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Abstract: Organic phase change materials (PCMs) offer a promising 

approach to improving the energy efficiency and sustainability of buildings. 

Impregnating wood with PCMs presents the opportunity for its application in 

building construction to reduce energy consumption for heating and cooling 

of indoor spaces. In this study, the process of solid wood impregnation with 

PCMs was conducted, along with the characterisation of their thermal 

properties. To define an optimal melting point and quantity to be 

incorporated into test cubes exposed outdoors for long term in Kuchl 

(Austria), a digital model was used to simulate beech and spruce that were 

impregnated with PCMs featuring two differing melting points. The results 

show that incorporating PCM into walls and floor can potentially reduce 

summer overheating by up to 48%. This effect is achieved using a building 

design that includes wood impregnated with PCM with a lower melting point 

of around 21°C. However, the building design and use of the employed PCMs 

do not reduce energy consumption for heating during winter. The results 

show that the performance is strongly dependent on the melting point of the 

PCM and its quantity in the building. These findings contribute to improving 

the design of the experimental test cube with impregnated wood and 

highlight the challenges. 
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1. Introduction 

 
In the European Union, buildings 

contribute to 40% of energy consumption 
and 36% of greenhouse gas emissions, 
underlining the key role that improving 
energy efficiency in buildings plays in 
achieving the carbon neutrality target set 
by the European Green Deal for 2050 [10]. 
The energy consumption for space cooling 
in both the residential and commercial 
sectors is mainly driven by increased 
comfort demands and the widespread 
introduction of air conditioning systems in 
European countries [17]. This trend is 
predicted to continue in the future, with 
advancements in technology, population 
growth, and increased expectations for 
indoor comfort. 

One potential solution for countering 
the rising energy demands for heating and 
cooling is through using phase change 
materials (PCMs) within building 
structures [2]. PCMs have the capability to 
improve thermal inertia, thereby 
enhancing overall energy performance. 
Combining PCMs in building structures is 
an effective technique for mitigating 
summer overheating and reducing indoor 
energy consumption for heating and 
cooling [10]. 

Latent heat is the energy that a 
substance either absorbs or releases when 
it undergoes a transition from one phase 
to another. Typically, the latent heat is 
much higher than the sensible heat. 
During this phase transition, the 
temperature remains constant [16]. There 
are three types of phase changes: solid-
solid, solid-liquid, and liquid-gas. Among 
these, the solid-liquid phase transition is 
particularly favoured in thermal energy 
storage (TES) applications because of its 

capability to store significant amounts of 
heat whilst causing minimal changes in 
volume. TES can be employed in building 
structures as passive systems to buffer 
peak heating or cooling demand, or in 
active systems linked to heating, 
ventilation and air conditioning, and 
domestic hot water systems [13] to 
directly reduce energy consumption [16]. 

Impregnation of PCMs into wood has 
received attention in recent years because 
of the excellent properties of wood as a 
construction material, such as its 
mechanical resilience, low thermal 
conductivity, sustainability, and low 
density (from 300 to 900 kg/m² in Europe) 
[6, 7, 21]. Due to the porosity of wood, 
PCMs possess the potential to be 
incorporated into wood, thereby 
increasing the thermal mass of wooden 
structures and positively reducing the 
energy demand of the building for indoor 
temperature control [20].  

Fatty acids are a suitable option for 
incorporation into wood due to their 
natural origin and good compatibility with 
wood [1, 23].  Previous researches have 
investigated a range of impregnation 
parameters [3, 11], various wood species 
[12, 18, 24], multiple bio-based phase 
change materials [15, 19], and methods to 
enhance the composite's performance, 
such as microencapsulation for leakage 
prevention [5]. Such impregnated wood is 
a promising approach to be implemented 
in building structure in passive or active 
applications. 

The aim of the study is to 
comprehensively analyse the material 
properties of wood impregnated with 
PCM, which could be used as a passive 
system in lightweight timber construction 
as cladding for interior walls and floors. 
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The goal is to enhance indoor thermal 
comfort in the test cubes by addressing 
two critical aspects: decreasing 
overheating in summer and conserving 
heating energy in winter. To achieve this, 
the optimal melting temperature and 
amount of PCMs will be determined and 
applied to test cubes, which will then be 
exposed to long-term outdoor conditions. 
In the initial phase, the wood, specifically 
beech and spruce sapwood, was 
impregnated and characterised to provide 
the material properties that can be 
implemented in the dynamic simulation 
software. In the following step, the model 
validation was carried out using an 
experimental test cube located in Kuchl, 
Austria. Subsequently, a validated model 
was used to perform a series of 
simulations with a PCM layer of 
impregnated wood on the walls and floor 
facing the interior of the simulated test 
cube. 
 

2. Materials and Methods 

2.1. Materials 

 
Capric acid (98%, Sigma-Aldrich, USA), 

palmitic acid (98%, Thermo Scientific, 
USA), and stearic acid (97%, Acros 
Organics, Belgium) were used in the study. 
Norway spruce sapwood (Picea abies L.; 
ρ=470kg/m³) and European beech (Fagus 

sylvatica L.; ρ=759 kg/m³) devoid of visible 
defects (such as knots or cracks) were 
selected for the impregnation. The 
dimensions of the samples used for 
impregnation were 80x80x20 mm. Before 
impregnation, the wood specimens were 
conditioned (at 23°C and 65% RH) and had 
a moisture content of approximately 12%. 

 
 
 

2.2. Methods 

2.2.1. Impregnation Process of the Wood 

 
A ternary eutectic mixture composed of 

saturated fatty acids was formulated for 
the impregnation of Beech. This mixture 
consisted of 80% capric acid, 10% stearic 
acid, and 10% palmitic acid by weight 
(PCM low). In the case of Spruce 
impregnation, a eutectic mixture 
comprising 83% capric acid and 17% 
stearic acid (PCM high) was employed. The 
pre-weighed fatty acids were heated until 
they reached a liquid state and mixed 
thoroughly. To ensure homogeneity, the 
mixture underwent a cyclic process of 
freezing at 0°C followed by melting at 
60°C, repeated thrice. The impregnation 
procedure took place within an autoclave, 
starting with a 15-minute vacuum at 30 
kPa. Subsequently, the valve was opened, 
enabling the liquid mixture to access the 
impregnation chamber while concurrently 
elevating the pressure to 600 kPa, 
maintained for 1 hour. To ensure low 
viscosity of the impregnating solution, the 
temperature in the chamber was kept at 
40°C throughout the impregnation [11]. 
After removing the specimens from the 
autoclave, they were transferred to oven 
at a 100°C for 3 hours. Excess PCM was 
then removed using paper, followed by 
recording of the specimen's weight.  

The weight percentage gain (WPG) was 
determined by dividing the difference 
between the initial and final weights of 
the specimens by their initial weight after 
equilibrium was reached at 23°C and 65% 
RH. To evaluate the effectiveness of the 
impregnation process, the maximum 
theoretical mass of PCM that the wood 
could absorb was calculated. This 
calculation followed the method outlined 
by Hartig et al. [12], considering an 
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estimated PCM density of 980 kg/m³ 
(according to Duquesne et al. [9]), along 
with a cell wall density of 1500 kg/m³. 

 
2.2.2. Characterisation of Thermal 

Properties of Wood  

 
Differential scanning calorimetry 

(Mettler-Toledo DSC3) under a nitrogen 
atmosphere was used to determine the 
thermal properties such as latent heat and 
to determine the melting and 
solidification points of the impregnated 
wood specimens. Samples of mass 20–30 
mg were placed in enclosed aluminium 
crucible pans. The differential scanning 
calorimetry (DSC) tests were taken 
between 0°C and 40°C at a heating and 
cooling rate of 2°C/min [18]. The heating–
cooling cycle was repeated three times. 
These results were used to prepare the 
enthalpy curve used in the simulation 
software. 

 

2.2.3. Design of the Experimental Test 

Cube 
 
The experimental setup consisted of a 1 

cubic meter interior volume, constructed 
using lightweight wood framing which 
stands on hollow substructure at a height 
of 70 cm, as illustrated in Figure 1. The 
experimental test cube (Figure 2) was 
located in Kuchl – Austria (47.63° N, 
13.15° E) on the university campus. The 
walls and floor were insulated with 100 
mm thick wooden fibre panels, while the 
top had 200 mm of the same insulation 
material. The inner wall was cladded with 
18 mm thick OSB board and the outer wall 
with 6 mm white-painted softwood 
plywood. The U-values of the walls and 
roof are 0.3271 W/m²K and 0.1748 
W/m²K, respectively. A double-glazed (U-
value of 1.1 W/m²K) window with 
dimensions 20 x 80 cm was installed on 
the south-eastern wall.  

 

 

Fig. 1. Plan view (left) and side elevation (right) of the test cube which was placed in 

Austria used to validate numerical simulations 
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The experimental test cube was 

equipped with a 100 W electric heater (RS 
PRO Enclosure Heater, UK), alongside two 
fans (Noctua, Austria) with adjustable 
speeds for controlling inlet and outlet 
airflow. Temperature sensors with 
accuracy ±0.5°C (DS18B20, Maxim, U.S.A.) 
were positioned on the wall and floor 
surfaces, as well as within the first internal 
layer and in the centre of indoor space to 
measure the air temperature and relative 
air humidity with accuracy ±0.3°C and RH 

±2% (AHT2x, Asair, China). The sensors 
were shielded from direct sunlight 
exposure. Data were collected every 90 
seconds and the average value in 5-
minute intervals was afterwards 
calculated. Throughout the experiment, 
the heater with PID controller maintained 
an internal temperature of 20 degrees 
Celsius, and no cooling device was 
employed. The air exchange rate was set 
at 1 m³/h, equivalent to 1 air changes per 
hour (ACH). 

 

    

Fig. 2. Visualisation of simulated test cube in the IDA ICE software (left picture) and 

experimental test cubes located in Kuchl, Austria (right picture) 

 

2.2.4. Dynamic Building Performance 

Simulation – Validation with 

Experimental Test Cube 

 
To validate the accuracy of the 

computer simulations, a 2-month period 
spanning from March to April 2023 was 
selected, aligning with real-world 
conditions. Computer simulations were 
conducted using IDA ICE (EQUA 
Simulations). The simulation software was 
configured to replicate parameters from 
the experimental test cube, encompassing 
factors such as geographical location, 

climate data derived from weather station 
located in Kuchl (including solar radiation, 
air temperature, wind speed, and 
orientation), experimental cube structural 
details, ventilation settings, and heater 
specifications. Output in the IDA ICE 
software of the simulated data were 
hourly values.  

The uncertainty indices used in this 
study are: normalized mean bias error 
(NMBE) Equation (1), root mean square 
(RMSE), and coefficient of variation of the 
root mean square error (CV RMSE) 
Equation (2) as suggested by ASHRAE 14 
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[4, 8, 22]. Where si the simulation 
predicted datum, mi the measured value, 
and n the number of measured data 
points.  

The Equations used to calculate NMBE 

(1) and CV RMSE (2): 
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2.2.5. One Year Simulation of Test Cube 

Utilizing Wood Impregnated with PCM  

 
Employing the validated model, 

simulations were conducted over a span 
of one year to ascertain the optimal 
properties of PCM-impregnated wood. 
Attention was given to determining its 
melting point and the more suitable 
quantity for constructing experimental 
test cubes with PCM. The simulations 
were based on the validated model, which 
excluded the PCM impregnated wood. 
Following these validation simulations, the 
PCM-impregnated wood was introduced 
into the simulation software and applied 
to the walls and floor facing the interior of 
the virtual test cube. This investigation 
involved the selection of two distinct PCM 
compositions, each with varying melting 
points: Beech impregnated with PCM with 
a lower melting point (PCM low), and 
Spruce sapwood impregnated with PCM  
with a higher melting point (PCM high). 
Furthermore, for the purposes of the 
simulations, the data for spruce 
impregnated with lower melting point and 

beech impregnated with higher melting 
point PCM were generated on the basis of 
the experimental DSC data, by equivalent 
substitutions of the amount of PCM that 
can be hosted by these wood species. Due 
to its structure, beech can host less PCM 
than spruce, which affects the total 
thermal energy that can be stored per 
volume. 

For the simulation process, historical 
climate data from the year 2022 were 
utilised. This data were sourced from the 
IDA ICE database and originated from the 
Salzburg Airport, located 25 km north of 
the Kuchl campus where the physical test 
cube is situated.  

The IDA ICE software allows for dynamic 
simulations involving PCM with distinct 
melting and solidification temperature 
properties having flexibility to define 
these parameters. To accurately represent 
the behaviour of Beech and Spruce wood 
impregnated with PCM, a total of 18 
specific values, determined through 
differential scanning calorimetry (DSC) 
analysis, were incorporated into the 
material properties. Furthermore, in the 
simulation software during the period 
from 1 October to 30 April, the electric 
heater with a power of 100 W was set at a 
temperature of 20°C. Simultaneously, the 
ventilation system operated consistently 
at a set value of 1 ACH throughout the 
entire day. In contrast, for the warmer 
months spanning from 1 May to 30 
September, the heater was set at a 
temperature of 16°C. Ventilation occurred 
solely during the night-time hours, from 8 
pm to 6 am, utilising a rate of 4 ACH. 
Between 6 am and 8 pm, the ventilation 
was deactivated to prevent the influx of 
warm external air into the cube. 
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3. Results and Discussion 

3.1. Impregnation Process of the Wood 

 
The outcomes of the impregnation 

process, presented in Table 1, 
demonstrate that the weight percentage 
gain (WPG) of the samples was 
consistently high for both types of wood. 
Notably, beech exhibited a lower WPG 
(37.1%) compared to spruce sapwood 
(124.1%), which was already presented by 
Grzybek et al. [11]. Both specimens 
achieved similar densities after 
impregnation. Hartig et al. [12] and Nazari 
et al. [18] showed that the absorption of 
PCM into wood is influenced by 

impregnation parameters such as time, 
pressure, and PCM viscosity. Furthermore, 
because of the facility with which PCM 
penetrates the wood during impregnation, 
it also tends to leak out of the wood once 
it has reached a liquid state. Because 
spruce wood has lower initial density than 
beech and therefore more free capacities, 
the specimens can accommodate 
approximately 55.4% PCM of the total 
mass, whereas beech specimens hold 
around 29.9%. Consequently, 
impregnated spruce is capable of storing 
more thermal energy, despite occupying 
smaller volumes. 

 
 

Results of the impregnation process of wood with phase change material      Table 1 

Specimens 
Density 
[kg/m³] 

WPG 
[%] 

Density after 
impregnation 

[kg/m³] 

Retention 
[kg/m³] 

% PCM in 
wood [%] 

Beech 759.3 (8.8) 37.1 (1.1) 1042.9 (5.9) 322.3 (7.2) 29.9 

Spruce 469.5 (12.4) 124.1 (3.5) 1044.7 (2.5) 578.5 (6.8) 55.4 

 

3.2. Characterisation of Thermal 

Properties of Wood  

 
The simplified enthalpy profiles of both 

specimens namely spruce and beech, 
impregnated with PCM, are illustrated in 
Figure 3. These profiles were derived from 
differential scanning calorimetry (DSC) 
analyses, and simplified to fit the input 
data format of the simulation software - 
the IDA ICE.  

DSC is a sensitive instrument, 
necessitating small sample sizes (typically 
5-40 mg). This sensitivity poses challenges 
when dealing with heterogeneous 
samples as PCM incorporated into wood. 
However, it allows for coarse 
determination of heat capacity, latent 
heat, and the melting and solidification 
points. These parameters are required in 

defining material properties for 
subsequent computer simulations of the 
test cubes. The outcomes reveal that the 
melting point for spruce is approximately 
27.5°C with latent heat of approximately 
80 J/g, while for beech, it is around 21°C 
and latent heat of about 45 J/g. 
Additionally, the PCM within spruce starts 
solidification at approximately 25.5°C, 
contrasting with beech at 19.5°C. This 
discrepancy arises from the utilisation of 
two various PCM types during the 
impregnation process for spruce and 
beech, respectively. For the PCM to realise 
its full potential in a wood matrix, external 
temperatures must fluctuate above and 
below the melting and solidifying points. 
In addition, as a simplification for the 
purpose of the simulations, the heat 
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capacity of both wood samples was 
defined to be equal to 2 J/g*K.  

 

 

Fig. 3. Simplified enthalpy of wood impregnated with PCM based on DSC measurement 

used for input of material properties in IDA ICE 

 

3.3. Dynamic Building Performance 

Simulation – Validation with 

Experimental Test Cube 

 
As illustrated in Figure 4 the comparison 

between the experimental measurements 
and the simulated data is shown. To 
ensure the accuracy of validation, several 
key metrics were calculated, as outlined 
by Coakley et al. in 2011 [8]. These metrics 
include the root mean square error 
(RMSE), the normalized bias error (NBME), 
and the coefficient of variation 
(CV(RMSE)). In the context of indoor 
temperatures, the calculated RMSE was 
0.7°C, with a corresponding NBME of -

1.28%, and a CV(RMSE) of 3.33%. In terms 
of heater power consumption, the RMSE 
measured 6.09 W, accompanied by an 
NBME of -20.85%, and a CV(RMSE) of 
55.65%. If NMBE is close to zero, it 
indicates a small bias between observed 
and predicted values. Moreover, a 
negative value means that the model over 
predicts measured data [22]. According to 
the ASHRAE Guideline 14 [4], to validate 
the computer simulation model, accuracy 
should exhibit within ±10% for NBME and 
30% for CV(RMSE), relative to hourly 
measured data. The comparison between 
the simulation and experimental data for 
indoor temperature indicates a high 
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degree of similarity and closely aligned 
trends, meeting the criteria set for 
validation by ASHRAE. Thus, the model 
can be considered as validated for indoor 
temperature predictions. 

However, the same trend does not apply 
to electric heater power consumption, as 
the determined values exceed the 
stipulated guideline values. Although 
there are similarities in appearance and 
alignment between the heating power 
consumption trends observed in 

simulations and experimental data, the 
level of precision is still inadequate. This 
inadequacy indicates that additional 
refinements are necessary for the 
simulation model to improve its accuracy. 
This discrepancy becomes evident when 
considering total electricity usage. During 
the tested period, the experimental setup 
consumed 15.5 kWh, while the simulated 
cube consumed 18.73 kWh over the same 
time, which is 20.8% more. 

 

 
 

 

Fig. 4. Comparison of indoor air temperature (top graph) and electric heater current 

(bottom graph) between experimental test cubes and simulated cube in April and May 

2023 
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Fig. 5. Detailed visualisation of experimental data and simulated data between 29.04 

and 05.05 2023: a. indoor air temperature: b. surface temperature of floor: 

c. surface temperature of inner wall surface exposed north-east 

 

Figure 5 illustrates the detailed 
variations in air temperature (a.), as well 
as the temperatures on the inner surfaces 
of the floor (b.), and the north-east wall 
(c.), in comparison to the simulated values 
and experimental data. The comparison 
reveals that while the simulated data 
generally follow a similar trend to the 
experimental data, there are instances of 
shifted temperature increases or 
prolonged periods, leading to a deviation 
of approximately one hour. This effect is 
particularly evident in the floor surface 
temperature which can be caused by the 
fact that in the experimental setup, the 
sensor is positioned centrally, making it 
more susceptible to direct solar radiation. 
In contrast, the simulated data account for 

temperature readings collected from the 
entire surface area of the test cube.  

During the period from 2.05 to 4.05, the 
indoor temperature remained constant at 
20°C due to low solar radiation and low 
outdoor temperature. However, the 
surface temperatures exhibited 
fluctuations, displaying slight increases 
during daylight hours. Notably, even 
within the confined 1m³ test cube, the 
distribution of temperature is made in 
dependence of the sensor placement.  

 
3.4. One Year Simulation of Test Cube 

Utilising Wood Impregnated with PCM  

 

Using the validated model presented in 
the previous section, a numerical study 
was carried out to optimise the designs for 
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applying PCM layers and to investigate the 
amount of PCM required to be applied in 
test cubes located in Kuchl (Austria), in 
order to improve the indoor thermal 
environment, reduce the energy required 
for heating, and reduce summer 
overheating. The simulations were 
performed based on the validated model 
of the test cubes which included an extra 
layer of the PCM impregnated wood of 
beech and spruce with various thickness 
on the inner walls and the floor.  

As showed in Table 2, the amount of 
PCM per square meter is 6.44 kg/m² for 
impregnated beech and 11.57 for 
impregnated spruce with PCM. In other 
similar numerical or experimental studies 
around the world, the amount of PCM in 
building structure varies from 0.9 kg/m² 
up to 11 kg/m² [14].  

 
 
 

Table 2 

Total weight of PCM and PCM by surface 

area in the impregnated wood used in the 

simulations of experimental test cube 

Specimens 

PCM impregnated wood 
layer (thickness 2 cm) 

[kg/m²] 
total mass of 

PCM [kg] 

Beech 6.44 31.17 

Spruce 11.57 55.99 

 

Figure 6 illustrates the maximal daily 
indoor temperatures during the warmer 
months. Clearly evident from the 
visualisation is the impact of PCM 
integration within the test cubes. These 
cubes exhibit a reduction in the number of 
days where temperatures exceed 25°C 
and a remarkable stability in temperature 
fluctuations, maintaining a more 
consistent thermal profile.  

 

 

Fig. 6. Heat map of daily maximum temperature between May and September in 

simulated test cubes 
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Additional insights are shown in Table 3, 
which presents data on energy 
consumption and the occurrences of days 
surpassing 25°C over a whole year. 
Notably, an increase in the amount of 
PCM within the test cubes leads to a 
decrease in the number of hours or days 
exceeding 25°C. This effect is prominently 

demonstrated by the test cube equipped 
with spruce wood incorporated with PCM 
with lower melting point, showing a 
reduction of 48.12% when compared to 
the reference test cube. In constrast, the 
test cube with spruce and higher melting 
point PCM demonstrates a reduction of 
16.55%.  

 
Table 3 

Summary of the occurrence of indoor air temperature over 25°C and electricity usage for 

heater in simulated test cubes over a year 

Cube 

  Reference 
Beech 

PCM low 

Beech 
PCM high 

Spruce 
PCM low 

Spruce 
PCM high 

Temperatures 
over 25°C –

time of 
occurrence 

in days 54 39 45 28 46 

in hours 719 501 619 373 600 

Reduction % - 30.32 13.91 48.12 16.55 

Electricity consumption for heating [kWh] 

Months 

Jan 36.3 36.8 36.8 36.8 36.8 

Feb 27.3 27.6 27.7 27.7 27.7 

Mar 22.8 23.1 23.0 23.2 23.0 

Apr 13.9 14.3 14.0 14.4 14.1 

May 1.6 0.5 1.1 0.2 1.0 

Jun 0.6 0.5 0.5 0.4 0.5 

Jul 0.0 0.0 0.0 0.0 0.0 

Aug 0.3 0.0 0.1 0.0 0.0 

Sep 2.0 1.1 1.7 0.3 1.6 

Oct 14.6 15.1 14.9 14.9 15.0 

Nov 26.1 26.4 26.3 26.4 26.3 

Dec 33.7 34.0 34.1 34.1 34.1 

Total - 179.2 179.4 180.2 178.4 180.1 

 

This reduction in temperatures 
surpassing 25°C can be attributed to the 
specific characteristics of the PCM 
integrated into the respective cubes. The 
PCM low with lower melting point initiates 
its melting phase at 21.0°C, while the PCM 
high with higher melting point initiates its 

phase change at 27.5°C. This difference in 
phase change temperatures directly 
contributes to the overall better thermal 
performance in reducing heat in the test 
cubes with PCM low during the warm 
months of the year. 
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Figure 7 illustrates the temperature 
profile of the warmest internal surface, 
namely the floor, within the reference 
cube. The figure shows that temperatures 
above the melting point of the PCM low 
(21°C) start to occur in the second half of 
April and last until the first half of 
October. It should be noted that 
temperatures above 27°C occur mainly in 
July and around July with single 
occurrences in May. These temperature 
patterns correspond well to the lower 
melting point of the PCM low. Similar 
results from other researchers suggested 

that the PCM material used with a melting 
point of 21.6°C was effective in reducing 
high internal temperatures even in regions 
with moderate climate zones [14].  
However, a critical limitation occurs when 
temperatures continuously exceed the 
21°C threshold for a prolonged period of 
time over several days. This elevated 
temperature for a long period of time 
prevents the wood impregnated with PCM 
from reverting to its solid state, thereby 
hindering the PCM from being fully 
utilised.  

 
 

 
Fig. 7. Occurrence in hours of the surface temperature of the floor in the simulated 

reference cube 
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The PCMs integrated into the building 

design demonstrate excellent 
performance in reducing maximum 
temperatures. A detailed analysis of the 
hottest days recorded between 14 July 
and 18 July (as shown in Figure 8) reveals 
a clear contrast between the indoor air 
temperatures within the reference cube 

and those with incorporated PCM. The 
PCM low performs visibly better in terms 
of reducing the peak temperatures. 
Moreover, increasing the amount of PCM 
by incorporating PCM low in spruce shows 
the greatest reduction. On the hottest 
day, this reduction reaches around 1.8°C 
for both simulated cubes with PCM low. 

 

 

Fig. 8. Detailed visualisation of maximal indoor air temperature of simulated test cubes 

with PCM impregnated  beech and spruce between 14.07 and 18.07 

 

As previously mentioned, the prolonged 
period of high outdoor temperatures and 
continued heat, which prevents the test 
cubes from cooling down, may have a 
negative effect on indoor temperatures. 
This trend can be seen in Figure 9, which 
includes the data for the interval after a 
series of warm days. The presence of 
PCMs intensifies the internal heat due to 
their ability to accumulate thermal energy. 
However, this property also extends the 
duration of cooling. Such an effect could 

be advantageous in situations where the 
temperature fluctuates greatly between 
day and night. This would allow the PCM-
equipped cubes to stabilise the ambient 
temperature during the night, while 
limiting heat accumulation during the day. 
This beneficial behaviour is noticeable on 
the last two days presented (24.08 - 
26.08). For all cubes tested with PCM, the 
maximum temperatures between 19.08 
and 24.08 were consistently higher than 
for the reference cube.  
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Fig. 9. Detailed visualisation of indoor air temperature of simulated test cubes with PCM 

impregnated beech and spruce between 19.08 and 26.08 

 
Lastly, the energy consumption of the 

cubes is assumed for the whole year 
(Table 3). Although the simulation has not 
been validated according to ASHRAE, as 
the simulations overpredict the results, it 
shows a similar course to the 
experimental part. The energy 
consumption values may be compared, 
but the values should not be taken as real 
and are likely to be about 20% too high. 
The overall trend over the year clearly 
shows that all the cubes consume almost 
the same amount of energy for the 
electric heater.  However, as less external 
energy is provided to melt the PCM 
(Figure 7), there is no exception to see a 
beneficial effect on energy reduction 
during the winter. However, the additional 
thermal mass does not negatively affect 
the thermal performance of the house - 
there is only a slight increase in energy 
consumption in winter as the amount of 
PCM used increases. The additional 
thermal mass attached to the inside of the 
external wall could act as a conductor for 
heat transfer. In winter, the heat 
generated by the heating system inside 

the building is transmitted through the 
additional thermal mass and transferred 
to the colder external face of the wall. This 
increases the heat loss through the 
external wall. However, the extra energy 
used in winter is recovered in the 
transition period before and after 
summer, making the overall total energy 
consumption for the whole year 
comparable.  
 
4. Conclusions 

 
In conclusion, this paper presents the 

results of an experimental investigation of 
the impregnation of beech and spruce 
sapwood with bio-based organic phase 
change materials (PCMs) derived from 
fatty acids. Furthermore, it includes the 
validation of a digital model of a test cube 
and dynamic simulations with PCM 
impregnated wood layers on the internal 
walls and floor. The main objective of this 
study was defining the material properties 
of PCM to improve the indoor thermal 
environment, mitigating overheating in 
summer and reducing heating energy 
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consumption in winter, by determining 
the optimum melting temperature and 
quantity to be applied to the test cubes 
for long-term exposure under real-world 
conditions. 

Key findings of this investigation are 
listed below: 

• Successful model validation: The digital 
model of the test cubes demonstrated 
its effectiveness in performing indoor 
temperature analysis, validating its 
reliability for future simulations; 

• Winter energy savings: The integration 
of the proposed PCMs resulted in 
negligible effects on winter energy 
savings. This implies that the proposed 
PCMs and building design may not 
affect heating energy consumption 
during colder months; 

• Improved summer comfort: Increasing 
the amount of PCM in the simulated 
test cube resulted in clear 
improvements in maintaining indoor 
temperatures below 25°C during the 
summer season. The reduction in hours 
with temperatures above 25°C varied 
from 13.91% to 48.12%. The higher 
reduction can be achieved by 
impregnating spruce, which can host 
more PCM than beech; 

• Importance of melting temperature: 
The performance of PCM is strongly 
dependent on the melting temperature 
of the PCM. The PCM with the lower 
melting point of around 21°C showed 
the most favourable results in terms of 
indoor thermal regulation. 

 
By optimising the amount of PCM and 

selecting the appropriate melting point of 
the PCM, benefits can be achieved in 
reducing summer overheating while 
maintaining winter energy efficiency. 
These results contribute to improving the 

design and selection of the materials for 
use in the test cubes that will be exposed 
outside. 
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