bearing wooden frame in relation to the wall thickness, the slope
of the roof, and construction details inside the core of bridges. Temperature distribution
in the described construction junctions was calculated using the THERM 7.4 software. It
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was the basis for further analyses of the linear thermal transmittance coefficients, showing
excessive heat transfer above the level typical for flat building partitions without any
intrusions. Additionally, heat losses through an exemplary roof were calculated. The
thermal parameters of the composites used in the studies were taken from the authors’
own laboratory tests. The presented analyses concerning the roof–wall junctions in a
construction insulated with a hemp–lime composite are the novelty of the research and a
continuation of previous work [4,15,19] on other junctions in this construction technology.

2. Materials and Methods
2.1. Junctions Used in Calculations

The presented sections of the building partitions were evaluated as a continuation
of the authors’ previous research concerning thermal bridges in hemp–lime construc-
tions [4,15,19]. The earlier publications described the construction details, such as the
wall–ceiling connection, the window placement in a wall, the floor on the ground, and the
foundation wall. The roof construction details, such as the wall plate with a knee wall and
a ridge, are equally important in analyses of the energy demands of ecological buildings,
and may significantly contribute to the heat losses from the upper part of the building.

External walls were assumed to have a timber frame positioned centrally in relation to
the wall thickness (variant “a”—Figure 1), and in the second case, it was positioned on the
internal side of the wall (variant “b”—Figure 2). Both types of walls were insulated with a
hemp–lime composite layer that was 400 mm or 530 mm thick (variant I and II). The wall
was finished with lime plaster from the outside and clay plaster from the inside. These
solutions are commonly used in practice. The junction of the roof slopes in the ridge was
also modeled (Figure 3). The roof was insulated with a light hemp–lime mixture placed
between the rafters. At the bottom, additional insulation made of wood wool was placed
between wooden battens. Figures 1–3 show details with a roof inclined at an angle of 20◦,
while variable inclinations of 10◦, 20◦, 30◦, and 40◦ were assumed in the work.
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Figure 3. Detail of the roof connection in the ridge.

2.2. Simulations
2.2.1. Calculation Method

Comparative analyses of the construction junctions require a two- or three-dimensional
model of heat transfer, allowing for their qualitative and quantitative evaluation. The
qualitative examination may cover a visual comparison of the isotherm layout and the
heat flux vectors in the connection. Quantitative assessment is based on the linear thermal
transmittance values, characterizing the additional heat transfer compared to the heat
transfer in uniform building partitions of the same length, as in the modelled junction.

In this paper, two-dimensional models of thermal bridges were prepared in line with
the standard ISO 10211 [36] using THERM 7.4 software. The software is developed and
distributed by the Lawrence Berkeley National Laboratory (LBNL) for use by building
component manufacturers, engineers, architects, and others interested in heat transfer [37].

Validation of the code was presented in [38]. It was made according to the standard
ISO 10211 [36] and consisted of comparing the numerical results of the temperature at
specified grid junctions given by the program with a strict analytical solution. For a code to
be classified as a “high precision calculation method”, the temperature should not differ
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by more than 0.1 K compared with the values listed in the standard; additionally, heat
flow should not vary by more than 0.1 W/(m·K) from the given heat flow. The program
complies with all requirements of the norm [36]. In the analyses of thermal bridges, the
experimental validation of the models is not commonly practiced, as this would require
constructing a costly, large-scale model [39,40]. Additionally, difficulties in maintaining
stable temperature conditions during the measurements and eliminating boundary effects
would make it difficult to obtain reliable results.

Numerical calculations of the temperature and heat flux in the construction junctions
prepared with the use of the THERM 7.4 software include the following: the introduction
of 2D geometric data through a graphic interface [41], the definition of material properties
and boundary conditions, the generation of a mesh within the element, the computation
of heat transfer through the Finite Element Analysis Solver, and the presentation of the
processed results. The basis for the further analyses is mainly the isotherm profile and
the thermal transmittance coefficient (U [W/(m2·K)]), averaged for the whole length of a
thermal bridge.

The modelled connection of building partitions forms a core of the bridge, where the
heat transfer is two-dimensional. One-dimensional heat transfer should be restored at some
distance from this center, usually estimated as a threefold thickness of the partitions (and
no less than 1 m) [36]. The cut-off planes are considered to be adiabatic, which means that
there is no heat transfer through them, and the isotherms are perpendicular to the planes.

The linear thermal transmittance coefficient ψ [W/(m·K)] may be determined using
the internal or external dimensions of the junction. Its value depends on the thermal flux
transferred per length and temperature units of the bridge in steady-state conditions [42].
The specific values are then subordinated to the method of the calculation of energy demand,
based on the internal or external dimensions of building partitions. In the case of convex
junctions, external ψ values are usually negative, because their external boundaries are
typically longer than the internal boundaries. This may make the analyses more difficult,
as the results are sometimes not intuitive or clear enough to be appraised. The internal ψ
values are commonly positive, giving a more evident idea of the range of thermal losses
through the construction. In the analyses, the linear thermal transmittance coefficient
was calculated according to EN ISO 10211 [36] using internal dimensions according to
Equation (1):

ψi = L2D − ∑j Lj·Uj (1)

where: L2D—thermal coupling coefficient obtained from the 2D analysis of the modelled
element as a multiplication of the averaged thermal transmittance U and the junction’s
length [W/(m·K)]; j—number of building partitions connecting in the thermal bridge;
L—internal length of a building partition [m]; U—thermal transmittance coefficient of a
building partition [W/(m2·K)].

Calculations of thermal transmittance of building partitions (walls and roof) were
made with the use of the standard ISO 6946 [43] and the THERM 7.4 software. The work
focused on the 2D simulations, and some effects connected with 3D heat flow in the rafters
and roof insulation were neglected. According to [44], the error resulting from performing
2D instead of 3D simulations in the case of a knee wall–roof junction was approximately
9%. The analyses were made for the building with a Porotherm block wall construction
(including reinforced concrete elements) and a rafter roof. The biggest influence on the error
was found to be the thermally diversified wall construction, and for the more homogenous
roof part, it did not exceed 3%. In the presented case, the wall is more uniform in terms of
the thermal properties of its parts. The thermal conductivity of insulating materials with
organic components (hemp–lime mixtures) is 0.08 W/(m·K), and the thermal conductivity
of timber forming a thermally weaker element is equal to 0.16 W/(m·K).

To make the influence of the 2D calculation method smaller, the following procedure
was introduced for all of the partitions including non-uniform layers, such as a wooden
load-bearing frame filled with the hemp–lime composite in the walls, rafters filled with
the hemp–lime mix, and wood wool between wooden battens fixed below the rafters
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in the roof construction. These layers were modelled in THERM first (cross-sections
perpendicular to the timber elements), presuming there is no thermal resistance between
the outer boundaries of the layers and the internal or external environment. Then, their
averaged thermal transmittance coefficients were used to calculate substitutive thermal
conductivity and applied in further THERM work.

2.2.2. Materials’ Properties and Boundary Conditions Used in Calculations

Tables 1 and 2 present the thermal conductivity of materials and elements assumed in
modelling, together with boundary conditions. The thermal conductivity of the hemp–lime
mixtures was obtained from the authors’ own research and laboratory measurements [4,15,19,21].
The source of the thermal conductivity coefficients of other materials was the ISO 10456
standard [45] or the catalogues of manufacturers. The absolute error of the numerical
analyses (calculated as the absolute value of the difference between the heat inflow and
outflow, divided by the mean heat flux through the junction) did not exceed 0.01%.

Table 1. Thermal conductivities of materials and building products.

Building Material Thermal Conductivity λ [W/(m·K)]

Hemp–lime mix (wall) 0.080
Hemp–lime mix (roof) 0.065

Wood wool 0.038
Timber 0.16

Fiberboard (low density) 0.07
Lime or clay plaster 0.70

Table 2. Boundary conditions assumed in modelling.

Surface Temperature
[◦C]

Surface Resistance
[(m2·K)/W] Description

Internal surface of the wall +20 0.13 Heat flow horizontal, simplified *
Internal surface of the roof +20 0.10 Heat flow upwards, simplified *

External surface (walls and roof) 0 0.11 Simplified *
Cut-off planes – – Adiabatic

Note: * the simplified model means that convective and radiative heat exchange is described by one common
surface resistance.

According to the Polish Institute of Meteorology and Water Management, the mean ex-
ternal winter temperature in Poland during 1991–2020 was −0.4 ◦C, and during 2020–2021,
it was −0.2 ◦C [46]. Regarding the rising trend of the air temperature in Poland, the external
temperature in the simulations was set to 0 ◦C to obtain the internal temperature in the
junctions consistent with average winter conditions. The external temperature does not
have any influence on the linear thermal transmittance coefficient, as it is adjusted to the
unitary temperature difference.

The external surface resistance Rse was calculated according to the ISO 6946 stan-
dard [43], as in Equation (2).

Rse =
1

hc + hr
(2)

where hc—the convective coefficient, for external surfaces adjacent to a well-ventilated air
layer [W/(m2·K)]; hr—the radiative coefficient, for the emissivity of surfaces of 0.9 and a
given mean temperature [W/(m2·K)].

3. Results and Discussion

Two levels of thermal insulation of the partitions that were included in the study
(Table 3) cover the range of the applicability of the hemp–lime constructions in Poland.
The first variant fulfills the national requirements regarding energy saving, and the second
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one is equivalent to the recommendations for low-energy buildings and the boundary
technological requirements concerning hemp–lime walls. It is recommended that the wall
thickness does not exceed approximately 500 mm [32] to enable proper drying and binding
of the composite (in the second case, the thickness of the walls, excluding the plaster, is
530 mm).

Table 3. Thermal transmittance coefficients of the partitions.

Type of Partition National Regulations
[W/(m2·K)]

Adopted Values
(Variant I)
[W/(m2·K)]

Low-Energy Buildings
[W/(m2·K)]

Adopted Values
(Variant II)
[W/(m2·K)]

External wall type “a” 0.20 0.198 0.15 0.147
External wall type “b” 0.20 0.198 0.15 0.148

Roof 0.15 0.149 0.12 0.117

3.1. Linear Thermal Transmittance of the Analysed Bridges

To make the results of the thermal bridges modelling more comparable, the connections
of the partitions were designed to have the same internal length while calculating their
linear thermal transmittance. Because of that assumption, in some of the junctions, it
was necessary to add additional wooden wedges supporting the rafters placed above the
capping beam. Also, the first batten supporting the ceiling was added at the same distance
from the wall in all cases.

The presented junctions of the building elements with the hemp–lime mix are rather
well-insulated. The thermally “weaker” parts are the wooden components, forming the
load-bearing construction or upholding the roof insulation below the rafters and the
internal cladding. The wooden elements such as the capping beam or the wooden battens
(perpendicular to the plane of the model) deform the isotherms slightly, but their influence
is not big (Figure 4).
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The first variants of the junction have the internal plaster put on the whole height
of the wall. In this way, there is no need to measure the predicted level of the internal
cladding or complement the plaster after the finishing of the roof. However, it turned out
that the plaster forms a kind of slab, transferring heat into the connection much better than
the surrounding elements. This phenomenon may be seen as the increased heat flux area
in Figure 5.
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This is the reason that explains why the analyses were broadened by the alternative
approach to finishing the construction, with the internal plaster applied only to the level of
the connection with the ceiling (Figure 6). The values of the linear thermal transmittance
are put together in Tables 4 and 5.
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Figure 6. Schematic view of heat flux in a knee wall–roof junction after removing part of the internal
plaster (partitions cut closely to the center of the junction to make the figure smaller).

The bigger the slope of the roof, the smaller the ψ value. This may be caused by the
change of the geometry, getting nearer to the flat partition, and by the smaller area of the
heat outflow. The values obtained for the roof sloped by 10◦ are close to the ISO 14683
standard [47] values for the convex corners, equal to 0.05 W/(m·K). Increased thermal
insulation results in smaller ψ values as well, and the reduction ranges from 5% to 15%.

Table 4. Linear thermal transmittance (internal dimensions)—knee walls and the roof, variant I of
insulating properties.

Slope of the
Roof
[deg]

Linear Thermal Transmittance [W/(m·K)]

Wall with the Central Load-Bearing
Frame (Variant “a”)

Wall with the Internal Load-Bearing Frame
(Variant “b”)

Plaster to the Top of
the Wall

Plaster to the
Ceiling Level

Plaster to the Top of
the Wall

Plaster to the
Ceiling Level

10 0.055 0.044 0.059 0.047
20 0.047 0.041 0.052 0.047
30 0.040 0.037 0.046 0.043
40 0.031 0.031 0.037 0.037
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Table 5. Linear thermal transmittance (internal dimensions)—knee walls and the roof, variant II of
insulating properties.

Slope of the
Roof
[deg]

Linear Thermal Transmittance [W/(m·K)]

Wall with the Central Load-Bearing
Frame (Variant “a”)

Wall with the Internal Load-Bearing Frame
(Variant “b”)

Plaster to the Top of
the Wall

Plaster to the
Ceiling Level

Plaster to the Top of
the Wall

Plaster to the
Ceiling Level

10 0.048 0.037 0.053 0.042
20 0.042 0.036 0.047 0.041
30 0.036 0.033 0.042 0.040
40 0.029 0.029 0.035 0.035

Removing the plaster from the inside area of the bridge reduced the linear thermal
transmittance by 20–23% at the maximum (slope of the roof 10◦) for both types “a” and “b”
of wall construction (Figure 7). In the case of the roof sloped by 40◦ the ψ values remained
the same. Here, the wall corner dipped very little during the roof construction; therefore,
in practice, it would be not justifiable to lay the plaster to a lower level.
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(b) variant II of insulating properties.

The connection of the wall with the load-bearing frame located near its inner surface
and the roof turned out to be a worse solution concerning the thermal bridge in the corner.
The steeper the roof, the bigger the difference that occurred between variants “a” and “b”,
ranging from approximately 8% (slope 10◦) to 22% (slope 40◦). This was probably caused
by the presence of the additional wooden wedges supporting the rafters placed on the
capping beam. Their application was necessary to keep a constant level of the roof above
the knee wall and a constant length of the partitions creating the junction. In addition, the
type “b” wall construction has a slightly higher thermal transmittance coefficient than the
type “a” construction, which may also contribute to this effect.

Concerning the ridge, a similar regularity may be observed as for the knee wall—the
more convex the shape of the junction, the bigger the linear thermal transmittance (Table 6).
The smallest slope (10◦), close to the plane, is characterized by the smallest ψ value. This
may suggest that, in the connections of well-insulated partitions without any obvious
elements of high thermal transmittance, heat losses depend to a large extent on the shape
of the junctions (Figure 8). The reduction in ψ values caused by the increase in insulating
properties of the partitions is almost constant for all of the slopes and equal to 22%.
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Table 6. Linear thermal transmittance (internal dimensions)—ridge.

Slope of the Roof
[deg]

Linear Thermal
Transmittance (Variant I)

[W/(m·K)]

Linear Thermal
Transmittance (Variant II)

[W/(m·K)]

10 0.026 0.020
20 0.034 0.027
30 0.041 0.032
40 0.047 0.036
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3.2. Heat Losses through an Exemplary Roof

The results of the analyses do not point unambiguously to what slope of a roof would
be the most favorable regarding heat transfer. Smaller slopes show bigger heat flow through
the knee wall–roof junction and smaller through the ridge, and in the case of bigger slopes,
the situation is the opposite. The surface of the roof, differing for the examined slopes, may
also have an important influence on the total heat transmission.

The following results (Tables 7–10) present heat loss coefficients Htr for a gable roof
8 m wide and 12 m long (internal dimensions), shown in Figure 9.
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Table 7. Transmission heat loss coefficients for an exemplary gable roof, wall variant “I a”.

Slope of the
Roof

[◦]

Transmission Heat Loss Coefficient

Wall with Plaster to the Top Wall with Plaster to the Level
of the Ceiling

Total
[W/K]

Thermal Bridges
[W/K]

Thermal Bridges
[%]

Total
[W/K]

Thermal
Bridges [W/K]

Thermal
Bridges [%]

10 16.885 2.360 14.0 16.619 2.095 12.6
20 17.539 2.318 13.2 17.384 2.163 12.4
30 18.790 2.275 12.1 18.716 2.202 11.8
40 20.918 2.251 10.8 20.911 2.244 10.7

Table 8. Transmission heat loss coefficients for an exemplary gable roof, wall variant “I b”.

Slope of the
Roof
[deg]

Transmission Heat Loss Coefficient

Wall with Plaster to the Top Wall with Plaster to the Level
of the Ceiling

Total
[W/K]

Thermal
Bridges [W/K]

Thermal Bridges
[%]

Total
[W/K]

Thermal Bridges
[W/K]

Thermal
Bridges [%]

10 17.019 2.494 14.7 16.739 2.214 13.2
20 17.675 2.454 13.9 17.557 2.336 13.3
30 18.974 2.460 13.0 18.915 2.401 12.7
40 21.111 2.444 11.6 21.103 2.436 11.5

Table 9. Transmission heat loss coefficients for an exemplary gable roof, wall variant “II a”.

Slope of the
Roof

[◦]

Transmission Heat Loss Coefficient

Wall with Plaster to the Top Wall with Plaster to the Level
of the Ceiling

Total
[W/K]

Thermal Bridges
[W/K]

Thermal Bridges
[%]

Total
[W/K]

Thermal Bridges
[W/K]

Thermal
Bridges [%]

10 13.399 1.994 14.9 13.134 1.729 13.2
20 13.906 1.954 14.0 13.758 1.806 13.1
30 14.878 1.910 12.8 14.812 1.844 12.4
40 16.559 1.901 11.5 16.551 1.893 11.4

Table 10. Transmission heat loss coefficients for an exemplary gable roof, wall variant “II b”.

Slope of the
Roof
[deg]

Transmission Heat Loss Coefficient

Wall with Plaster to the Top Wall with Plaster to the Level
of the Ceiling

Total
[W/K]

Thermal Bridges
[W/K]

Thermal Bridges
[%]

Total
[W/K]

Thermal Bridges
[W/K]

Thermal
Bridges [%]

10 13.561 2.156 15.9 13.273 1.868 14.1
20 14.062 2.110 15.0 13.917 1.965 14.1
30 15.082 2.115 14.0 15.031 2.063 13.7
40 16.751 2.093 12.5 16.751 2.093 12.5

In the connection of the gable wall and roof, the ψ values were 0.045 W/(m·K) and
0.047 W/(m·K) (variant I), and 0.036 W/(m·K) and 0.039 W/(m·K) (variant II) for the wall
construction types “a” and “b”, respectively. The calculations include heat losses through
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the roof slope and thermal bridges along eaves, ridge, and the top of gable walls, according
to Equation (3) [48]:

Htr = ∑i Uri·Ari + ∑j ψj·Lj (3)

where i—number of the roof slopes; Ur—thermal transmittance coefficient of the roof
[W/(m2·K)]; A—internal surface of a roof slope [m2]; j—number of the thermal bridges;
ψ—linear thermal transmittance of a thermal bridge [W/(m·K)]; L—internal length of a
thermal bridge [m].

Transmission heat losses Qtr [Wh] during a period depend proportionally on the heat
loss coefficient, as in Equation (4) [48]:

Qtr = Htr·(θint,H − θe)·tM (4)

where θint,H—the set-point temperature for heating [◦C]; θe—mean external temperature
during a period [◦C]; tM—duration of the calculation period [h].

The transmission heat loss coefficient clearly rises with the growing slope of the roof
(Figure 10). The contribution of thermal bridges to the total heat loss coefficient ranges from
10.7% to 15.9%. It decreases as the slope of the roof increases, because of the rising impact
of the heat losses through the growing roof area. For the wall variant “b”, the influence
is slightly higher, because of the higher values of the linear transmittance coefficients
themselves. Using the construction with the load-bearing frame located at the internal wall
surface enlarges heat losses from the roof by 1.1% on average. Improved insulation reduces
the heat loss coefficient by 21% on average.
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Thanks to the modification of the bridges consisting of removing the plaster from
their interior it is possible to lower the heat losses up to 1.6% in variant I and up to 2.1% in
variant II (in the case of the slope of the roof 10◦). This change has rather a limited effect on
the heat transfer, lessening as the slope of the roof grows. However, it may be still worth
taking into consideration as a solution not generating additional costs.

4. Conclusions

Hemp–lime composite is a material used to fill building partitions that have wooden
load-bearing elements. It belongs to a group of ecological, recyclable, easy-to-prepare
materials made of locally available components. Using this material in typical and low-
energy buildings demands the assertion of the possibility of constructing building partitions
and junctions characterized by low thermal transmittance. The presented research proves
such potential of the composite—the U values of the walls and roof are in the range between
0.15 and 0.20 W/(m2·K), and between 0.12 and 0.15 W/(m2·K), respectively, and all of the
analysed thermal bridges have ψ values well below 0.10 W/(m·K).
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The study concentrates on thermal bridges appearing in roofs of different slopes and
their connections with knee and gable walls. Our experiments enabled a comparison
between different types of walls, concerning the heat transfer in construction junctions.
The analyses revealed weak spots in the thermal bridges, which was a starting point for
working out improved solutions with reduced linear thermal transmittance coefficients.

The final recommendations regarding the roof construction are as follows:

• The smaller tilt of a roof is a factor diminishing heat transfer through the main part of
the construction;

• Even though they increase the heat transfer through the linear bridges, their influence
is of minor importance in this case;

• As the share of the thermal bridges in the total heat losses may be up to 15%, the
above statement does not justify the negligence of carefully designing the construction
junctions, especially in low-energy buildings;

• Through the analyses of heat transfer in specific junctions, it is possible to identify
weak points in construction and substitute them with an alternative, better design.

It is also worth mentioning that accounting for heat losses throughout the whole
construction is an approach that gives more reliable and complete information compared
with an examination of the thermal transmittance coefficients of isolated building partitions
and junctions.

The presented work has some limitations. Firstly, the effects associated with the 3D
heat flow in the rafters and roof insulation were neglected. In the presented case, the
partitions are relatively uniform in terms of the thermal properties of its components,
lowering the resulting simulation error. Also, the two-step modelling procedure was
introduced, based on the substitution of non-uniform layers by the equivalent thermal
conductivity, calculated with the use of additional 2D simulations. Secondly, in practical
applications, the elements used in real constructions may have different thermal properties
or dimensions, so the presented values of linear thermal transmittance coefficients or
heat loss coefficients should be treated as approximates. Thirdly, vapor transfer is not
included in the study, as it cannot be handled by computer programs meant for heat
transfer analyses [49].
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