
1 THE ANALYSIS OF THE THERMAL CHARACTERISTICS OF THE
ASSEMBLIES OF THE BUILDING CONSTRUCTIONS
1 The analysis of the thermal characteristics

of the assemblies of the building construc-
tions

1.1 Hygrothermal performance of insulating assemblies
under real operational conditions

One of the project’s objectives is to develop lightweight construction solu-
tions that can be used in near-zero-energy building (NZEB) construction in
Latvia. In order to successfully reach the goal, one must verify that the pro-
posed solutions are adequate and that there are no risks of condensation and
mould growth. To this end, construction elements of several buildings have
been analysed - heat and moisture transport processes have been modelled
over a period of 5 years where possible and, in certain cases wherein boundary
conditions were not known with sufficient certainty (such as floor insulating
elements), or when moisture dynamics were of no interest, stationary tem-
perature profiles and dew point fronts were computed. Structural elements
of the following buildings have been modelled: a small public building, a
two-storey private house and a grocery store.

Critical notes and/or recommendations are provided for each structural
element based on its performance and expected risks (or lack thereof).

Several new lightweight insulating assembly prototypes for use in Latvian
climate have been tested in silico to check if proposed designs are adequate:
a series of envelopes using conventional materials and prospective solutions
based on hempcrete, a less standard insulation material. In the latter case,
using accumulated experimental data, a material model for hempcrete was
established and validated.

Over the course of this project period, a wall envelope based on cross
laminated timber was optimized and its performance with and without a
mandatory (fire safety regulations) inner gypsum layer was assessed. Also,
numerical modelling was used to evaluate the risks due to perforation of
a vapor barrier for a roof envelope of a public building. In addition, an
alternative solution is developed and presented for the roof envelope for the
small public building treated in preceding sections of this report.

Finally, drawing upon 6+ years of accumulated weather and hygrother-
mal data from test buildings located at the Botanical garden of the University
of Latvia, numerical models were established for insulating assemblies used
within test buildings. By establishing the correct initial conditions and simu-
lating temperature and moisture dynamics over the experimental monitoring
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period, we have validated the Sedlbauer’s mould growth prediction model for
use in Latvian climate and have defined models for popular insulation en-
velope materials that were previously unavailable in databases. Some of
the material models from existing databased have also been verified. These
results were presented at two scientific conferences (4th International Con-
ference on Innovative Materials, Structures and Technologies (IMST) 2019,
Riga, Latvia and 10th Forum of Ecological Engineering (FEE) Kazimierz
Dolny, Poland) and published in two indexed peer-reviewed journals (IOP
Conference Series and Journal of Ecological Engineering).

1.2 A general description of problem archetypes
This report covers the following two problem archetypes:

• Transient one-dimensional temperature and relative humidity calcula-
tions in structural elements where such an approximation is feasible

• Stationary two-dimensional temperature field calculations

In the first case, one computes the dynamics of temperature (T ) and rel-
ative humidity (ϕ) fields across the structural element in question by solving
a system of coupled T and ϕ transport equations, wherein material proper-
ties are known functions of T and ϕ. Calculations result in predictions of T
and ϕ dynamics over a 5 year period, wherefrom dew point (Tdew) and water
content (w) dynamics can be derived, as well as the isopleths, which inform
one of potential mould growth risks. Surface thermal and moisture resis-
tances, capillary conduction, latent heat due to water phase transitions (and
temperature dependence thereof) and solar radiation, as well as radiation ex-
change with the environment are accounted for. Exterior climate dynamics
are derived from averaged data obtained from a local meteorological station
(Riga Botanical Garden) over several years. The model also includes received
solar radiation intensity dependence on how structural elements are oriented
(facing North, etc.). Wind driven rain is excluded from the model due to
lack of data from the local station. Interior building climate is set according
to the EN 13788 standard assuming humidity class 3 - this provides realistic
conditions, but with slightly higher ϕ levels (peaks during winter), which
ensures that component performance is evaluated for a (realistic) worst case
scenario.

In the second case, one computes stationary T fields in structural com-
ponents, taking into account how components respond to internal building
climate, as well as the exterior weather conditions. The fact that character-
istic time scales for temperature transport through insulating components
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are large (which explains the 5 year calculation period in the above prob-
lem), it makes sense to consider T and ϕ extremes that can potentially last
for a considerable amount of time, such as low exterior temperature during
night time and especially winter. Thus, external temperature is treated as
constant and a reference humidity is set to interior levels, which may vary
depending on HVAC settings (ϕ is varied in the 0.2−0.7 range to account for
various HVAC settings and to examine the more extreme cases and obtain a
worst case scenario prediction). One can then establish the dew point front
and check whether it intersects any free surfaces (ducts, interior walls) where
condensation may occur.

The next section covers the details of mathematical formulation of the
above problems and solution methods.
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1.3 Governing equations, boundary and initial condi-
tions, modelling tools

The first problem archetype is handled using WUFI Pro 5, a specialized
software package for transient one-dimensional T and ϕ coupled transport
problems. Coupled heat and moisture transport is governed by the following
two equations:

∂H

∂T
· ∂T

∂t
= ∇(λ∇T ) + hv∇(δp∇(ϕpsat)) + Sh (1)

∂w

∂ϕ
· ∂ϕ

∂t
= ∇(Dϕ∇ϕ + δp∇(ϕpsat)) + Sw (2)

where λ is thermal conductivity, hv is evaporation heat of water, δp is vapour
permeability, psat is saturation vapour pressure, H is enthalpy, Dϕ is the
liquid conduction coefficient, whereas Sh and Sw are heat and water sources
within domains on which equations (1) and (2) are defined. In case of one
dimensional problems, their form depends on whether the problem domain
is linear or radially symmetric. In any event, one solves equations (1) and
(2) over some interval [0; R]. Boundary conditions for T (3) and ϕ (4) are
prescribed by exterior (Tex and ϕex) and interior (Tin and ϕin) climate:

∇T · n⃗ + hT (T − Tex/in) = q(t) (3)

∇(ϕpsat) · n⃗ + βϕ(ϕpsat − ϕex/in · (psat)ex/in) = m(t); βϕ = µMϕhϕ

Dϕ

(4)

where hT is the surface heat transfer coefficient, n⃗ is the boundary normal
vector, µ is moisture diffusion resistance, hϕ is the surface moisture transport
coefficient and Mϕ is the molar mass of water vapour. Terms q(t) and m(t)
represent radiative heat exchange and rain water absorption at the exterior
boundary. For the interior boundary, both terms are zero.

According to EN 13788, one has Tin(R, t) = 20◦C. For a detailed repre-
sentation of boundary conditions used throughout simulations with WUFI
Pro 5, please refer to figures 1, 2 and 3 below. Note that in general one also
has λ = λ(T, ϕ), w = w(ϕ), Dϕ = Dϕ(w), δp = δp(ϕ), H = H(T ) - these
functions must be known with sufficient accuracy to reliably model structural
component performance.
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Figure 1: Boundary conditions ϕex(0, t) and Tex(0, t) - exterior climate.

Figure 2: Boundary conditions ϕin(R, t) and Tin(R, t) - EN 13788 interior
climate, humidity class 3 is assumed.
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Figure 3: Mean characteristics of exterior climate used in simulations with
WUFI Pro 5. Color coding represents accumulated solar radiation magni-
tude, black to yellow, black being the minimum.

WUFI Pro 5 is based on the finite volume method (FVM), which converts
(1) and (2) to integral forms, wherein volume terms are converted to volume
averages and only surface flux integrals are preserved. Spatial discretization
of partial differential equations (1) and (2) is done using the finite difference
method (FDM), and the resulting ordinary differential equations are solved
using standard integration approaches. WUFI uses a segregated approach:
starting from initial conditions (T0(r, 0) and ϕ0(r, 0)), the first time step has
the solver algorithm first update thermal coefficients and compute the new
temperature field. The solver then proceeds to update hygric coefficients and
calculated the new moisture field. If the convergence criterion is reached, the
next time step is initialized and the above is repeated, otherwise the time
step cycle is reiterated until convergence or until a maximum number of sub
iterations is reached, in which case convergence failure is recorded and the
solver proceeds to the next time step. By default, time step is 1 hour, which
matches that of external and internal boundary condition data sets, but one
may enable adaptive time step refinement in order to combat convergence
problems. The numerical mesh is a typical FVM cell grid with inflation
layers in proximity of material boundaries and domain boundaries. Once the
simulation is successfully complete, WUFI automatically derives dynamics
for all other fields which depend on T and ϕ, as well as heat and moisture
fluxes. Dew point field is calculated via the Arden-Buck equation:
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Tdew(T, ϕ) = cγ(T, ϕ)
b − γ(T, ϕ)

(5)

γ(T, ϕ) = ln

(
ϕ

100
e(b− T

d
)( T

c+T
)
)

(6)

here b = 18.678, c = 257.14◦C and d = 234.5◦C. This has been verified by
direct comparison of Tdew curves generated by WUFI against curves manually
computed using (5) and WUFI solution data for T and ϕ.

Initial conditions for a simulation run can be set almost arbitrarily, since
perturbations from boundary conditions quickly ”erase” any trace of ini-
tial fields over the first few months. To be more specific, initial conditions
T (r, 0) = 20◦C and ϕ(r, 0) = 0.5 are set for all WUFI simulations. Solar
radiation is incorporated into Sh in (1).

Please note that although equations (1) and (2) include many essential
effects, there are limitations to this mathematical model. Citing WUFI de-
velopers (wufi-wiki.com), air flows in structural components are neglected,
as well as ground water uptake under hydrostatic pressure (hence moisture
dynamics are not solved for in floor insulating elements, where one also lacks
data for boundary conditions). In general, water contains salt, and their
transport is interdependent - this is not included in the model. WUFI
also does not account for the fact that, for instance, wood and concrete
change their material properties depending on the history of moisture con-
tent. Whereas in some cases this effect is not pronounced, in others it may
lead to discrepancies between simulations and experiment.

In case of the second problem archetype, one simply solves a simplified
stationary version of (1), but in two dimensions:

∇(λ∇T ) = 0 (7)

This problem is solved using COMSOL Multiphysics 5.3a, which is based
on the finite element method (FEM). Equation (7) is converted to its weak
form and then applied to all nodes of the FEM mesh (unstructured trian-
gle mesh, unless indicated otherwise), forming a system of linear algebraic
equations (linearity is due to the assumption that material properties are vir-
tually constant for this type of problem). The resulting algebraic equations
are solved using direct methods. FEM discretization uses Lagrange elements
with second order basis functions by default. Dew point field is computed
via (5).

Since external and internal temperatures are assumed constant in this
model, one has Robin boundary conditions on interior and exterior interfaces
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of simulated elements, which represents heat exchange due to temperature
difference between the structural element boundary and external medium:

∇T (X) · n⃗ + UT (X) = 0 (8)
where X is the set of all points comprising a boundary and U is thermal con-
ductance, or the U -value, the inverse of thermal resistance of the structural
element in question. U values for roofs, walls and floors are taken from the
ISO 6946:2017 standard. The element represents only a certain section of
a building, so there are also boundaries within walls, roofs and floors that
are perpendicular to interior and exterior boundaries. Adiabatic boundary
conditions are set at these boundaries, which are placed such that compu-
tational domain size is sufficiently large to avoid interference from heat flux
reflections. Adiabatic conditions are Neumann type and are of the form

∇T (X) · n⃗ = 0 (9)
Both (8) and (9) are, in terms of FEM, boundary conditions of the nat-

ural type and are incorporated directly into FEM element equations. For
stationary problems, and especially when no Diriclet type conditions are de-
fined, one must provide a good initial T0(r⃗) field guess for the solver to start
from. Throughout this report T0 = 20◦C is set over the entire computational
domain.

The next section outlines how mould growth risk analysis is performed
based on WUFI simulation results.
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1.4 Mould growth risks
The risk of micro organism population development and mould growth is
evaluated for free surfaces only - these include air gap surfaces, interior sur-
face of structural elements, as well as material boundaries where contact gaps
are expected. It must be noted immediately that mould growth risk analysis
does not account for the sterilising effect of solar ultraviolet radiation. Salt
content and pH values are also not included in models.

The Viitanen mould growth model implemented in WUFI is formulated
in such a way that it will correctly predict the absence of mould risks, but
positive mould growth predictions do not always warrant mould growth. As
such, the model is very safe in this regard.

The essence is as follows: in order for a micro organism population to
develop, there must be appropriate conditions - temperature and relative
humidity levels must be above certain thresholds for a sufficient amount of
time. Once these conditions are met and growth is initiated, it continues until
temperature or humidity (or both) decrease below their thresholds. Given
time spent above thresholds each time they are crossed, the Viitanen model
yields mould growth rate as well as the mould index, an integer number
valued from 0 to 6, which represents the following range of conditions:

• 0 - there is no mould risk

• 1 - low micro organism concentration, visible only using a microscope

• 2 - moderate micro organism concentration, visible only through a mi-
croscope, growth area covers about 10% of the free surface

• 3 - mould is clearly visible in certain areas, thin fungal yarns are visible
through a microscope

• 4 - clearly visible mould growth area covering over 10% of the free
surface

• 5 - clearly visible mould growth area covering over 50% of the free
surface

• 6 - micro organisms cover the free surface entirely

The set of threshold temperature and relative humidity value pairs (T, ϕ)
is given by critical curves known as isopleths. These are different for various
material types, depending on how good of a substrate for micro organism
growth these materials are. A common and widely accepted model is the
Sedlbauer lowest isopleth for mould (LIM) approach.
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1.4 Mould growth risks

There are three isopleth types: LIM 0, which gives the conditions for mold
growth on organic materials that are natural substrates for micro organisms;
LIM I, which describes biodegradable materials, such as paper, wood, gypsum
boards; LIM II, which is used for porous mineral materials that are more
difficult to degrade. These isopleths are shown in figure 4. Clearly, LIM 0
materials are never used in building structural elements. Whether or there
is a mould growth risk can be assessed by plotting the history of (T, ϕ)
given by simulations against LIM critical curves - points above LIM I and II
indicate risk, and their density - its severity. Temporal density of (T, ϕ) can
be visualized by color coding points by date of appearance.

Figure 4: Critical isopleths for different types of materials. LIM 0: organic
materials that are natural substrates for micro organisms. LIM I: biodegrad-
able materials. LIM II: porous mineral materials that are more difficult to
degrade.

The next section covers the results obtained using the above approach,
and analysis thereof. The first building to be discussed is the small public
building.
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1.5 The public building
The public building includes several key structural elements, as indicated by
an overview drawing in figure 5

Figure 5: An overview drawing of a cross section of the House of Philanthropy,
wherein insulating structural elements are highlighted.
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1.5 The public building

1A: AR-3 roof element

AR-3 roof element was simulated to establish temperature, relative humidity
and water content dynamics, and to check for water condensation and mould
growth risks, excluding wooden beams to allow for the application of the 1-
dimensional model. To compensate for this, wooden beam thermal bridging
effects were evaluated separately.

Figure 6: AR-3 roof element schematics with highlighted materials and layer
thickness values.

A more detailed description of materials and their properties, including
hygric and thermal functions, can be found in the WUFI calculation report
attached to this one as an annex. This element’s performance was evaluated
for two different external EPS (expanded polystyrene) layers: 20 mm and
120 mm, as indicated in figure 6.

An important point must be made here that holds throughout this re-
port. Material properties and hygrothermal functions were taken from the
following sources: WUFI Pro 5 materials library, which includes data sets
from material manufacturers and research institutions from Europe (mainly
Germany) and USA; COMSOL materials library; manufacturer web pages
and/or data sheets. In cases when properties and functions could not be taken
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from a single source or when hygrothermal function shapes were unavailable,
materials of equivalent class were chosen (materials of similar types tend to
have identical function shapes) and their properties modified as prescribed
by the available specifications.

Figures 7 and 8 below demonstrate AR-3 element’s performance during
the 5 year simulation interval, where red, green and blue coloured areas
stand for T , ϕ and w value ranges respectively across various materials (also
marked in figures). This color scheme and format persists throughout this
report. Note that there are no sharp highly localized spikes in water content
profile, aside from water retarders, where they are expected. Figures 7 and 8
indicate significant differences in moisture dynamics between elements with
maximum and minimum external EPS layer thickness values. Temperatures
are not in excess of norm within interior layers in both cases, indicating that
thermal insulation performs well in both cases.

Figure 7: AR-3 roof element’s performance with a 120 mm thick external
EPS layer. Red, green and blue coloured areas stand for T , ϕ and w value
ranges respectively across various materials marked below the graph area.
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Figure 8: AR-3 roof element’s performance with a 20 mm thick external EPS
layer. Red, green and blue coloured areas stand for T , ϕ and w value ranges
respectively across various materials marked below the graph area.

There is, however, a region where moisture reaches potentially unsafe lev-
els and dynamics should be examined more thoroughly. Specifically, vapour
barrier/exterior EPS layer is of concern. Moisture related dynamics at these
positions are given in figures 9-11 for 120 mm and 12-14 for 20 mm exterior
EPS, wherein averaged Tdew versus T , ϕ and w dynamics are plotted against
time. Here years 2018-2013 are simply placeholders, since pre-recorded cli-
mate data sets are used and 5 full climatic cycles are simulated. Data aver-
aging is performed simply for viewing and analysis convenience, and moving
average window is set to 4 days, which eliminates visual interference but
does not alter trends. Original data sets are plotted in black, whereas their
moving averages are plotted in orange. This format persists throughout this
report for all Tdew versus T , ϕ and w graphs.
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Figure 9: Averaged dynamics for Tdew and T at the vapour barrier/exterior
EPS layer boundary in case of a 120 mm exterior EPS layer.

Figure 10: Averaged dynamics for ϕ at the vapour barrier/exterior EPS layer
boundary in case of a 120 mm exterior EPS layer. Black and orange plots
are the original solution data set and its moving average.
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Figure 11: Averaged dynamics for w at the vapour barrier/exterior EPS layer
boundary in case of a 120 mm exterior EPS layer. Black and orange plots
are the original solution data set and its moving average.

Figure 12: Averaged dynamics for Tdew and T at the vapour barrier/exterior
EPS layer boundary in case of a 20 mm exterior EPS layer.
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Figure 13: Averaged dynamics for ϕ at the vapour barrier/exterior EPS layer
boundary in case of a 20 mm exterior EPS layer. Black and orange plots are
the original solution data set and its moving average.

Figure 14: Averaged dynamics for w at the vapour barrier/exterior EPS layer
boundary in case of a 20 mm exterior EPS layer. Black and orange plots are
the original solution data set and its moving average.
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One can see that in both cases there is a considerable risk of condensa-
tion over relatively lengthy time intervals at the vapour barrier during winter
and that local water content progressively increases, with much higher water
content being entrapped within a 20 mm layer, since Paroc Extra is more
difficult to permeate than EPS and a thinner layer leads to more pronounced
water concentration. One must also note that (T, ϕ) pair history shows sig-
nificant temporal density above LIM I and LIM II curves, as seen in figures
15 and 16. Note that in figures 15 and 16 color coding from dark blue to
yellow represents the order of occurrence, yellow being the latest. Points
outside of T > 0◦C area are not plotted since a micro organism population
does not develop at temperatures below 0◦C. Despite the fact that both the
vapour barrier (typically metallic foil or highly resilient plastic) and EPS are
non-biodegradable and very difficult to degrade in general, micro organisms
could still feed off nutrients within condensed water (transported from the
exterior) and produce toxins as by-products, which would then be diffused
into building interior and present a biological hazard to its occupants.

Figure 15: (T, ϕ) history plotted against critical isopleths. Points are color
coded by order of occurrence.
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Figure 16: (T, ϕ) history plotted against critical isopleths. Points are color
coded by order of occurrence.

As such, this structural element is obviously unfit for installation into the
building, despite its good thermal performance. Clearly, because this kind
of flaw is already fatal, there is no need for further dynamic hygrothermal
performance analysis until this element is radically revised and optimized.

There is, however, good news - thermal bridge analysis indicates that,
even in the worst case scenario with the minimum exterior EPS thickness,
wooden beams do not significantly advance the dew point front towards the
interior surface and the front does not cross the surface anywhere (as seen in
figures 17 and 18), also meaning that 1-dimensional transient analysis using
WUFI is, in this regard, sufficiently accurate. Figure 17 depicts isothermal
contours across the element with different materials color coded in gray scale.
Here yellow values at the isotherms represent corresponding temperature
values, and phi = 70, Text = −20, h7 = 20 above the plot stand for 0.7
relative humidity, −20◦C exterior temperature and 20 mm exterior EPS
layer thickness respectively.
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Figure 17: Isotherms throughout the element with temperature values
marked in yellow and different materials marked in gray scale.

Figure 18 shows similar isothermal contours, this time overlaid on top of
a dew point field - here black coloured area is where condensation at free
surfaces is not expected, and white area is one which dew point field has
already spread to. The black/white boundary is the dew point front. One
can see that wooden beams introduce deformations to the isotherm field,
but large not enough, since the beams are too thin to considerably alter the
temperature field, despite relatively high thermal conductivity. As as result,
the dew point front is a safe distance away from the interior even under worst
case conditions. Also, long term water content is stable for both thickness
values with little relative difference, as seen in figure 19 below.
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Figure 18: Isotherms throughout the element with temperature values (◦C)
marked in yellow and dew point front given by the black/white area bound-
ary.

Figure 19: Averaged water content dynamics forecast for a 5 year long inter-
val.
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1B: AR-17 exterior wall element

The next element in question is the AR-17 exterior wall construction, with
its drawing shown in figure 20 below.

Figure 20: AR-17 exterior wall element schematics with highlighted materials
and layer thickness values.

Here one is concerned with the part of the wall that reaches into the
building interior - there, the innermost layer is comprised of cross laminated
timber (CLT). Note that the wall is protected by an attached exterior layering
and is separated from it by a ventilated air gap, with both of its boundaries
protected by aluminium foil. This has two implications: first, the outermost
Kingspan Kooltherm K12 layer is not exposed to solar radiation; second, air
gap ventilation regime is usually such that its inner boundary is exposed to
boundary conditions that are virtually identical to exterior climate. It also
means that radiation heat absorbed by exterior protective layers does not
diffuse through the air gap and can be effectively eliminated from the model.

Hygrothermal performance of AR-17 is demonstrated in figure 21, and
its total water content dynamics is shown in figure 22.
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Figure 21: Hygrothermal performance of AR-17.

One can see that although there are no unacceptable humidity or tem-
perature extremes, AR-17 is unstable with respect to water content accumu-
lation within the first 5 years of operational lifetime. Such stability being
one of the criteria for feasibility, this element will have to be optimized fur-
ther. However, total water content increase over 5 years is only 10% of the
initial value, which means this issue is not that severe. The one spot where
extra attention is perhaps needed is the area directly behind the exterior
aluminium foil layer where it comes in contact with the insulation layer.
Figures 23-25 indicate that although, technically, relative humidity never
never reaches 1, local temperature is very close to dew point temperature.
Kingspan Kooltherm K12 is non-biodegradable, and looking at the LIM II
curve in figure 23 one can see that (T, ϕ) temporal density above LIM II is ex-
tremely low. This means that mould growth is unlikely even if nutrients are
transported through the aluminium foil, and given the hygrothermal perfor-
mance of the CLT layer, one would not expect any by-products to propagate
into interior in considerable amounts. There is, however, a tendency of water
content increase over time, and (T, ϕ) pairs accumulate closer to LIM II with
time, so this part of the element should be improved.

All in all, while none of the above flaws are critical and AR-17 is feasible
without major design alterations, the minor issues should nevertheless be
addressed to ensure AR-17 performs well over longer time periods. As in the
case of the previous element, a detailed calculation report is attached as an
annex to this report.
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Figure 22: Total water content dynamics for AR-17.

Figure 23: Mould growth risk assessment for AR-17 foil/insulation boundary.
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Figure 24: Temperature versus dew point dynamics for AR-17 foil/insulation
boundary.

Figure 25: Total water content dynamics for AR-17 foil/insulation boundary.
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1C: AR-2 floor element.

The AR-2 floor element, shown in figure 26, was analysed to check if it
provides adequate protection from low ground temperature.

Figure 26: AR-2 element schematics.

Evaluation at worst case conditions (Text = −20◦C, ϕ = 0.7) shows that
this structural element performs well and the dew point front is at a safe
distance from the interior floor, as seen in figure 27 below.
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Figure 27: Dew point front and isotherms with temperature values in ◦C
throughout AR-2.

As such, this element is completely feasible.
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1D: AR-16 M-01 wall corner element.

AR-16 M-01 is a corner structural element wherein the above analysed roof
an floor elements intersect. Its schematic is shown in figure 28 below. This
structural element proved not to be a weak point - as seen in figures 29-31,
interior surface is protected by an envelope of closely spaced isotherms. The
higher their density, the slower the dew point front advances as the rela-
tive humidity increases. However, one must note that considerable heat flux
leaves the building through concrete (light gray in figure 30), so if heat bal-
ance considerations later reveal that overall building efficiency in not nZEB
standard compliant, this would be the spot that could be optimized, pos-
sibly via outwards extension of the insulation layer that is embedded into
the ground, beneath the wall (darker gray in figure 30, to the right of the
concrete layer). This corner configuration should be safe to implement as it
currently stands, however, since the dew point front does not intersect the
interior surface. It does come close at the interior corner, but this can be
readily rectified by the means proposed above.

Figure 28: AR-16 M-01 wall/floor corner structural element.
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Figure 29: AR-16 M-01 temperature and heat flux (arrows) distribution.

Figure 30: AR-16 M-01 isotherms with color coded materials.
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Figure 31: AR-16 M-01 dew point front with an isotherm overlay.
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1E: AR-16 MO-3 wall corner element.

The AR-16 MO-3 element is an intersection of two AR-3 with a built-in air
duct at the corner. The duct is located within the insulation layer that is
between the exterior layer and CLT, as seen in figure 32, where the duct is
highlighted with a blue square.

Figure 32: AR-16 MO-3 structural element: exterior wall corner with a built-
in drainage duct (the blue square).

The air duct is, in the context of this problem, essentially a thin layer of
tin, 0.6 mm thick. The duct is not ventilated, therefore appropriate effective
thermal conductivity is used in the calculation, factoring in the cross section
area. Although tin layer is very thin, its thermal conductivity within the
temperature range of interest is about 67 Wm−1K−1, which differs from
that of the surrounding insulation by more than three orders of magnitude.
Therefore, it is expected to be a pronounced thermal bridge.

To accurately account for heat flux both through and along the tin layer,
one must resolve it with a fine enough mesh - this is done by generating a
mapped quadrilateral mesh and then splitting its squares into four triangles
each, forming a structured triangle mesh. Mesh is unstructured and trian-
gular everywhere else, with significant refinement near the duct and nearby
material boundaries.

As in the AR-3 transient simulation, the gap between the attached ex-
terior protective layer and the outermost insulating layer is ventilated, and
therefore its inner boundaries have boundary conditions virtually identical
to the exterior climate conditions. As such, the attached layer can be safely
ignored, as can be the aluminium layer within the air gap between the insu-
lation and the exterior protective layer, since aluminium is a very good heat
conductor and does nothing to protect the interior.

Worst case simulation results are presented in figures 33-35 below.
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Figure 33: Stationary temperature and heat flux fields.

Figure 34: Colour coded material domains with an isotherm overlay.
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Figure 35: Heat flux streamlines near the air duct (light gray stands for the
tin layer). Flux direction is color coded white to red.

Figure 36: Dew point front within AR-16 MO-3 with an isotherm overlay.
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One can see that the drainage duct indeed constitutes a thermal bridge,
since it greatly amplifies the heat flux through the wall corner, as seen in
figure 33. Note that temperature near the interior corner is significantly
lowered as a result, compared to wall regions farther away from it. Figure 34
indicates that the duct distorts isothermal lines towards both exterior and
interior corners of the element, thus ”short circuiting” the insulating layer,
which is the essence of the thermal bridge effect.

To understand why exactly this is the case, the near duct region should
be examined on a finer scale, as shown in figure 35, wherein color coding
stands for material domains: white - the air domain; light gray - the 0.6 mm
tin duct layer; black - Kingspan Kooltherm K12; darker gray - CLT. Here
heat flux is represented by coloured streamlines - trajectories, along which
heat is transported through the insulating element near the duct. Heat flux
direction along the streamlines is colour coded white to red. Looking at
the streamlines, one can see the reason for thermal bridging - since tin is,
relatively to the rest of this junction, an extremely good heat conductor, heat
flux entering the tin layer is preferentially conduced along the layer, an thus
flux streamlines are ”bended” around the poorly conducting air domain and
past the exterior insulation layer, with tin acting as a thermal guide, or a
”highway shortcut”, wherein heat flux is orders of magnitude more intense.

As a result, the dew point front advances much closer to the interior
surface near the corner than it does elsewhere (figure 36). Thankfully, the
front is still some distance away from the interior, which means there is no
risk of condensation on the inside of the wall. There will be condensation at
the duct surface, but the duct is there specifically for drainage, both of rain
water and condensate, so this is of no concern and this element is feasible.

The next section covers the private house and the hygrothermal perfor-
mance of its structural elements.
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1.6 The private house
The private house is a two-storey building for which three structural elements
must be modelled: exterior wall, roof and floor assemblies. Unfortunately,
schematics were not available at the time this report was compiled, so they
are provided elsewhere.

2A: Exterior wall element.

Hygrothermal performance of the element is shown in figure 37, from where
it is clear that the assembly functions well and as intended, since no tem-
perature and humidity extremes are observed. The element is also stable
with respect to water accumulation, as seen in figure 38 below. However,
since long term performance is of importance, it is better to nitpick and
to intentionally and carefully look for flaws, even superficial ones. In this
case one might notice a spike in water content at the windstopper layer near
the exterior - this calls for a more detailed examination, which results in
characteristic plots shown in figures 39-43.

Figure 37: Hygrothermal performance of the exterior wall element.
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Figure 38: Total water content dynamics for the exterior wall element.

Figure 39: Dew point and temperature dynamics at the windstop-
per/outermost insulation boundary.
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Figure 40: Relative humidity dynamics at the windstopper/outermost insu-
lation boundary.

Figure 41: Water content dynamics at the windstopper/outermost insulation
boundary.
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Figure 42: Mould growth risk assessment for the windstopper/outermost
insulation boundary.

Figure 43: Mould growth risk assessment 2 cm away from the windstop-
per/outermost insulation boundary.
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Judging by what can be seen in figures 39 and 40, there is virtually no
risk of condensation and so it is safe to assume that the absolute majority
of water mass is in vapour form. This is further backed by figure 41, which
reveals that the layer does not accumulate water over time, implying that
indeed no precipitation occurs. As far as mould growth risk is concerned, one
must conclude that it is relatively minor, since non-biodegradable insulation
is used and (T, ϕ) pair temporal density above LIM II is not excessive (figure
42). Moreover, figure 39 indicates that there are lengthy enough time inter-
vals wherein negative or near-zero temperatures set in, which would further
prevent mould accumulation and inhibit the emission of toxic by-products
by micro organisms. Moreover, only 2 cm further in from the windstop-
per/insulation boundary, one registers virtually no events above the LIM II
isopleth (figure 43), meaning that there is no risk whatsoever further within
the assembly.

As such, this element is certainly feasible, possibly with minor improve-
ments at the exterior. Please note that a more detailed description of mate-
rials and their properties, as well as insights into simulation results, can be
found in the corresponding annex attached to this report.
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2B: Roof element.

Calculations show that, while this element is stable with respect to water
accumulation (figure 45), its hygric performance is questionable.

Figure 44: Hygrothermal performance of the roof insulating element.

Figure 45: Total water content dynamics of the roof insulating element.

Figure 44 shows that relative humidity reaches up to 80 % across the
insulation board with peaks at boundaries between the insulation and the
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windstopper layer, as well as the adaptive vapour barrier. Therefore, these
points must be examined in greater detail. Analysis results are presented in
figures 46-51.

Figure 46: Temperature and dew point dynamics at the windstop-
per/insulation boundary.

Figure 47: Relative humidity dynamics at the windstopper/insulation bound-
ary.
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Figure 48: Mold risk assessment at the windstopper/insulation boundary

Figure 49: Temperature and dew point dynamics at the insulation/vapour
barrier boundary.
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Figure 50: Relative humidity dynamics at the insulation/vapour barrier
boundary.

Figure 51: Mold risk assessment at the insulation/vapour barrier boundary
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As seen in figures 46 and 47, there is a serious risk of water condensation
at the outer boundary of the insulation board. Furthermore, a considerable
mould growth risk is present, although it could be partially mitigated by
the fact that a large portion of events above the LIM II isopleth occur at
near-zero temperatures (figure 48), wherein mould growth is inhibited.

The inner boundary of the insulation board is safe regarding condensa-
tion, since temperature is clearly above the dew point at all times (figures 49
and 50), but mould growth risk is still there, as indicated by events above
LIM II in figure 51. Interestingly, as opposed to gradual increase of mould
risk in time at the outer board boundary (figure 48), here there is a tendency
for the risk to decrease, as seen in figure 51, where (T, ϕ) pair accumula-
tion shifts away from the critical isopleths as the simulation progresses. This
could suggest two scenarios: one - pair accumulation local centroid undergoes
gradually damped oscillations beneath the LIM curves until stabilization oc-
curs; two - what one has in figure 51 are high amplitude oscillations with
a time scale greater than present simulation interval, possibly shifting to
regions above the isopleths. Regardless of which scenario holds, this is some-
thing that must be investigated during the process of optimization of the
roof insulating element.

Figure 52: Water content dynamics within the insulation board
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The insulation board’s water content is stable, though, as seen in figure
52 above, suggesting that little precipitation occurs within its confines or
that liquid water is evacuated quickly enough after it accumulates.

It is also important to consider the unventilated interior air gap within
this structural element. Thankfully, figures 53 and 54 indicate no risks of
mould growth at either of gap boundaries. Water condensation is also not
expected to occur, as is evident from figure 44.

To summarize, while the element perhaps does not require major revision,
it must be altered such that relative humidity levels within its insulation
board are reduced considerably, likely by inserting an extra vapour barrier
behind the windstopper layer. This would consequently lower mould growth
and condensation risks. Until the flaws identified above are rectified, it is
not recommended to implement this assembly within the private house in
question.

Figure 53: Mould risk assessment for the outer surface of the unventilated
air gap.
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Figure 54: Mould risk assessment for the inner surface of the unventilated
air gap.
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2C: Floor element.

Results for the floor element thermal bridging analysis are presented in figure
55.

It is clear that this structural element functions as intended and ade-
quately protects the interior floor. The dew point front is a safe distance
away from the interior and the floor is sufficiently warm for comfort.

Figure 55: Dew point front within the floor insulating element with an
isotherm overlay. Temperature values are given in ◦C.

The next section covers the final building analysed within this report -
the grocery store and two of its structural elements: exterior wall and roof
insulating assemblies.
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1.7 The grocery store
3A: Exterior wall element

The schematic of the exterior wall insulating element is shown in figure 56
below.

Figure 56: Hygrothermal performance of the exterior wall element.

The detachable metallic plating protecting the inner assembly is an ex-
cellent heat conductor, so it essentially does nothing to protect the interior of
the building, and can be removed from thermal analysis for this reason alone.
Moreover, there is a ventilated air gap between it and the windstopper layer,
so the windstopper is effectively subjected to boundary conditions equivalent
to the exterior climate. Moreover, the metallic plates block all incoming solar
radiation. Their conductive capabilities, however, are completely negated by
vertically directed air gap ventilation, removing any absorbed heat out of
the system. As such, both the plates and the air gap are excluded from the
model.

This insulating assembly performs very well, as seen in figure 57: temper-
ature oscillations are rapidly damped as heat travels deeper into the element,
and relative humidity never reaches 80 % anywhere except for the outer in-
sulation layer. The element is also stable with respect to total water content
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accumulation (figure 58).
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Figure 57: Hygrothermal performance of the exterior wall element.

Figure 58: Total water content dynamics of the exterior wall element.
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If one were to look for minor flaws, one would note that there is a slight
mould growth risk at the windstopper/insulation boundary, as indicated in
figure 59, but the temporal density of (T, ϕ) pairs above the LIM II curve
(insulating material is non-biodegradable) is relatively low.

Figure 59: Mould growth risk assessment for the windstopper/insulation
boundary.

Also, note that there is a tendency for (T, ϕ) pair accumulation local
centroid to move towards lower temperatures and slightly higher humidity
levels as simulation progresses, possibly suggesting that the issue might not
persist after a few years.

The element in its current configuration is certainly feasible and can be
recommended for implementation, possibly with minor adjustments, should
one wish to further reduce mould growth risks in the outer region. As usual,
a more detailed report is provided in an annex.
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3B: Roof element.

The schematic for the roof insulating assembly is shown in figure 60, wherein
this element’s composition is outlined.

Figure 60: The grocery store roof insulating element.

Figure 61: Mould growth risk assessment for the windstopper/insulation
boundary.
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Unfortunately, this assembly performs very poorly: as seen in figure 61,
relative humidity levels in excess of 90 % occur throughout the element, and
strong temperature variations propagate unhindered unacceptably far into
its insulation layers. Moreover, extreme water accumulation rates and water
content values are expected, which means that the element would, within
a relatively short time period, begin leaking water onto its steel supports,
from where it would flow towards the walls and eventually flood the wall and
damage interior wall assembly layers. This effect would be further enhanced
by gravity, which in not included into the hygrothermal model. Obviously, no
further analysis in needed here. This element must be completely redesigned
before it can be recommended for implementation.

The next section summarizes the results across all buildings and respec-
tive insulating assemblies.
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1.8 A summary for the public building, the private
house and the grocery store

Below, a tabular summary of results for structural elements of interest is
presented, where R is thermal resistance and U is its inverse, thermal con-
ductance, also known as the U -value. Instances for which R and U values
are not shown are thermal bridge risk evaluations. In the risk assessment
line, current status and is stated briefly:

Page R, m2·K
W

U , W
m2·K Risk assessment

1A 12 10.73/13.51 0.073/0.092 Major revision is recommended.
Thermal performance is good
and thermal bridging effects are
negligible, but significant mould
growth and water condensation
risks are present.

1B 22 9.78 0.1 The assembly is feasible and there
are no critical flaws. How-
ever, slight adjustments are rec-
ommended due to minor localized
water accumulation and mould
growth risks.

1C 26 - - The assembly presents no risks
and can be safely implemented.

1D 28 - - The assembly is feasible and
no significant risks are present.
However, with minor alterations,
heat losses may be further re-
duced.

1E 31 - - The assembly can be recom-
mended for implementation.

2A 35 10.17 0.096 The assembly is feasible, but with
minor alterations one could fur-
ther improve its performance.

2B 40 16.17 0.061 Implementation is not recom-
mended due to serious water
condensation and mould growth
risks.
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Page R, m2·K
W

U , W
m2·K Risk assessment

2C 40 - - The assembly can be recom-
mended for implementation.

3A 48 8.72 0.112 The assembly can be recom-
mended for implementation, per-
haps with some changes to re-
move a minor localized mould
growth risk.

3B 52 8.28 0.118 The assembly is not usable in its
present configuration and must
be completely revised.

Note that none of the U values exceed 0.2, which is the upper limit
according to standards.
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1.9 Building envelope prototypes based on conventional
materials

Four envelope prototypes based on conventional materials are analysed in
this section - two wall assemblies (EW-1 and EW-2), one roof assembly (J-
1) and one floor (G-1) assembly and design recommendations are provided
based on simulation predictions.

EW-1 and EW-2 wall envelopes

The material layouts of two proposed solutions for wall insulation, codenamed
EW-1 and EW-2, are shown in figures 62 and 63.

Figure 62: A schematic of the EW-1 prototype assembly.

Figure 63: A schematic of the EW-2 prototype assembly.
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The difference between EW-1 and EW-2 is the extra plywood board be-
tween two insulation layers. Both EW-1 and EW-2 were tested with Paroc
Extra and Steico Flex as insulation materials (color coded as light yellow
in figures 62 and 63) to ascertain which material is associated with greater
condensation and mould growth risks.

Figure 64 indicates that in the case of EW-1 with Paroc Extra insula-
tion, RH levels may reach 1 at the Paroc/vapor barrier boundary, implying
condensation risk.

Figure 64: Hygrothermal performance of the EW-1 element with Paroc Extra
insulation.

In fact, as seen in figures 65-67, this risk is consistent across assembly
variants containing Paroc Extra, suggesting that it may not be a good choice
for this envelope configuration. Note that, as evident from figures 64 and 66,
that introducing an extra plywood layer in case of Paroc Extra noticeably
damps RH oscillations and range thereof within the envelope.

Clearly, even without additional analysis, it could be argued that, from
physical intuition alone, the vapor barrier near the interior side of the assem-
bly is preventing sufficient moisture exchange across the different layers of
the envelope. As such, it makes sense to see if the envelope performs better
without vapor barriers.
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Figure 65: Hygrothermal performance of the EW-1 element with Steico Flex
insulation.

Figure 66: Hygrothermal performance of the EW-2 element with Paroc Extra
insulation.
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Figure 67: Hygrothermal performance of the EW-2 element with Steico Flex
insulation.

Removing the vapor barrier in every configuration results in different
hygrothermal performance, as seen in figures 68-71.

Figure 68: Hygrothermal performance of the EW-1 element with Paroc Extra
insulation, without the vapor barrier.
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Figure 69: Hygrothermal performance of the EW-1 element with Steico Flex
insulation, without the vapor barrier.

Figure 70: Hygrothermal performance of the EW-2 element with Paroc Extra
insulation, without the vapor barrier.

60



1 THE ANALYSIS OF THE THERMAL CHARACTERISTICS OF THE
ASSEMBLIES OF THE BUILDING CONSTRUCTIONS

Figure 71: Hygrothermal performance of the EW-2 element with Steico Flex
insulation, without the vapor barrier.

Based on the hygrothermal performance graphs, one can see that barrier
removal does not carry any negative impact. On the contrary, this eliminates
the problem with overly high RH values at the Paroc/plywood (formerly
Paroc/vapor barrier) boundary. One can also see that it is best to avoid an
extra plywood layer between the two insulation layers, since it does nothing
to prevent elevated RH at the exterior gypsum board, while introducing a
slight increase in RH at the outer plywood board.

As such, one may conclude that the EW-1 is superior and that vapor
barriers should be removed. Also, it is not advised to select Paroc Extra as
the insulation material for this assembly. Note that EW-1 is also cheaper
owing to the extra cost of the plywood board in EW-2.

It is important to assess the risk of water mass accumulation within differ-
ent envelope modifications with barriers removed - water content dynamics
over the simulation time interval are showcased in figure 72. Clearly, while
using Steico results in generally lower RH values and oscillation ranges across
envelopes, Steico also accumulates considerably more water mass than Paroc.
It is also seen that EW-2 accumulates more water that EW-1 does for either
insulation material. Since water content dynamics stabilize for all envelope
variants within the first five years of operation, and Steico does not accu-
mulate too much water, the above argumentation for choosing EW-1 with
Steico insulation and no vapor barrier is reinforced further.
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Figure 72: Total water content dynamics for different wall assembly config-
urations without vapor barriers.

With Steico-based EW-1, one potential weak spot must be examined -
the outer gypsum board/Steico layer boundary, where RH values of up to
0.9 were detected. Mould growth risk assessment is shown in figure 73.

Figure 73: Mould growth risk assessment for Steico-based EW-1 with no
vapor barrier.
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It is obvious that there is a minor risk of mould growth (temperature/RH
events above the LIM I curve). Although there is a slight tendency for the
risk severity to increase over time, it can be attributed to the overall increase
in water content (figure 72), and so the risk level should also become stabilize.

As such, the author of this report strongly suggests the Steico-based EW-
1 variant without the vapor barrier over other alternatives.
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J-1 roof envelope

Schematics for the J-1 roof envelope are shown in figure 74.

Figure 74: A schematic of the J-1 prototype assembly.

Given the findings from the analysis of EW-1 and EW-2, one can expect
that Steico is the better option here as well. However, since J-1 is a roof
assembly and its outer/inner layer are completely different, the effects of
enabling/disabling the vapor barrier must be studied. Hygrothermal perfor-
mance in both cases is presented in figures 75 and 76.

Figure 75: Hygrothermal performance of the J-1 element with Steico Flex
insulation, with the vapor barrier.
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Figure 76: Hygrothermal performance of the J-1 element with Steico Flex
insulation, without the vapor barrier.

Here, one can note that removing the barrier actually results in much
worse hygrothermal performance, so doing this is not an option. When the
barrier is present, there are three points of interest within the J-1 assembly
where elevated RH levels warrant a closer look: within the outer air gap,
at the exterior surface of the insulation slab and within the inner air gap.
Mould growth risk assessment for these points is presented in figures 77-79.
Without an in-depth analysis of these figures, on can immediately tell that
there is no mould risk for the outer (figure 77) and inner (figure 79) air gaps.
The same is true for the outer surface of the insulation slab, where, although
greater than within air gaps, the risk is still below the LIM 0 curve and,
as such, the assembly should be safe for long-term operation. This is also
supported by the fact that temperature/RH cluster drift is very small over
the 5-year simulation period, implying a great degree of stability. This is
also supported by gradual water content saturation, as seen in figure 80.
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Figure 77: Mould growth risk assessment for the outer air gap of J-1 with
the vapor barrier.

Figure 78: Mould growth risk assessment for the outer surface of the insula-
tion slab air gap of J-1 with the vapor barrier.
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Figure 79: Mould growth risk assessment for the inner air gap of J-1 with
the vapor barrier.

Figure 80: Water content dynamics for J-1 with the vapor barrier. Gradual
saturation over 5-10 years is projected for both Paroc Extra and Steico flex
insulation slabs.
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G-1 floor envelope

Schematics for the G-1 floor envelope are shown in figure 81.

Figure 81: A schematic of the G-1 prototype assembly.

In this case, only the thermal analysis was of interest. Simulated isolines
and dew point front for the worst-case humid winter conditions are presented
in figures 82. One can see that the dew point front is a safe distance away
from the interior surface, meaning that this floor envelope model is safe to
install from the thermal analysis standpoint.

Figure 82: A schematic of the G-1 prototype assembly.
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1.10 Hempcrete-based insulating assemblies
This section covers building wall envelopes that are based on hempcrete,
which is a bio-composite material that can be manufactured using locally
available raw materials and is eco-friendly. It also has a negative carbon
footprint. These factors make it a prospective candidate for substituting, in
combination with more traditional materials, the existing standard solutions
for insulating assemblies. Presented here are the results of numerical simula-
tions and hempcrete envelope monitoring data from sensors embedded within
wall assemblies. By using experimental data as a reference, a model for
the particular hempcrete composition studied herein was established. Cur-
rent progress in establishing numerical models for three hempcrete-based
envelopes is demonstrated. Three wall assemblies will be analysed, code-
named Wall A, Wall B and Wall C. Schematics of these envelopes are shown
in figure 83.

Figure 83: Schematics of three hempcrete-based wall envelopes. Note the
sensors (labeled H/T) placed at different locations across assemblies, within
different materials. Wall A and datasets from its sensors are used to estab-
lish a material model for hempcrete. Please note that sensors index do not
match the control point designations given below, where control points are
numbered from exterior to interior in ascending order.
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Establishing a material model for hempcrete

First, a reliable material model must be defined, tested and optimized using
the available experimental data. Since the composition of the hempcrete ma-
terial in question was not known exactly and its hygrothermal curves have
not been obtained (and some are infeasible to obtain), initial properties were
taken from similar studies and then optimized to match simulation output to
experimental data. Clearly, this required defining correct initial and bound-
ary conditions, as well as the interior climate model. For this reason, the
first envelope prototype is comprised of a single hempcrete slab (Wall A) -
this allows to both check whether or not a standalone slab of hempcrete can
perform well in Latvian climate and also eliminates interference from other
materials, allowing to define a model for hempcrete more precisely.
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Wall A

Wall A was simulated numerically with iterative updates to hempcrete ma-
terial properties, such as its sorption curve, thermal conductivity and va-
por/liquid conductivity as functions of temperature and RH. Initial condi-
tions were 20 ◦C (assumed) and 0.91 RH across the hempcrete slab (a priori
known from on-site tests during assembly installation). Moreover, parame-
ters of interior climate model were also varied. It was found that two scenarios
yield a sufficient degree of agreement between experimental and simulation
results.

In the first case interior climate is prescribed according to the EN 13788
standard and assumes humidity class 3 (referred to as EN-3 from this point,
for brevity). The second scenario uses the EN 15026 standard with a high
moisture load (referred to as EN-HML from this point, for brevity). Results
for both scenarios are presented in figures 84 and 85.

Note that in both cases the agreement between temperature curves at
different positions. However, for EN-3 the discrepancy is generally less than
that for EN-HML, with the exception of control point 5, which corresponds
to the sensor placed on the interior surface of the Wall A envelope, which
makes it clear that EN-HML is a much better approximation for the inte-
rior climate than EN-3. On the RH dynamics side, one can see that EN-3
yields a much better agreement, including control point 5. Figures 84 and
85 show the current best-fit models. Clearly, there is still room for slight
improvement, but the general trends are captured successfully, meaning that
optimized hempcrete model parameters and property dependencies must be
close to their actual counterparts, since there are no other materials that
might introduce uncertainty. As for the present uncertainties in the best-fit
hempcrete model, they are difficult to quantify. Error factors include: data
averaging (identical procedure for experiments and simulations), uncertainty
in initial conditions for temperature and RH, sensor signal noise, missing
data (horizontal curve intervals in figures 84 and 85), inaccurate climate
data, uncertainties in boundary heat transfer coefficients, etc.

On the bright side, the fact that drying, which corresponds to the most
difficult part of the sorption curve, is simulated correctly (to a degree), means
that our current hempcrete model is on the right track.
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Figure 84: Averaged experimental versus WUFI (simulation) temperature
and RH dynamics for control points in Wall A. Interior temperature and RH
are set according to EN 13788. 72
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Figure 85: Averaged experimental versus WUFI (simulation) temperature
and RH dynamics for control points in Wall A. Interior temperature and RH
are set according to EN 15026. 73
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Wall B

In case of Wall B, there is a problem with experimental data - too much is
missing within the time interval of interest, precluding precise comparisons.
The degree of data loss is also such that predictive reconstruction based
on available data batches is not feasible. As such, it was only possible to
check whether temperature and RH curves go thorough ”reference” batches
of sensor data throughout the simulation interval.

Figure 86 indicates that, for temperature curves, there is good agreement
for exterior layers (control points 1-4), and RH readings agree to some extent
as well (positions 1-3 and 5). However, aside from the relatively short starting
period, RH data is too scarce to use as reference or for verification. As such,
one can only see that the model roughly reproduces correct tendencies, which
further implies that the hempcrete model should be adequate.
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Figure 86: Experimental versus WUFI (simulation) temperature and RH
dynamics for control points in Wall B.
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Wall C

In case of Wall C, the datasets from sensors were perfectly intact, enabling
comparison. Here, there is a thick exterior wooden slab, followed by hempcrete.
Wood is notoriously difficult to model, and especially in WUFI - this is be-
cause, in many cases, wood exhibits sorption hysteresis. WUFI cannot be
used to model this directly, so an effective sorption curve approximation
must be defined. This is something we are currently working on.

As seen in figures 87 and 88, where simulation curves start from April 9,
2017 (EN-HML interior climate is used), when the hempcrete slab was inte-
grated into Wall C, temperature curves are in very good agreement across
the board. However, although at control points 1 and 4-6 RH dynamics ten-
dencies are similar, and in cases 1 (figure 87) and 6 (figure 88) there is very
good agreement, there is a consistent overshoot in cases 4 and 5 (figure 88).
To understand why that is, consider RH dynamics at control points 2 and
3 that are shown in figure 87. Here, one can see that simulation predict a
steady RH increase with virtually no oscillations, whereas experimentally de-
termined dynamics are quite oscillatory. This implies that the true sorption
curve either has a pronounced hysteresis, or is steeper than the one currently
used for calculations. As a consequence, imprecisions in the sorption be-
haviour modelling also cause discrepancies in RH dynamics for the adjacent
hempcrete layer.

We are currently working to establish the correct model for wooden beams
in Wall C by studying and modelling other assemblies with slabs of wood of
the same of similar character. Our present best-fit models are showcased in
figures 89-91.
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Figure 87: Experimental versus WUFI (simulation) temperature and RH
dynamics for control points in Wall C, control points 1-3.
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Figure 88: Experimental versus WUFI (simulation) temperature and RH
dynamics for control points in Wall C, control points 4-6.
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Figure 89: The current best-fit material model for hempcrete with
350 kg/m3density.
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Figure 90: The current best-fit material model for hempcrete with
450 kg/m3density.
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Figure 91: The current best-fit material model for hempcrete with
550 kg/m3density.
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1.11 A summary for conventional and hempcrete-based
envelope prototypes

A total of 2 variants for each EW-1, EW-2, J-1 were tested in silico and
1 G-1 configuration was assessed in terms of condensation risk. Here, the
results briefly summarized:

Page R, m2·K
W

U , W
m2·K Risk assessment

EW-1/2 56 5.77 0.166 Using Steico Flex as the insu-
lation material is recommended.
The interior side vapor barrier
should be removed. With these
adjustments, EW-1 is safe to in-
stall and is superior to EW-2 both
in terms of hygrothermal perfor-
mance and cost, with a trade-off -
an insignificant U value increase.

J-1 64 10.89 0.09 The assembly is feasible and there
are no critical flaws. How-
ever, slight adjustments are rec-
ommended due to minor localized
water accumulation and mould
growth risks.

G-1 68 - - The assembly presents no risks
and can be safely implemented.

Wall A 71 - - Numerical simulations, in tandem
with experimental datasets, en-
abled us to establish a relatively
accurate model for hempcrete.

Wall B 74 - - The established hempcrete mate-
rial model was tested for this as-
sembly. Even thought data was
scarce, temperature and RH cures
concur with control intervals due
to sensor readings.

Wall C 76 - - Tests indicate that, while the
hempcrete model is adequate, the
material model for the exterior
wood slab needs considerable im-
provement.
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1.12 Optimization of an envelope based on cross-laminated
timber and assessment of 3 proposed modifica-
tions

The objective of this study is as follows. In its base version, the wall assembly
layers are, exterior to interior: suspended facade, windproof insulation (with
ventilated air gap between it and the inner facade), PAROC Extra (stone
wool insulation), a slab of cross laminated timber (CLT). This envelope and
its tested modifications are shown in figure 92.

It is necessary to optimize the thickness of the PAROC (20 cm to 35 cm)
and CLT (10 cm to 15 cm) layers (figure 92a) so as to maintain the U value
within reasonable limits (0.11 - 0.14 W/m2K) prescribed by building physics
standards. The amount of material used should be minimized, while also
taking into account the potential condensation and micro-organism growth
risks, which act as additional design constraints.

After optimization, a gypsum board (figure 92b) is appended to the base
layout from the inside and the new configuration is tested. Two other vari-
ants include an additional passive (figure 92c) or adaptive (figure 92(d))
vapor barrier between the gypsum board and the CLT layer to determine
whether these additional elements improve the hygrothermal properties of
the structure.

Figure 92: Material layer arrangements for 4 different CLT-based envelope
variants.

Simulations are carried out over 5 year periods to evaluate the stability
and sustainability of the envelopes in Latvian climate. The simulations show
that the optimal PAROC and CLT thicknesses are 25 cm and 10 cm, respec-
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tively, which gives an acceptable U value of 0.128 W/m2K. As shown in
figure 93, there is no risk of condensation at any point of the assembly. For
CLT, the water content never exceeds 13.5 M%, which is below the standard
critical threshold.

Figure 93: The observed ranges of relative humidity (red), temperature
(green) and water content (blue).

In terms of mould risk, figure 94 shows that there is minimal risk of
micro-organism growing at the boundary between wind barrier and PAROC
materials. Although the risk is low, this result demonstrates the need to
make the contact gap between the rockwool and the wind barrier surfaces as
small as possible to minimize the volume wherein mould can develop. With
that, the proposed assembly will be completely safe to operate. In other
areas of the envelope, there is no such risk.

If a 2x13 mm plasterboard is placed behind the CLT, there is no signifi-
cant change as can be seen by comparing figures 93 and 95. The same goes
for the case where an adaptive vapor barrier is inserted between the gypsum
board and the CLT - the results are shown in figure 96.

When a static barrier is used instead of the adaptive one, the envelope
performance changes slightly - figure 97 shows that the RH range of the CLT
is reduced and the water content is lower at all times. This is well illustrated
by figure 98, which shows the dynamics of total water content across all four
wall configurations considered. All four variants are long-term stable in terms
of water accumulation, but with a passive vapor barrier the total amount of
retained water is significantly lower, mainly due to the drier CLT layer.
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Figure 94: Micro-organism growth risk analysis at the boundary between
wind barrier and PAROC materials. The risk zone for rock wool is the area
above the LIM I curve.

Figure 95: Observed ranges of RH, temperature and water content ranges.
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Figure 96: Observed ranges of RH, temperature and water content ranges.

Figure 97: Observed ranges of RH, temperature and water content ranges.
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Figure 98: Dynamics of total water content for different envelope variants.

Thus, after optimizing the base variant of the assembly and considering
three modifications, one may conclude that it is quite safe to implement the
base variant of the envelope: suspended facade + wind-proof insulation +
25 cm PAROC Extra + 10 cm CLT , with a U value of 0.128 W/m2K. If,
for any reason, it is necessary to place a gypsum board beneath the interior
surface cladding behind the CLT, this can also be done with certainty, since
it virtually does not alter the hygrothermal properties of the structure, only
reducing the U value, which, for insulating envelopes, is always a good thing.
Vapor barriers are not required to ensure sustainability and stability of the
assembly, but one wishes for the CLT to be drier, a passive vapor barrier
between the CLT and gypsum board is recommended. The use of an adaptive
vapor barrier in this envelope would be unjustified - it is more expensive than
a passive one and its impact is minimal.
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1.13 Diagnostics for a roof envelope and assessment of
risks due to vapor barrier damage

The effective vapor diffusion resistance of an internal vapor barrier of the
roof envelope was evaluated, taking into account the barrier joints, which are
potential defects. Hygrothermal analysis was performed for the appropriate
range of values: long-term water content calculation, prediction of RH and
temperature dynamics and water content stabilization analysis, as well as
mould growth risk assessment.

The roof elements relevant for the analysis are listed in the table 1.

Table 1: Material layers of the roof envelope.

Material Thickness, mm
1 (exterior) Protan SE 1.2

2 PAROC ROB 80 30
3 PAROC ROS 30 220

4 (interior) Jutafol N 170 ALU 0.3

Hygrothermal properties are known for Protan SE, PAROC ROB 80 and
PAROC ROS 30 materials. Vapor barrier joints, the potential weak spot of
the structure where the inner aluminum foil Jutafol N 170 ALU is not bonded
in segments, but instead is in the form of overlapping layers, is analyzed.
There is the possibility that there may be an air gap between the film layers
through which water vapor could travel, which would reduce the effective
vapor diffusion resistance of the barrier, akin to perforation. At layer overlap
sites, vapor barrier thickness may differ from 0.3 mm, and the nature and
size of the air gaps are not known precisely. This means one must estimate
the range of the effective vapor barrier resistance.
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Models for calculating the effective resistance of aluminum vapor barriers
based on experimental observations are available in the literature, but can
also be readily derived from scratch. It is assumed here that the thickness of
the aluminum film can vary from 0.1 mm to 0.5 mm. Assuming that the air
gap exists over the entire length of an overlap site and that it has an average
thickness of 0.01 mm to 0.1 mm, the characteristic vapor resistance values
shown in figure 99 are obtained.

Figure 99: Effective range of internal vapor barrier Sd depending on insula-
tion thickness d0 and defect size ddef .

The minimum defective film resistance is equivalent to an air layer with a
thickness of about 4 meters or Sd = 4 m, which corresponds to the worst case
scenario. As for the upper limit, realistically, the resistance will not exceed
Sd = 200 m.
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Calculations were performed with the following Sd values: (5, 25, 50, 200,
1000, 10000) m. An initial 10-year forecast test with Sd = 10, 000 m shows
that the structure is stable with respect to water accumulation - this can be
seen in figure 100.

Figure 100: Water content per unit of cross-sectional area of the roof enve-
lope.

The amount of water never exceeds 30 g/m2, which does not constitute
a dangerous load on the aluminum foil. However, there are problems with
the observed RH levels along the entire length of the structure, which at
times exceed 90%. In essence, the calculation shows that water vapor is
pumped back and forth along the structure, with a high internal vapor barrier
resistance resulting in vapor accumulation and, as a result, condensation risk
as seen in figures 101 and 102. Note that the moving average (the orange
curve) in figure 101 is offset relative to the observed relative humidity peaks,
indicating that the density of data points at the condensation threshold is
not too high, so periods of condensation risk are relatively brief.
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Figure 101: Relative humidity at the inner surface of the roof assembly.

Figure 102: Water content in the thermal insulation layer at the inner surface
of the roof structure.
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Analysis of the given roof structure shows that there is a risk of mould
growth at all material boundaries. An example is shown in figure 103, which
presents the risk analysis for the inner surface where the mineral wool in-
sulation is in contact with the vapor barrier. Clearly, contact will never be
perfect, resulting in a free surface. The red LIM II curve in figure 103 cor-
responds to the mould growth threshold for mineral wool - the points above
that curve correspond to the time intervals at which micro-organisms may
develop in the insulating material. Although there is a tendency for risk to
decline slowly over time, significant time is still within the region above the
critical threshold, warranting a more in-depth analysis.

Figure 103: Mould growth risk analysis for the inner surface of the roof
envelope.

A more detailed analysis indicates that the length of the risk intervals is
relatively short compared to the simulation period, as shown in figure 104
(left). One can observe three longer intervals, ∼ 4, ∼ 3 and ∼ 2 days, when
the conditions for mould growth are favourable. Intervals of this kind have
a sufficiently low frequency. It can also be seen that shorter (< 24 hours)
risk intervals are observed at higher frequencies. In contrast to this, in the
right part of 104, one can see that there are several times longer intervals
between the observed risk intervals, which correspond to conditions that do
not support mould growth. This suggests that the risk of microbial growth
might be minimal. It should be noted that in the middle of the envelope the
risk is slightly more pronounced.
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Figure 104: Distribution of risk (left) and safety (right) interval lengths at
the inner surface of the roof assembly. The vertical axis are interval lengths
in hours, the horizontal axis is the order of appearance for the interval.

At lower Sd values, it was found that the structure is still stable against
water accumulation up to a certain threshold between Sd = 25 m and Sd =
4 m - thewater content dynamics for all five cases is given in figures 105 and
106.

Figure 105: Dynamics of water content in the roof structure for different
values   of internal vapor barrier resistance.
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Figure 106: Water content dynamics for the inner barrier with Sd = 5.

The resistance of the vapor barrier is likely to be above Sd = 50 m, which
suggests that the roof structure is safe with respect to water accumulation.
For the sake of safety, mould growth index was calculated, which describes
the damage that can be caused by the development of micro-organisms within
materials over time. The results are shown in figure 107, which indicates that
the risk does not tend to increase over time. Moreover, prolonged periods
of conditions that are adverse for micro-organisms (figure 104) indicate that
mould is unlikely to develop in critical amounts even if the effective vapor
resistance is far from ideal.

Figure 107: Results of the mould index calculation. The green curve corre-
sponds to a defect-free vapor barrier (Sd = 10, 000 m), while the blue curve
corresponds to a significantly perforated vapor barrier (Sd = 25).
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To conclude, the roof envelope is stable in terms of water retention, with
the maximum amount of water retained per unit area not endangering the
aluminum foil film mechanically. There is a minimal risk of would growth
within the structure, which, according to the models, is not critical. However,
for safety reasons, it would be advisable to periodically check the condition
of the structure by sampling the materials and carrying out laboratory tests
to determine the types and amounts of micro-organisms present within the
assembly.
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1.14 New material models and verified existing database
entries

For this section of the report, the reader is referred to a publication (IOP
Conference Series) that is attached to this report separately (please see
Appendix 7.2.1).
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Abstract. This paper presents the results of numerical modelling of hygrothermal processes
in test buildings situated in the Botanical garden of the University of Latvia. Long-term
performance of wall, floor and ceiling insulating assemblies for five different buildings was
simulated using WUFI Pro 6.3. On the experimental side, measurements of temperature and
relative humidity at key points of assembles have been accumulated over a period of roughly six
years and material samples were taken from building envelope materials for biological analysis.
We found that our models rather successfully reproduce the experientially observed temperature
and relative humidity dynamics. In the process, we established material models for building
envelope components, as well as different parameters that we previously unknown. We also
compared mould growth risk predictions via the Sedlbauer critical curve model derived from
both simulations and experiment against the results of lab tests conducted on materials samples
- all three were found to be in good agreement, indicating that the Sedlbauer model is applicable
to local climate conditions, as well as further validating numerical models.

1. Introduction
In light of increasingly stricter standards imposed on architects in terms of building performance
such as indoor comfort and energy efficiency for new buildings, with energy reduction deadlines
for existing ones due year 2020 [1, 2], as well as the ever present risks of mould growth
[3, 4], condensation within wall, ceiling or floor insulation envelopes [3, 4] and degradation
of materials [3, 5, 6], it is important to take care when designing with long-term exploitation
and sustainability in mind. Water damage of building materials typically results in swelling,
increased mould growth risk, altered material properties, such as thermal conductivity [3, 7].
Mould growth is detrimental in that it degrades building materials, altering their properties,
inducing rot and decay in wood (but not exclusively), and rendering them non-functional and/or
unreliable [3, 5, 6, 8, 9]. In addition, by-products of micro-organism population growth within
building insulating and structural elements, as well as the micro-organisms themselves, are
transported to building interior spaces (via liquid and vapour fluxes within materials, and air
flow within ventilation systems and rooms) [3, 10], wherein they can exhibit harmful effects on
inhabitants, such as allergic reaction, pronounced respiratory symptoms, intensified asthma,
weakened immune system, etc. [11–13].

This and the great cost of potential mistakes [3] motivates numerical modelling, which allows
one to assess the performance of designed solutions in silico, a risk-free environment. However,
given that all of the above is dependent on generally complex temperature and relative humidity



(RH) dynamics within a building and that numerical models require many input parameters and
dependencies, not all of which are known a priori or with sufficient precision, one cannot rely
exclusively on simulations. Sometimes using even seemingly slightly different parameters for
simulations can lead to poor design choices which can have many serious consequences, should
erroneous designs be implemented [14]. This is why long-term building monitoring projects and
test sites have been commissioned, for instance, in Finland [15], Spain [16] and Estonia [17].

In Latvia, roughly six years ago five experimental buildings with different insulating envelopes
were constructed at a test site located in Riga, in the Botanical garden of the University of Latvia.
Each building was equipped with an array of temperature, RH, heat flux and air velocity sensors
connected to a data logging system [18,19]. One of the objectives was to establish which of the
different assemblies present on site are better suited for Latvian climate, with its characteristic
high RH levels, especially during winter with routinely occurring RH extrema of up to 0.9. While
it is now clear which solutions are more optimal for local conditions, the large amount of data
on temperature and RH dynamics within buildings and data from the meteorological station
(located on site) regarding exterior climate conditions, all accumulated over a period of > 5
years, enables one to go further and use the experiment to verify numerical models. Moreover,
samples of materials from different places within building envelopes were taken and analysed to
study the degree of biological contamination by micro-organisms. Given that sensors are prone to
occasional errors, the data from sensors, biological lab tests and simulations would complement
one another to provide a clearer physical picture of how different materials and combinations
thereof function under real operational conditions. This is important since, despite much effort
from the local project team over the years, [20–24] and others, many aspects concerning actual
initial conditions within buildings and their hygrothermal properties, and thus also long-term
behaviour, are still unclear.

The objective of the present study is to first establish numerical models using WUFI Pro
6.3 and compare their output to data from temperature and RH sensors. Then, mould growth
risk predictions are derived from both experimental data and simulation results, and both are
compared to lab test results. This way, we verify both our material models (either custom or
taken from a certified database), interior climate models and the applicability of the standard
Sedlbauer mould growth risk model to local climate [25,26].

2. The experiment
2.1. Test buildings
The test site houses five buildings, codenamed AER, CER, EXP, LOG and PLY, which stand
for different materials used as insulators for wall envelopes. All five variations have identical roof
and floor assemblies. Material layer order and thickness values are given in this section, below.
A general overview of a test building (shapes are identical) is shown in Figure 1a. Detailed
specifications for each building and sensor placement within are given in [27]. For our analysis,
only certain temperature and RH sensors were of interest - these are indicated in Figure 2 for
wall envelopes, and designated as ”FLOOR” and ”CEILING” in floor and ceiling assemblies,
respectively (Figure 1a). These material layer and sensor arrangements are later translated to
numerical models. Material parameters that were known due to our own studies are provided
in [27], but some are also provided in section 4 with hygrothermal curves and coefficients that
were available in databases (Fraunhofer-IBP, MASEA, University of Technology Vienna) and
those deduced over the course of this study (those not showcased are available on-demand).



Figure 1. A layout of the sensor network within a test building (a), where black dots correspond
to sensor locations, and typical air flow velocity readings from a sensor in the air gap in PLY
(b), where black dots are 1-hour average measured air velocities and the red curve is a 1% length
moving average of the dataset. Three types of sensors are installed: air velocity (interior, air
gap, attic and outdoors), temperature and RH (at all indicated positions). In (a), ”ROOM”
represents sensors located within building interior, ”LOFT” is the attic sensor, ”AIR.FAC” is
the flow velocity sensor within the air gap of the wall envelope, ”WALL” and ”FLOOR” are
sensors embedded into walls and floor, respectively.

Figure 2. The five wall insulating assemblies with marked sensor locations (black dots). Here
”-” indicates the outdoor side and ”+” represents the indoor side of an assembly. ”T” stands
for temperature sensor, ”H” is humidity sensor. ”WOOL” means that the sensor is embedded
into a soft material, and ”CONSTR” are sensors place into hard structural materials.

All 5 wall envelopes have the following first three outer layers: Spruce 40 mm, → Plywood
6.5 mm, → Air gap, 30 mm. Inner layer structure, exterior to interior, is as follows:
• AER: Stone wool, 30 mm → Stone wool, 50 mm → Lime-cement plaster, 15 mm →

Aerated concrete, 375 mm → Lime-cement plaster, 15 mm

• CER: Weather protection board, 3 mm → Stone wool, 120 mm → Lime-cement plaster,
15 mm → Perforated ceramic blocks, 440 mm → Lime-cement plaster, 15 mm



• EXP: Lime-cement plaster, 15 mm → Filled ceramic blocks, 510 mm → Lime-cement
plaster, 15 mm

• LOG: Spruce, 200 mm → Stone wool, 200 mm → Vapour barrier, < 1 mm → Spruce,
40 mm

• PLY: Plywood, 20 mm → Stone wool, 200 mm → Plywood, 20 mm → Fibrolite, 75 mm
→ Cement plaster, 20 mm

Ceiling and floor assemblies have the following layouts:

• Ceiling: Plywood, 12 mm → Wood wool, 200 mm → Plywood, 4 mm → Stone wool,
50 mm → Vapour barrier, < 1 mm → Plywood, 6.5 mm

• Floor: Plywood, 21 mm → Vapour barrier, < 1 mm → Stone wool, 200 mm → Plywood,
21 mm → Stone wool, 50 mm → Vapour barrier, < 1 mm → Plywood, 21 mm

2.2. Processing of experimental datasets
Monitoring both buildings and weather conditions at the test site from April 3, 2013 to April 1
2019 yielded the following data:
• Outdoor temperature, RH, wind direction and speed, solar radiation intensity
• Temperature and RH values from sensors within test building (see Figures 1a and 2) and

air flow velocity in wall air gap (Figure 1b)
• At the 5 year mark, building envelopes were opened and samples from key locations

(including sensors) were taken to the lab for micro-organism content assessment
Data for outdoor climate was used both for interpretation of experimental results and as

input for numerical simulations. In both cases outliers were removed and the remaining values
were binned into 1-hour intervals, since characteristic time scales in building physics for these
kinds of experiments are days/months/years. Also, in the case of model input, each hour was
taken to be the average of the corresponding hours of the five separate yearly cycles, yielding
a single year-long interval. This interval was then periodically extrapolated over the entire
calculation period. The rationale is that no long term trends other than yearly cycles were
present in gathered data, and such simplified representation of outdoor conditions allows one
to observe the general behaviour of studied systems more clearly, which makes sense given the
many unknown parameters.

Since WUFI Pro 6.3 is only applicable to parts of assemblies with symmetries that admit
1D models, only data from sensors shown in Figure 2 and wall/floor sensors was used. After
removing outliers, temperature and RH time series from these sensors were de-noised using a
low-pass frequency filter with a threshold equal to the inverse of the 0.5 % of time series length,
which is roughly 10 days.

3. Numerical simulations
The assemblies described in Figures 1 and 2 and in section 2.1 were simulated in WUFI Pro
6.3, a finite volume method (FVM) package that solves coupled heat and moisture transport
equations under standard building physics assumptions [28]:
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where T is temperature, ϕ is RH, λ = λ(T, ϕ), δ = δ(T, ϕ) and ps = ps(T ) are thermal
conductivity, vapour diffusivity and vapour saturation pressure, respectively, µ is relative vapour
diffusion resistance, w(ϕ) is water content density (given by the moisture storage function),
Dϕ = Dϕ(T, ϕ) is water diffusivity and H(T ) is enthalpy. The left hand side of Equation (1)
includes temperature dependent liquid-ice transition enthalpy and water/ice enthalpy flow, while
vapour enthalpy flow is given by the second term on the right hand side of Equation (1). This
and other constitutive relations for Equations (1) and (2) are given in [28].

Outdoor and indoor climate are prescribed by Robin boundary conditions for T and ϕ on the
exterior and interior assembly surfaces:

∇T · n⃗+ ht(T − T0) = q(t) (3)

∇(ϕps) · n⃗+ βv (ϕps − (ϕps)0) = 0 (4)

where T0 and (ϕps)0 are exterior/interior temperature and water vapour pressure, respectively, n⃗
is the surface normal, ht is heat transfer coefficient and βv is moisture transfer coefficient (related
to ht via the Chilton–Colburn analogy). Exterior T0 and ϕ0 are given by the processed time
series from the meteorological station, while interior conditions are given by ISO 13788 or EN
15026/DIN 4108/WTA 6-2 standards (herefrom referred to as simply ISO or EN) with variable
mean temperature and RH class (moisture load) - the reason is that it is not yet entirely clear
to what extent sensor data from within test building rooms are trustworthy and representative
of actual inner surface conditions. No records of precipitation dynamics were available, so rain
and snow were not accounted for. Solar radiation is accounted for by a heat source q(t) added
to Equation (3) at the outer boundary (q(t) = 0 at the inner boundary) and a set of transfer
coefficients. Initial conditions for simulations were defined based on sensor measurements and
construction/maintenance logs. Cloud index is unknown, so a standard coefficient suggested by
WUFI for atmospheric counter-radiation is used. All of the above parameters and functions
must be defined with care, since Equations (1) and (2) are highly non-linear. Establishing
the unknowns among these is one of the primary concerns of this study. Note that in some
cases initial conditions RH, to which Equations (1)-(4) are sensitive, were known only up to an
interval.

Equations (1) and (2) were solved in a 1D approximation. Regarding the air gap in wall
assemblies (Figure 1a and 2) and attic spaces (Figure 1a), data from a velocity sensor relocated
into the PLY assembly air gap (Figure 1b) allowed to perform dimensional analysis and estimate
the degree of ventilation. It was found that Grashof (Gr), Rayleigh (Ra), Reynolds (Re) and
Richardson (Ri) numbers are Gr ∈ [108; 1010], Ra ∈ [108; 1010], Re ∈ [103; 104], Ri ∈ [0.1; 24]
and on average Ri < 1, implying that highly turbulent forced convection dominates within
the gap, homogenising air temperature and leading to temperature and RH that should be
close to exterior conditions. Since the attic is ventilated and connected to the air gap in each
building, we infer that the topmost layer of ceiling assemblies is also exposed to near-outdoor
conditions. This allows one to eliminate the outer weather protection layer from numerical
models of wall assemblies and ceiling envelope (and thus set q(t) = 0 in Equation (3)), provided
that an appropriate effective heat transfer coefficient is specified. The floor insulation assembly
is essentially an inverted roof (Figure 1a) and is directly exposed to outdoor air. The air
gap below is sufficiently wide to disregard grass (periodically trimmed) and shading nullifies
the effect of solar radiation. Thus, floor outer boundary is treated as an external wall with
ht = 0.0588 W/(m2 · K), while external boundaries of other assemblies are treated as interior
walls and are assigned ht = 0.125 W/(m2 ·K).

Optimized numerical mesh consists of 750 cells over the assembly length with refinement
at material and model boundaries (expansion factor 1.05). Time stepping is adaptive, with a



maximum step of 1 h (exterior climate time step) and recursive refinement of up to 20x, each
refinement level splitting the current time step level into 10 smaller steps, until step convergence
is achieved.

4. Results and analysis
Sensor data and simulation results (temperature and RH time series from April 3, 2013 to April
1 2019) were processed and compared. Virtual sensors were placed in WUFI Pro 6.3 models in
corresponding locations (1a and 1b) and output was processed in the same way as experimental
values. Here, several representative results are be shown.

Starting with the ceiling envelope, one can see the results of WUFI modelling versus the
experiment in Figure 3: Figures 3a and 3c, clearly show that temperature curves align nearly
ideally for LOG, but there are considerable discrepancies in case of PLY starting with roughly
the second half of 2018 (dashed red lines in Figures 3b and 3d).

Figure 3. Experimental (light blue) and numerical (yellow) results for the ceiling envelope
for temperature (a,c) and RH (b,d) dynamics over the entire monitoring period at the outer
stone wool sensor location. Figures (a,b) correspond to LOG, data for PLY is shown in (c,d).
Note the ”flatlined” areas encircled with dashed red lines (a,b) - there, sensors have temporarily
malfunctioned, resulting in data loss. Similarly, in (d) a RH sensor initially indicated unrealistic
dynamics, so starting RH was chosen based on the further interval of the curve. For precise
sensor locations, please refer to Figure 1.

Figures 3b and 3d indicate very good agreement for RH dynamics for PLY, but there is a
considerable and systematic overshoot in case of LOG. Also note that radically different RH
curves are predicted for PLY, again, from around the second half of 2018.

Interestingly, inspecting maintenance logs reveals that strong deviations in Figures 3c and
3d correspond to a prolonged series of conditioning system and phase change material (PCM)
tests that lasted throughout the remainder of the time interval in question. The reason for RH
deviations in LOG are not presently obvious. The established (or current best) initial and interior
conditions for LOG and PLY are, respectively: ϕ0 = 0.5 globally and the EN interior climate



with a high moisture load (HML); ϕ0 = 0.9 within the wood chip wool, ϕ0 = 0.6 elsewhere
and EN-HML interior climate. In this and other cases, we are willing to share the established
material and climate models and initial conditions on demand (corresponding author). For
AER, CER and EXP, ceiling temperature sensors indicate excellent agreement with WUFI, but
RH sensor data is, unfortunately, ripe with artefacts, which preclude analysis.

Temperature and RH dynamics for the PLY wall assembly are shown in Figure 4 - note the
very good temperature curve fit. However, RH time series exhibit overshoots during winter and
a deviation near the beginning. Although in Figure 4b initial conditions may look different,
here ϕ0 = 0.9 was indeed set for stone wool and ϕ0 = 0.6 elsewhere, as per sensor data, but
these initial values were removed during automatic data filtering. The EN-HML interior climate
model was used.

Figure 4. Temperature (a) and RH (b) dynamics for the PLY wall assembly at the stone wool
sensor location.

Figure 5. Temperature (a,c) and RH (b,d) dynamics for the AER wall assembly at the stone
wool (a,b) and aerated concrete (c,d) sensor location.

Results obtained for the AER assembly wall are presented in Figure 5, wherein Figures 5a



and 5b represent temperature and RH dynamics at the stone wool sensor, while 5c and 5d
correspond to the sensor within the concrete slab. Concrete and wood are some of the more
challenging materials to model in WUFI, often exhibiting hysteresis in sorption curves. Given
that WUFI provides no means of accounting for this, it is pleasantly surprising that, as seen in
Figures 5b and 5d, the general trends are captured successfully. While the undershoot seen in
5b could be explained by a higher true initial RH value, it is not yet clear why there is a delay
in drying seen in 5d. The likely explanation is that the sorption curve is incorrect within the
high RH interval. The interior climate also very strongly affects drying. The initial conditions
established thus far are ϕ0 = 0.95 for aerated concrete and ϕ0 = 0.5 elsewhere. Again, the
EN-HML interior climate seems to best fit the experimentally observed dynamics.

Figure 6 displays the comparison between mould growth risk assessment derived from sensor
readings (Figure 6a) and predicted by WUFI (Figure 6b) for the PLY wall at the location of the
sensor placed within the stone wool layer. Note the very similar pattern in both cases. Both
experimental and simulation data suggest moderate risk for biodegradable materials such as
wood wool and minor risk for more resilient materials, such as the stone wool in question, with
very little organic content.

Figure 6. Mould growth risk assessment from April 3, 2013 to April 1, 2019 for the PLY
wall at the location of the sensor placed within the stone wool layer. Temperature and RH
pair (event) density is color coded and normalized to maximum (see the color bar to the right).
White contours are event density isolines. LIM (lowest isopleth for mould) curves are due to
the standard Sedlbauer mould growth risk model. Higher density above the LIM curves implies
greater risk of mould growth.

A very important point is that this correlates with both visual inspection (no mould was
detected) and lab tests conducted for samples taken from the stone wool surface. The latter
revealed that micro-organisms concentrations of 13400 ± 3454 CFU · g−1 (colony forming
units per unit sample mass). Compared to ∼ 50 CFU · g−1 for visually clean surfaces and
∼ 55000 CFU · g−1 for mould covered surfaces, this suggests that mould growth risk was indeed
only mild to moderate throughout the monitoring period. Interestingly, by far the greatest
contributor to mould growth was the mesophilic it Cladosporium, which is typically found when
RH ∈ [0.8, 0.9] - this fits very well with the density maxima seen in Figures 6a and 6b.



Several material models were verified or validated. Plywood board: density ρ = 500 kg/m3,
porosity f = 0.5, specific heat capacity c = 1500 J/(kg ·K), λ = 0.1 W/(m ·K), µ = 700. Wood
wool (blowing birch): ρ = 230 kg/m3, f = 0.999; c = 2100 J/(kg ·K), λ = 0.053 W/(m ·K);
µ = 4. PAROC eXtra (stone wool): ρ = 28 kg/m3, f = 0, 95; c = 850 J/(kg · K);
λ = 0, 034 W/(m ·K); µ = 1. Fibrolite board: ρ = 400 kg/m3, f = 0, 74, c = 2100 J/(kg ·K),
λ = 0, 068 W/(m ·K), µ = 44. For hygrothermal curves, please see Figures 7, 8, 9 and 10.

Due to the article page limit, we are unable to provide the verified material model for cement
lime plaster - however, the corresponding author will provide data on demand (values, data
files). While it is tempting to showcase material models for the AER wall, as evident from
Figure 5d, the hygrothermal model for aerated concrete must be further improved before the
data is ready to be made public. This is also true for CER, EXP and Floor models. Once these
are improved, we plan to publish the rest of established material models.

Figure 7. Hygrothermal curves for plywood board. Thermal conductivity plots (a) and (c)
correspond to λ(T,w) = λdry(T ) · (1 + c1w(ϕ)), where the dependency in (a) gives c1 and (b)
gives λdry(T ). Normalized water content is the ratio of water content to saturation value.



Figure 8. Hygrothermal curves for blowing birch wood wool. Note that both liquid suction
and redistribution mechanism contributions to Dϕ(w) are specified.

Figure 9. Hygrothermal curves for PAROC eXtra.



Figure 10. Hygrothermal curves for fibrolite board.

5. Conclusions and outlook
Numerical models have been established for all buildings within the Botanical garden (University
of Latvia) test site. Many of these models showed very good agreement with experimental data
in terms of RH dynamics, especially for PLY, AER, Ceiling and Floor insulating envelopes.
In most cases temperature time series were in excellent agreement. It was found that both
numerical models and processed sensor data correctly predict mould growth risks and growth
onset most of the time, but especially so for PLY and Floor assemblies. The fact that three
independent mould growth risk assessment methods agree very well leads to the conclusion that
our numerical models are on the right track.

As a result of cross-verification, many of the previously unknown material parameters and
dependencies, as well as initial conditions were established (see section available on demand).
The applicability of LIM critical curve models under local climate conditions was ascertained.
Numerical models for CER, EXP and LOG envelopes currently show quite strong deviations
from the experiment, indicating that respective material models are thus far incorrect. It was
found that assemblies are much more sensitive to indoor conditions than initially anticipated.
For this reason, sensor readings for interior temperature and RH will be incorporated into current
models. Outdoor climate dataset with no 1-year cycle averaging will also be used instead of the
current boundary condition.
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