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Norway spruce (Picea abies [L.] Karst.) is an important forest species, 
comprising approximately 55.9% of the growing stock of Czech forests. 
The variations in the wood densities from three different locations were 
evaluated with respect to their mechanical and physical properties. Also, 
mechanical properties and formaldehyde emission of particleboard (PB) 
and medium-density fibreboard (MDF) panels produced from Norway 
spruce wood were investigated. The overall average density of the 
spruce wood was 509.22 kg/m

3
, ranging from 400.95 ± 27.92 to 617.50 ± 

29.91 kg/m
3
 by location. Most of the panels exceeded the requirements 

of EN standards for the measurements of MOE, MOR, and the internal 
bond. Furthermore, the results showed highly significant differences (p < 
0.001) among the panels for PB and MDF, which could be related to 
inter-panel variations. The formaldehyde emissions of PB and MDF were 
below the E1 emission limits. Moreover, positive correlations were found 
between the formaldehyde emissions (perforator and gas analysis 
methods) and board density. The results of this study verify our 
knowledge of wood density variation as affected by location as well as 
the age of trees and their relationship to mechanical and physical 
properties. Consequently, the variation in mechanical properties of the 
produced panels as well as the formaldehyde emission can further 
contribute to creating models to predict the quality of the product. 
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INTRODUCTION 
 

 Norway spruce (Picea abies [L.] Karst.), a large, conifer belonging to the family 

Pinaceae, is the most important commercial species in the Czech Republic. It comprises 

approximately 44.8% of the area and 55.9% of the growing stock of Czech forests, as 

reported by the Czech Ministry of Agriculture (2009). Norway spruce is used extensively 

in particleboard (PB) and medium-density fibreboard (MDF) panels. These products are 

used widely in the manufacturing of furniture, floor underlayment, and interior decoration 

(wall and ceiling panelling) for kitchen worktops, refrigerator cabinets, computer tables, 

shower cabinets, and external cladding. 

Previous studies have focused on the properties of spruce wood. For example, 

Trendelenburg (1937) analysed the distribution of density and compression strength over 

the stem of wood, finding that spruce had smaller changes in density within its stem than 
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other coniferous woods and that the differences among multiple stems were greater than 

those within a single stem. Additionally, the strength increased with increasing density, 

late wood content, and distance from the pith, as well as with decreasing altitude, annual 

ring width, and height in the stem (Vorreiter 1954). Teischinger and Müller (2006) 

investigated the effect of an increase in density and decrease in knot area ratio with 

increasing distance from the pith on the quality of large diameter round spruce wood. The 

mechanical and physical properties of spruce and their relationship with density have 

been studied. A clear radial trend was observed for selected wood properties: the density, 

MOE, and bending MOR increased with increasing distance from the pith and decreasing 

annual ring width (Sonderegger et al. 2008).  

Spruce particles and fibres are used in the industrial production of PB and MDF 

panels. These wood-based panels have been cited throughout the wood industry as a 

major source of formaldehyde emissions in domestic dwellings. Formaldehyde is 

considered a dangerous substance, and its concentration in indoor environments is 

restricted in many countries because of its reactivity, toxicity, and pungent odour (Wang 

et al. 2008; Nemli and Ozturk 2006). With increasing standards of living, concerns about 

human health and the environment have been raised due to the increasing demand for 

wood-based panels (Nemli et al. 2008; Kim 2009). The International Agency for 

Research on Cancer (IARC) has established that formaldehyde is undetectable by smell at 

concentrations of less than 0.1 ppm. At concentrations above 1.0 ppm however, exposure 

to formaldehyde will produce extreme discomfort (IARC 2004). 

Referenced and secondary methods, among others, are used for estimating and 

measuring formaldehyde emissions from PB, MDF, and other wood-based products, as 

described in many works (Risholm-Sundman and Wallin 1999; Salem et al. 2011a). In 

previous studies measuring the emission of formaldehyde from wood-based products, a 

good correlation was found between formaldehyde emissions values obtained from 

different test methods (Que et al. 2007; Park et al. 2010; Kim et al. 2010; Kim and Kim 

2005; Salem et al. 2012a).  

The E1 emission class adopted in Europe for PB and MDF is ≤0.1 ppm, ≤8 

mg/100 g, and ≤3.5 mg/m
2 

h as measured by chamber (EN 717-1 2004), perforator (EN 

120 1993), and gas analysis (EN 717-2 1994) methods, respectively. However, previous 

studies demonstrated that low-emission adhesives were insufficient in the production of 

E1 type PB or MDF (Salem et al. 2011a). Thus, all production parameters, including 

resin type, molar ratio, raw material type or wood species, moisture content (MC) of the 

board, drying temperature, board density, formaldehyde scavengers, aging, hardener type 

and amount, coatings, and laminates should be accounted for in the technological 

properties of the E1 emission class for PB and MDF panels (Salem et al. 2011a,b; Nemli 

and Çolakoğlu 2005; Nemli and Öztürk 2006; Roffael et al. 2010; Böhm et al. 2012). 

Other studies have focused on the variations in the measurements of formaldehyde 

emissions between laboratories, and the results indicated that most of the significant 

variations were due to differing chamber conditions, such as volume, materials, sampling 

air, and specific differences in test conditions (Yrieix et al. 2010; Salem et al. 2012a). 

However, the differences between measurements from different laboratories remain an 

important element in determining formaldehyde emissions (Risholm-Sundman and 

Wallin 1999; Salem et al. 2012b).  

In this work, the mechanical and physical properties and variations in the wood 

density for Norway spruce wood from different locations in the Czech Republic were 

studied. Additionally, the mechanical properties of the PB and MDF panels manufactured 
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using Norway spruce wood were evaluated. The formaldehyde emissions were evaluated 

using three different test methods: perforator (EN 120 1993), gas analysis (EN 717-2 

1994), and European small-scale chamber (EN 717-1 2004).    

 
 
EXPERIMENTAL 
 

Site Description and Wood Density Measurement 
 The P. abies testing material was sourced from the Černokostelecko region, 

located approximately 30 km east of Prague, Czech Republic. The forest district belongs 

to the Czech University of Life Sciences and occupies over 9,986 ha. Its elevation ranges 

from 210 to 528 m above sea level. The mean annual temperature is 6 to 9 °C, and the 

mean annual precipitation is 600 to 650 mm. Nine sample trees were selected from three 

different sites (location 1- approx. 350 m a.s.l., loc. 2- 420 m a.s.l., loc. 3- 320 m a.s.l.; 

three trees per site). The localities differed in elevation, soil fertility, and tree size.  

The first stand, near Jevany village, featured fertile soils and the following tree 

species composition: 95% spruce, 2% pine, 2% larch, and 1% oak. The average breast-

height diameter was 35 cm, and the average height was 31 m. The average age of the 

felled trees was 106 years.  

The second stand, near Krymlov village, was characterised by gley soils and was 

entirely made up of spruce (100%). The average breast-height diameter was 26 cm, and 

the average height was 24 m. The average age of the felled trees was 94 years. The third 

stand, near Stříbrná Skalice village, was primarily characterized by gley soils and pure 

spruce. The average breast-height diameter was 33 cm, and the average height was 31 m. 

The average age of the felled trees was 109 years. All selected trees were representative 

of the stands, free of any defects. 

To prepare the testing samples, the bottom portion of each tree was cut about a 

half inch to an inch off from the trunk end to avoid any cracks caused by felling the trees. 

These sections were cut into boards, which were used for sample preparation after 

seasoning. Clear samples (20 × 20 × 30 mm) were produced in accordance with ČSN 49 

0101 (1980). The samples were stored in an air-conditioned room (20 °C and 65% 

according to ČSN 49 0103 (1979) until the MC equilibrated. Thereafter, the wood density 

for 12% MC was set according to ČSN 49 0108 (1993). The density was determined by 

use of the following formula, 

 

].[ 3

12

12
12

 mkg
V

m


        (1) 

 

where m12 is the sample weight with 12% MC (in kg) and V12 is the sample volume with 

12% MC (in m
-3

). 

In total, 756 testing samples were produced to evaluate the wood density, corres-

ponding to 252 pieces for each site. The remaining wood from all nine trees as well as 

after measuring the mechanical and physical properties of wood was transferred to chips 

for the production of PB and MDF panels. The chips were divided into two groups, the 

first group for the production of PB and the second one for MDF panels, as described 

below. 
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Physical and Mechanical Measurements of Spruce Solid Wood  
Twelve samples (20 × 20 × 30 mm) were used to evaluate the shrinkage (α). The 

total shrinkage (αmax) from the green to the oven-dried conditions in radial (αr) and 

tangential (αt) directions and the volumetric shrinkage (αV) were tested following the 

Czech national standard ČSN 49 0128 (1989), 

 

 

       (2) 

 

 

       (3) 

 

 

where i is the radial or tangential direction, lmax is the size at a moisture content above the 

fibre saturation point, lmin is the size of the oven-dried samples, Vmax is the volume at a 

moisture content above the fibre saturation point, and Vmin is the volume of the oven-dried 

samples. For the mechanical properties, 12 samples were used for each of the following 

tests: bending strength (MPa), impact strength (J/cm
2
), and compression strength in radial 

and tangential direction and parallel to grain (MPa). 

 

Production of Particleboard Panels 
 The PB panels (16 mm thickness) were produced from 100% Norway spruce 

particles. The particles were divided into two layers, coarse (1.2 to 1.18 mm) and fine 

(0.4 to 0.8 mm), based on their size, which were then dried to 3% MC. The wood 

particles were placed in a rotating drum-type blender, and three-layer mats were formed 

using 17.5% fine particles for each face and back layer and 65% coarse particles for the 

core layer. MUF adhesive with 62% solid content was used in the blending process 

(Table 1). The adhesive was applied to the particles over 5 min at levels of 11% and 7%, 

based on the oven-dry weight of the particles in the face and core layers, respectively. 

 

Table 1. Composition of Melamine-Urea-Formaldehyde Adhesive Resin and 
Pressing Conditions Used for the Production of Particleboard and MDF Panels 

Parameter 
MUF Pressing 

conditions 

Material 

PB MDF 
PB MDF 

Resin content 
a
 Face: 11%, Core: 

7% 
8 %  Pressure (MPa) 3.25 3.4 

Solid resin content  62% Temperature (°C) 195 200 
Melamine content  
(wt% to MUF resin) 

4 % (in powder form) Pressing factor 
(s/mm) 

10 14-16 

Viscosity (mPa.s at 20 ºC) 150-600    
pH at 20 °C 9.0-11    
Density 1150-1250 kg/m³    
Wax (%) 0.5    
Hardener %  
(NH4NO3)

b
 

3 % (57-63% urea 
as solid content)   

(0 %)
c
    

F/(M + U) molar ratio < 1.1 (< 1.1:1)    
Free formaldehyde < 0.2%    

a
 Percent based on oven-dry weight of wood raw material; 

b
 % based on solid content of MUF; 

c
 MDF only- pH value of wood fibers was sufficient to start the curing reaction (pH value of the 

fibers was approximately 4.5) 
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Production of Fibreboard Panels 
The wood fibre was made from P. abies after pre-steaming the chips (Hua et al. 

2012) using a disc refiner with the following conditions: MC = 50%, temperature = 

160°C, and pressure = 120 psi. The MDF was manufactured using 8 % MUF adhesive, 

based on the oven-dried weight of the fibres. The wood fibre was placed in a rotary drum 

mixer, and the MUF resin was sprayed onto the wood fibre during rotation. The fibre and 

resin mixture was cold pressed at 0.196 MPa for 2 min to improve the stability of the mat 

and to obtain the proper density gradient before hot pressing. The temperature, pressure, 

and specific press time used to manufacture the PB and MDF panels are presented in 

Table 1. The density of the PB and MDF panels was calculated as the ratio of the mass of 

the panel to the volume after the panel was conditioned at 23 °C and 65% RH for 48 h. 

 

Mechanical Testing Method of Particleboard and MDF Panels 
Six PB and MDF panels were randomly selected for mechanical testing. The 

dimensions of the rectangular specimens were a length of 20 times the nominal thickness 

plus 50 mm (370 ± 1 mm for PB and MDF) and a width of 50 ± 1 mm. The cutting was 

performed according to EN 326-1 (1997). MOR and MOE measurements were performed 

in parallel and perpendicular directions to grain orientation (Buyuksari 2012) for the six 

panels. The MOE was evaluated using a UTS 100K instrument (measuring range 5 to 100 

kN) according to EN 310 (1999). 

The modulus of elasticity in bending was calculated using the following equation, 

 

 

      (4) 

 

where l1 is distance between the support centres (240 mm), b is the width of the test piece 

(mm), t is the thickness of the test piece (mm), F2 – F1 is the increment of load on the 

straight-line portion of the load-deflection curve (N), F1 and F2 are approximately 10% 

and 40% of the maximal load, respectively, and a2 – a1 is the deflection increment at the 

mid-length of the test piece (mm), corresponding to a load increment F2 – F1. The MOR 

was also calculated according to the following formula (EN 310 1999): 

 

 

           (5) 

 

 

The Brinell hardness for all three sections – transverse, radial, and tangential – 

was tested using 20 × 20 × 30 mm samples. The hardness was computed according to the 

following formula, 

 

 

         (6) 
 

where P is the load pressing of the ball into the samples, d is the ball diameter, and h is 

the depth of the indentation. 

Square samples (5.1 cm × 5.1 cm) were used for internal bond (IB) measurement 

(EN 319 1999). Samples were conditioned at 65% RH at 23 °C for 48 h before testing. 

The reported values are the average of six specimens from each board.  
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We should note here that the physical properties of PB and MDF panels have not 

been evaluated because the panels will be subjected to the next production process 

(lamination) to evaluate the different types of laminates. 

 

Formaldehyde Emission Measurement 
Free formaldehyde measurements from PB and MDF panels [(36 replicates for the 

EN 717-2 (1994) and EN 120 (1993) methods and three replicates for EN 717-1 2004)] 

were conducted in the laboratory of the Timber Research and Development Institute, 

Prague, Czech Republic.  

 
Small-scale chamber method (EN 717-1) 

In the referenced method (EN 717-1 2004), two test pieces (0.2 m × 0.28 m × 16 

mm) with a total area of 0.225 m
2
 were used to measure formaldehyde emissions. The 

samples were not conditioned before testing. The loading factor was 1 m
2
/m

3
. The 

temperature and RH were 23 ± 0.5 °C and 45 ± 3%, respectively. The formaldehyde 

emitted from the tested samples mixed with the air in the chamber and was periodically 

measured until the formaldehyde concentration in the chamber reached steady-state. An 

E1 class emission of ≤0.1 ppm (0.124 mg/m
3
) was used as the standard limit measured by 

the EN 717-1 (2004) method. To avoid contaminating the solid wood samples with 

formaldehyde from the ambient air, the compressed air was dried and cleaned before 

entering the chamber. 

 

Gas analysis method (EN 717-2) 

A 400 mm × 50 mm × 16 mm sample was placed in a 4 L chamber under 

controlled temperature (60 ± 0.5 °C), RH ≤ 3%, airflow (60 ± 3 L/h), and pressure. The 

emitted formaldehyde was measured in duplicate using two different pieces, and the 

reported value was the average of the two pieces after 4 h. E1 class emissions of ≤3.5 

mg/m
2 

h was used as the standard limit measured by the EN 717-2 (1994) method. 

 

Perforator method (EN 120) 

The formaldehyde contents of the samples from the manufactured particleboard 

(36 samples) and MDF (36 samples) panels were measured by the perforator method (EN 

120 1993) most commonly used in industry as a production control. Approximately 110 g 

of the 25 × 25 mm specimens were extracted in the perforator apparatus using boiling 

toluene (600 mL) for 2 h under reflux. The total operation and analysis time is approx.-

imately 3 h, which has led to its widespread use for production control in the wood-based 

panel industry, especially in Europe and China. The formaldehyde content is expressed as 

mg HCHO/100 g of dry board (mg/100 g o.d.). The E1 emission limit was ≤8 mg/100 g 

o.d. The EN 120 (1993) values for PB and MDF with different MCs were corrected to 

boards conditioned to an MC of 6.5%, as previously described (Salem et al. 2012a). The 

formaldehyde released from the three methods was absorbed in water and determined 

photometrically by the acetylacetone method (Nash 1953). 

 
Statistical Analysis  

The mechanical properties and formaldehyde emissions from particleboard and 

MDF panels were statistically analysed using the general linear model (GLM) procedure 

in SAS version 8.2 (2001), using a completely randomised design to test the differences 

among factors and levels. A comparison among the least square (LS) means with 95% 
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confidence intervals (CI) was performed using Duncan’s multiple-range test to identify 

significant differences and to compare the means between boards. Linear correlations 

were applied to the values of EN717-2 (1994), EN 120 (1993), and the density of boards. 

Additionally, the normality of the formaldehyde values (mg/m
2 

h and mg/100 g o.d.) from 

PB and MDF panels and that of the density of the boards was performed using a normal 

probability plot (normal P-plot). All of the values are presented as the mean ± standard 

deviation (SD). 

 
 
RESULTS AND DISCUSSION 
 

Density Variation in Spruce Wood  
Density data for the spruces from three different locations in the Czech Republic 

are presented in Table 2. The overall average density of the spruce wood was 509.22 

kg/m
3
, ranging from 400.95 ± 27.92 to 617.50 ± 29.91 kg/m

3
 by location. Tree number 3 

in loc. 2 had the highest density, 556.54 ± 29.91 kg/m
3
, and tree number 1 in loc. 1 had 

the lowest density, 451.70 ± 27.92 kg/m
3
. It could be suggested that the variations in the 

densities are related to the tree age within different locations. However, the same tree 

species of similar tree age can differ due to site-specific growing conditions including 

forest structure (Pokorný et al. 2012). Additionally, within two even-aged monocultures 

of Norway spruce located at mountain and highland localities of the Czech Republic with 

similar stand age and tree size, mountain trees comparing to them from highland showed 

less/tapering stems and lower stem wood density as a result of different early to late wood 

proportion (Pokorný et al. 2012; Jyske et al. 2008). 

 

Table 2. Results of Basic Statistical Variations in the Density of Spruce Wood 
Among the Different Locations 

Location 
Tree 
No. 

Density (kg/m
3
) 

Mean Min. Max. 
Lower 
quartile 

Upper 
quartile 

SD CV% SE 

1 1 451.7 400.95 539.22 427.81 472.9 27.92 6.18 3.05 

 
2 472.37 419.22 527.77 463.57 486.22 22.05 4.67 2.41 

 
3 505.24 444.53 572.74 496.28 516.85 23.63 4.68 2.58 

2 1 501.1 434.71 599.94 466.96 533.83 43.37 8.66 4.73 

 
2 532.38 473.26 598.28 498.06 560.26 36 6.76 3.93 

 
3 556.54 478.84 617.5 538.92 578.74 29.91 5.37 3.26 

3 1 517.26 463.94 572.33 501.27 532.38 24.06 4.65 2.62 

 
2 525.79 471.88 594.52 504.26 550.61 28.67 5.45 3.13 

  3 520.63 450.72 614.43 496.73 548.31 37.65 7.23 4.11 

Overall value 509.22 448.67 581.86 488.21 531.12 30.36 5.96 3.31 

 

The spruce wood density varied with high statistical significance (P < 0.001) by 

location (Fig. 1). Figure 1 shows that there were significant differences in the density 

means among the trees in loc. 1 and loc. 2 (P < 0.001), but not loc. 3. The trees from loc. 

2 and loc. 1 had the highest and lowest densities, respectively. On the other hand, 

mountain trees showed significantly lower stem wood density values compared to trees 

from lower altitude (Pokorný et al. 2012).  
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Gryc et al. (2011) found that the average basic density was 576 kg/m
3
 for spruce 

branch wood from different testing areas in the Czech Republic and that the mean stem 

basic density for the same testing areas was 430 kg/m
3
 (it was 509.22 kg/m

3
 in the present 

study). Previous studies have reported that the increase in density seems to be mainly due 

to the decreased early wood content (Romagnoli et al. 2003), as expressed in both mean 

wood density and minimum wood density. The variation in the density of spruce wood 

could be attributed to an anomaly in the growth pattern of annual rings, known as 

indented rings (Hakkila and Uusvaara 1968). 

Additionally, Ziegler and Merz (1961) reported a highly disturbed cell arrange-

ment, a greater number of trabeculae, and shorter, irregularly shaped tracheids. Moreover, 

a significant temperature dependence for both ring width and latewood density and its 

effects on the cambial activity of spruce have been observed by Götsche-Kühn (1988) 

and can be explained by pollution-induced inhibition of photosynthesis and hormonal 

growth regulator synthesis, which are dependent on the development of buds and shoots 

(Kozlowski and Pallardy  2002). Another study (Požgaj et al. 1997) revealed that, if early 

to late wood properties are compared, differences in cell size, cell wall thickness, cell 

wall to lumen area ratio, and wood density become apparent. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 1. Variations in the density of spruce wood among the different locations 
 

Mechanical and Physical Properties of Spruce Wood 
The results for some of the mechanical and physical properties measured from 

nine trees from different locations are presented in Table 3. The bending strength ranged 

from 80.16 ± 8.03 to 104.38 ± 9.08 MPa, which was reflected in the modulus of elasticity 

(ca. 9-24 GPa) of spruce logs (Edlund et al. 2006). The impact strength ranged from 3.94 

± 0.70 to 6.14 ± 1.13 J/cm
2
. The hardness (MPa) ranged from 10.71 ± 0.99 to 8.25 ± 0.57 

(tangential), 10.35 ± 1.43 to 13.21 ± 1.43 (radial), and 29.05 ± 2.28 to 23.18 ± 3.26 

(parallel to grain). The shrinkage (%) ranged from 8.45 ± 1.09 to 11.08 ± 0.62 

(tangential), 4.39 ± 0.38 to 6.49 ± 0.61 (radial), and 12.81 ± 1.02 to 16.78 ± 0.60 

(volumetric).  

The variations among the measured mechanical and physical properties of spruce 

solid wood from nine trees within three different locations are shown in Figs. 2 and 3. 

Analysis of variance revealed significant differences (p < 0.001) between the trees within 

each location in terms of bending strength, impact strength, hardness (tangential), and 

shrinkage (tangential, radial, and volumetric). Significant differences were not found for 

parallel to grain hardness (p < 0.49) and radial hardness (p < 0.063).  
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rad- radial; tg- tangential to the grain 

 
 
Fig. 2. Some mechanical properties of spruce solid wood from the three different locations and 
the test results of ANOVA 
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rad- radial; tg- tangential; vol- volumetric  

Fig. 3. Some physical properties of spruce solid wood from the three different locations and the 
test results of ANOVA 
 

Table 3. Mechanical and Physical Properties of Spruce Wood Tested from Nine 
Trees from Three Locations 
Loc. Tree Bending 

strength 
Impact 
strength 

Hardness (Mpa)  Shrinkage (%) 

 (MPa)  (J/cm
2
) Tangential Radial Parallel  Tangential Radial Volume 

1 1 86.22 ± 
8.53 

3.94 ± 
0.70 

8.81 ± 
0.99 

10.74 ± 
1.36 

23.18 ± 
3.26 

8.58 ± 
0.83 

4.39 ± 
0.38 

12.81 ± 
1.02 

2 80.16 ± 
8.03 

4.83 ± 
0.85 

8.25 ± 
0.57 

10.35 ± 
1.43 

24.30 ± 
1.69 

9.77 ± 
0.75 

5.60 ± 
0.60 

15.14 ± 
1.07 

3 89.12 ± 
7.58 

5.23 ± 
1.08 

9.38 ± 
0.82 

11.55 ± 
1.17 

25.05 ± 
1.84 

9.05 ± 
1.31 

6.19 ± 
0.79 

15.04 ± 
1.33 

2 1 88.81 ± 
11.97 

4.87 ± 
0.85 

8.21 ± 
0.96 

11.21 ± 
1.37 

26.18 ± 
3.08 

11.08 ± 
0.62 

5.87 ± 
0.69 

16.55 ± 
0.64 

2 91.13 ± 
5.03 

4.83 ± 
1.20 

9.30 ± 
1.18 

11.74 ± 
1.65 

26.58 ± 
2.73 

10.72 ± 
1.00 

5.87 ± 
0.79 

16.26 ± 
1.50 

3 104.38 ± 
9.08 

6.14 ± 
1.13 

8.80 ± 
0.84 

11.76 ± 
1.27 

26.14 ± 
4.18 

10.63 ± 
0.45 

6.49 ± 
0.61 

16.78 ± 
0.60 

3 1 93.06 ± 
9.47 

4.54 ± 
1.97 

9.47 ± 
1.02 

12.49 ± 
1.56 

26.21 ± 
2.30 

9.30 ± 
0.60 

5.72 ± 
0.36 

14.86 ± 
0.68 

2 96.07 ± 
6.05 

4.96 ± 
1.46 

10.71 ± 
0.99 

13.21 ± 
1.43 

28.33 ± 
3.09 

9.36 ± 
1.28 

5.19 ± 
0.73 

14.36 ± 
1.74 

3 94.66 ± 
5.94 

4.17 ± 
1.16 

10.42 ± 
1.72 

11.99 ± 
1.42 

29.05 ± 
2.28 

8.45 ± 
1.09 

5.59 ± 
0.77 

13.94 ± 
1.17 

Values are the average of 12 replicates (mean ± SD) 
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Mechanical Properties of Particleboard and MDF Panels 
The density of the PB boards ranged from 598 to 708 kg/m

3
, and the MC ranged 

from 4.15 to 7.56%. The results of the statistical analysis of variance and Duncan’s 

multiple-range test for the mechanical properties of PB panels and comparisons among 

the means are presented in Table 4, revealing a highly significant effect (P < 0.001). The 

average MOR (21.44 N/mm
2
) ranged from 20.40 ± 0.45 to 22.40 ± 1.37 N/mm

2
 (bending 

parallel to grain) and from 18.10 ± 0.22 to 20.80 ± 0.63 N/mm
2
 (bending perpendicular to 

grain). The MOE ranged from 3655 ± 1.36 to 3452 ± 2.23 N/mm
2 

(bending parallel to 

grain) and from 2839 ± 1.86 to 3148 ± 2.38 N/mm
2
 (bending perpendicular to grain). The 

IB values ranged from 0.401 ± 0.01 to 0.45 ± 0.01 N/mm
2
. 

The density of MDF ranged from 673 to 810 kg/m
3
 and the MC ranged from 3.36 

to 5.97%. Table 5 shows the mechanical properties of MDF made from Norway spruce 

wood fibres and the ANOVA results (P < 0.001). The MOR values ranged from 39.10 ± 

0.38 to 43.50 ± 1.18 N/mm
2
 (parallel to grain) and from 37.5 ± 1.04 to 43.2 ± 0.67 

N/mm
2
 (perpendicular to grain). The MOR values ranged from 3602 ± 2.82 to 3919 ± 

2.19 N/mm
2
 (parallel to grain) and from 3518 ± 2.60 to 3929 ± 2.19 (perpendicular to 

grain). The IB values ranged from 0.83 ± 0.01 to 0.95 ± 0.01 N/mm
2
. 

To evaluate the differences among the boards made from the same type of wood 

product and thickness (16 mm thick), an analysis of variance was used. The mean values 

of the studied parameters of the boards were statistically significant (P < 0.001) (Table 4 

and 5). Figures 4 and 5 present the evaluation of the differences among the MOR, MOE, 

and IB observed from the six panels of PB and MDF, respectively. 

 
Fig. 4. Box-whiskers plot of MOR, MOE, and IB variation among particleboard panels (16 mm); 
MOR1, MOE1: Values are parallel to grain; MOR2, MOE2: Values are perpendicular to grain 
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Based on EN 312 (2003), an MOR of 12.5 N/mm
2
 and 13 N/mm

2
 are the 

minimum requirements of PB for general use and furniture manufacturing, respectively. 

There is no minimum MOE requirement for general use, whereas the minimum for 

furniture manufacturing is 1800 and 2300 N/mm
2
 for interior grade type and load bearing 

in dry conditions, respectively. Particleboards made from spruce particles had MOR and 

MOE values that exceeded the requirements for general use and furniture manufacturing 

as well as load bearing in dry conditions. Previously, it was reported that panels with the 

highest densities had the highest MOR and MOE, suggesting that the PB density plays a 

very important role in the bending strength (García-Ortuño et al. 2011). Particleboards 

PB1, PB2, PB3, PB4, and PB6 (Table 4) had IB values below the requirements for load 

bearing use (0.45 N/mm
2
). All panels achieved the internal bond requirements for general 

purpose and interior grade. Similar to the results above, the MDF panels exceeded the EN 

622-5 (2009) requirements as shown in Table 5. The variation in the tested panels could 

be related to inter-panel variations (Salem et al. 2012b). 

Figure 4 shows that the MOR values for PB1, PB4, and PB5 (parallel to grain) 

and PB5 and PB6 (perpendicular to grain) each included one outlier. In contrast, the IB 

values did not include any outliers. For the MOE values, only PB3 (perpendicular to 

grain) included an outlier.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Box-whiskers plot of MOR, MOE, and IB value variation among the MDF panels (16 mm); 
MOR1, MOE1: Values are parallel to grain; 
MOR2, MOE2: Values are perpendicular to grain. 
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Figure 5 presents the variations among MOR, MOE, and IB values from MDF 

panels. The MOR (perpendicular to grain) from M2, M3, and M4 had one outlier for each 

panel, whereas the MOR values (parallel to grain) did not include any outliers. The MOE 

(parallel and perpendicular to grain) included outliers of M1 and M4 and of M2 and M4. 

M1 and M5 had one outlier in terms of IB values. 

An outlier value, i.e., a value far from the central mean, indicates faulty data. The 

measured MOR, MOE, and IB values for spruce PB and MDF included outliers among 

panels, even for the same type of board, resin, manufacturing conditions, and the test 

conditions. This finding indicates that some boards exhibited unusual properties.  

In this study, the variations in MOR, MOE, and IB may be attributed to sample 

heterogeneity, despite the random distribution of the tested samples throughout the PB 

and MDF panels.  Additionally, the high density variation of the panels (PB, MDF) might 

be attributed to the variation of spruce wood densities within three different locations (the 

localities differed in elevation, soil fertility, and tree size) with different tree ages. 

 

Table 4. Mechanical Properties of Particleboards Made from Norway Spruce  
Board 
No. 

MOR (N/mm
2
)*  MOE (N/mm

2
)* IB (N/mm

2
)* Board 

density 
(kg/m

3
)  //  

 

┴ //  ┴ 

PB1 20.90  ±  
0.58

bc
 

19.20 ±  
1.24

b,c
 

3452 ±  
2.23

e
 

2890 ±  
 2.36

d
 

0.42 ±  
0.02

c
 

635.67 

PB2 20.40  ±  
0.45

c
 

18.10 ±  
0.22

d
 

3323 ±  
2.89

f
 

2786 ±  
1.85

f
 

0.40 ±  
0.01

d
 

653.17 

PB3 22.40 ±  
1.37

a
 

19.60 ±  
0.28

b
 

3602 ±  
4.00

b
 

2961 ±  
3.06

b
 

0.401 ±  
0.01

d
 

660.33 

PB4 21.50  ± 
1.32

a,b,c
 

19.10 ±  
0.51

b,c
 

3544 ±  
0.77

c
 

2911 ±  
1.97

c
 

0.44 ±  
0.01

a,b
 

668.67 

PB5 22.08  ± 
0.60

a,b
 

20.80 ±  
0.63

a
 

3655 ±  
1.36

a
 

3148 ±  
2.38

a
 

0.45 ±  
0.01

a
 

675.83 

PB6 21.40  ± 
0.81

a,b,c
 

18.60 ±  
0.28

c,d
 

3458 ±  
2.44

d
 

2839 ±  
1.86

e
 

0.43 ±  
0.008

b,c
 

693.50 

Overall 
value 

21.44 19.23 3505.67 2922.5 0.42  

R
2
 0.38 0.67 0.99 0.99 0.64  

P value 0.0096 <0.001 <0.001 <0.001 <0.001  
CV% 4.35 3.31 0.07 0.07 3.57  

A 12.5 N/A  0.28  
B 13.0 1800.00  0.40  
C 15.0 2300.00  0.45  

Different letters in the same column represent statistical significance (P < 0.05), in accordance with 
Duncan’s multiple-range test 
* The results are an average of 6 replicates; (mean ± SD). 
A
 For general uses according to EN 312 (2003) standard. 

B
 For interior grade type (including furniture), according to EN 312 (2003) standard. 

C
 For load bearing under dry conditions, according to EN 312 (2003) standard. 

 

Free Formaldehyde Values 
The formaldehyde emissions from the spruce solid wood were previously 

measured, obtaining values of 0.0055 ± 0.001 ppm and 0.069 ± 0.011 mg/m
2
 h as 

measured by EN 717-1 (2004) and EN 717-2 (1994), respectively (Böhm et al. 2012). 

The formaldehyde emission values from PB and MDF panels are presented in Table 6. 

The formaldehyde content ranged from 3.93 to 7.07 mg/100 g o.d. with an average of 

5.68 mg/100 g o.d. and from 0.41 to 0.89 mg/m
2
 h with average of 0.62 mg/m

2
 h. 

Additionally, the chamber values were 0.097 mg/m
3
 (PB) and 0.12 mg/m

3
 (MDF). The 

measured free formaldehyde contents varied for each sample for PB and MDF panels. 
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These phenomena suggested that the most important source of variation is the 

heterogeneity of the board samples. 
 

Table 5. Mechanical Properties of MDF Made from Norway Spruce Wood Fibers  
Board No. MOR (N/mm

2
)*  MOE (N/mm

2
)* IB (N/mm

2
)* Board 

density 
(kg/m

3
) //  

 

┴ //  ┴ 

M1 40.40 ± 
3.18

b,c
 

37.5 ± 
1.04

c,d
 

3699 ±  
7.92

d
 

3518 ± 2.60
f
 0.83 ±  

0.01
c
 

736.00 

M2 41.50 ± 
2.16

a,b
 

41.2 ±  
1.19

b
 

3776 ±  
2.60

b
 

3784 ± 
3.03

b
 

0.94 ±  
0.02

a
 

760.00 

M3 39.40 ± 
1.06

b,c
 

39.3 ± 
1.62

b,c
 

3721 ±  
1.43

c
 

3704 ± 
3.01

c
 

0.86 ±  
0.01

b
 

768.50 

M4 39.10 ±  
0.38

c
 

37.7±  
0.54

c,d
 

3602 ±  
2.82

f
 

3584 ± 
2.28

d
 

0.85 ±  
0.02

b,c
 

776.67 

M5 40.50 ± 
1.07

b,c
 

38.1 ± 
0.97

c,d
 

3664 ±  
2.60

e
 

3523 ± 
2.60

e
 

0.85 ±  
0.02

b,c
 

781.33 

M6 43.50 ±  
1.18

a
 

43.2 ±  
0.67

a
 

3919 ±  
2.19

a
 

3929 ± 
2.19

a
 

0.95 ±  
0.01

a
 

794.67 

Overall 
value 

40.73 39.5 3730.17 3673.67 0.88  

R
2
 0.45 0.81 0.99 0.99 0.87  

P value 0.002 <0.001 <0.001 <0.001 <0.001  
CV% 4.33 2.71 0.104 0.07 2.23  

A 20 (EN 310 1999) 2200 (EN 310 1999) 0.55 (EN 319)  
B 24 2400  0.75  
C 25 2500  0.60  
D 30 2700  0.75  

Different letters in the same column represent statistical significance (P < 0.05), in accordance with 
Duncan’s multiple-range test 
* The results are an average of 6 replicates 
A
 For general use in dry conditions 

B
 For general use in wet conditions 

C
 For load bearing in dry conditions

 

D
 For load bearing in wet conditions 

 

Table 6. Values of the Emitted Formaldehyde from Particleboard and MDF as 
Measured by Chamber, Perforator, and Gas Analysis Methods    
Parameter PB MDF 

(mg/100 g 
o.d.)

a
 

(mg/m
2
 h)

a
 (mg/m

3
)
b
 (mg/100 g 

o.d.)
a
 

(mg/m
2
 h)

a
 (mg/m

3
)
b
 

Mean 5.68 0.62 0.097 
 

6.37 1.46 0.12 

Minimum 3.93 0.41 3.25 0.6 

Maximum 7.07 0.89 9.22 2.12 

Lower quartile 5.01 0.53 5.99 1.21 

Upper quartile 6.34 0.73 6.67 1.86 

SD 0.86 0.13 0.93 0.40 

CV% 15.13 21.54 14.63 27.52 
a
 The values are mean of 36 replicates 

b
 The value is from 3 measurements; At 23 ºC and 1013 hPa, the following relationship exists for 

formaldehyde measured by EN 717-1 (2004): 1 ppm = 1.24 mg/m
3
 or 1 mg/m

3
 = 0.81 ppm 

 

Obvious variations in formaldehyde emission were found among the panels and 

within panels of the same type of PB and MDF, which was in agreement with previous 

investigations (Wiglusz et al. 2000; Salem et al. 2012b; Roffael et al. 1979). Addition-

ally, Aydin et al. (2006) reported that poplar and spruce plywood formaldehyde 

emissions decreased with increasing veneer moisture content. 
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The different test conditions (temperature, RH, loading factor, etc.) among the test 

methods used (perforator, gas analysis, and chamber) explained the variations among the 

formaldehyde values. For example, the perforator formaldehyde values were higher than 

those obtained using gas analysis and the chamber method. Many studies have investi-

gated these variations, finding that the strongest factors affecting formaldehyde emission 

(gas analysis and chamber values) and formaldehyde content (perforator method) for the 

panels are air exchange rate, loading ratio, and temperature (Risholm-Sundman et al. 

2007), as well as the anatomy of the respective wood species (Meyer and Boehme 1997; 

Böhm et al. 2012).   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Normal P- Plot for the formaldehyde emission values of perforator and gas analysis 

methods and the density values of PB 

The perforator method measures the total extractable formaldehyde content 

present in the samples, whereas the other two methods measure the formaldehyde 

released from the sample surfaces. To overcome the overestimation of formaldehyde 

content measured by the extraction method (perforator), recently developed methods 

were adopted to rapidly determine the parameters required to predict the formaldehyde 

emission from building and furniture materials (Wang and Zhang 2009; Xiong et al. 

2009; Xiong et al. 2011; Yao et al. 2011). Furthermore, boards were used as the testing 

samples, which are used extensively in furniture. The literature reports that the formalde-
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hyde emissions from the building materials measured by the perforator method are the 

total formaldehyde concentration, containing both the free emittable formaldehyde and 

formaldehyde that is difficult to emit under normal conditions (Xiong and Zhang 2010). 

Considering that the perforator method is carried out at a high temperature (approxi-

mately 110.8 °C) relative to 60 °C for EN 717-2 (1994) and 23 °C for the chamber 

method, the building material cannot emit the total measured formaldehyde concentration 

at room temperature. 

Despite these differences in the formaldehyde emission values among the boards 

and methods, a good positive correlation was found among the formaldehyde emission 

values measured by EN 717-2 (1994) and EN 120 (1993) and their relationship with the 

board density. Figure 6 shows the normal P-plot of the perforator and gas analysis 

methods and the density values for PB (Figure 6a, b, c) and MDF (Figure 7a, b, c) panels, 

respectively. The measured values were normally distributed, and most of the values lay 

near the average value. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Normal P- Plot for the formaldehyde emission values of perforator and gas analysis 

methods and the density values of MDF 
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from PB panels with 16 mm thickness fitted with the board density had an R
2
 value of 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Gas analysis value (mg/m2 h)

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

E
x

p
e
c
te

d
 n

o
r
m

a
l 

v
a

lu
e
 (

m
g

/m
2
 h

)

a 

660 680 700 720 740 760 780 800 820

MDF density value (kg/m3)

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

E
x
p

ec
te

d
 n

o
rm

a
l 

v
a

lu
e 

(k
g

/m
3
)

c 

3 4 5 6 7 8 9 10

Perforator value (mg/100g o.d.)

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

E
x

p
e
c
te

d
 n

o
r
m

a
l 

v
a

lu
e
 (

m
g

/1
0

0
g

 o
.d

.) b 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Salem et al. (2013). “Norway spruce as bioresource,” BioResources 8(1), 1199-1221.  1215 

0.88 and 0.86, respectively (Fig. 8a). Additionally, there was a good correlation between 

the emitted formaldehyde measured from PB panels by the two methods, with an R
2
 

value of 0.93 (Fig. 8b). 

 
 

 

 

 

 

 

 

 

Fig. 8. The correlation between the formaldehyde emission values of perforator and gas analysis 

methods and the density values of PB 

 

Figure 9a presents the correlation between the MDF board density and formalde-

hyde emissions measured by the perforator and gas analysis methods, with R
2
 values of 

0.91 and 0.76, respectively. The value of R
2
 for the gas analysis in correlation with the 

board density was poor, which can be explained by its lack of a normal distribution in 

Fig. 7a. On the other hand, the linear regression did not obtain a convincing relationship 

between the gas analysis and perforator (R
2 

= 0.77); thus, quartic regression was used to 

find the acceptable agreement of the correlation relationship (Fig. 9b). 

 
 

 

 

 

  

 

 

 

Fig. 9. The correlation between the formaldehyde emission values of perforator and gas analysis 

methods and the density values of MDF 
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The California Air Resources Board adopted new standards (CARB 2007) to 

reduce formaldehyde emissions from PB and MDF in two phases: P1 extends to 2009 

[≤0.18 (PB) and ≤0.21 (MDF) ppm] and P2 extends through 2010-2011 [≤0.09 (PB) and 

0.11 (MDF) ppm]. Furthermore, this new regulation requires that wood-based panels be 

certified by a “third-party” laboratory approved by CARB. 

The mean formaldehyde emission from the spruce PB panels measured by EN 

717-1 (2004) was 0.097 mg/m
3
 (0.078 ppm), which is lower than the requirements of the 

CARB regulations for Phase 2 (≤ 0.09 ppm). The mean formaldehyde emission from the 

MDF boards was 0.12 mg/m
3
 (0.097 ppm), which is lower than the Phase 2 limit (0.11 

ppm). 

The anatomy of spruce wood is simple, with a low specific gravity (0.51), which 

affects formaldehyde emissions from the boards. It was previously reported that the PB 

and MDF panels produced from spruce wood with low specific gravity resulted in lower 

formaldehyde values in perforator testing due to high formaldehyde release during hot 

pressing. Moreover, the amount of resin was related to the particle amount. Subsequently, 

a higher specific gravity corresponds to higher resin usage for panel production (Salem et 

al. 2012b). 

 

  

CONCLUSIONS 
 

Data from Norway spruce wood was collected from three different locations in the 

Czech Republic. The variations in the wood densities were reported as well as       

mechanical and physical properties. Mechanical properties and formaldehyde emission of 

particleboards and medium-density fibreboard panels produced from Norway spruce 

wood in a commercial plant in the Czech Republic were investigated. The following 

conclusions were drawn: 

1. The overall average density of the spruce wood was 509.22 kg/m
3
, ranging from 

400.95 ± 27.92 to 617.50 ± 29.91 kg/m
3
 by location. 

2. For particleboard panels, The average MOR (21.44 N/mm
2
) ranged from 20.40 ± 0.45 

to 22.40 ± 1.37 N/mm
2
 (bending parallel to grain) and from 18.10 ± 0.22 to 20.80 ± 

0.63 N/mm
2
 (bending perpendicular to grain). The MOE ranged from 3655 ± 1.36 to 

3452 ± 2.23 N/mm
2 

(bending parallel to grain) and from 2839 ± 1.86 to 3148 ± 2.38 

N/mm
2
 (bending perpendicular to grain). The IB values ranged from 0.401 ± 0.01 to 

0.45 ± 0.01 N/mm
2
. 

3. For MDF panels, the MOR values ranged from 39.10 ± 0.38 to 43.50 ± 1.18 N/mm
2
 

(parallel to grain) and from 37.5 ± 1.04 to 43.2 ± 0.67 N/mm
2
 (perpendicular to 

grain). The MOR values ranged from 3602 ± 2.82 to 3919 ± 2.19 N/mm
2
 (parallel to 

grain) and from 3518 ± 2.60 to 3929 ± 2.19 (perpendicular to grain). The IB values 

ranged from 0.83 ± 0.01 to 0.95 ± 0.01 N/mm
2
. 

4. The results showed significant differences (P < 0.001) among the spruce panels 

(particleboard and medium-density fibreboard) with 16 mm thickness bonded with 

MUF resin. The MOR, MOE, and IB exceeded the requirements of European 

standards. 
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5. The formaldehyde emissions measured from particleboards and MDF by the 

European small-scale chamber (EN 717-1), gas analysis (717-2), and perforator (EN 

120) methods were below the limits of the standards. 

 

 

ACKNOWLEDGMENTS 
 

This work has been financed by the Internal Grant Agency, Faculty of Forestry 

and Wood Sciences, Czech University of Life Sciences, Prague. 

 

 

REFERENCES CITED 
 

Aydin, I., Colakoglu, G., Colak, S., and Demirkir, C. (2006). “Effects of moisture content 

on formaldehyde emission and mechanical properties of plywood,” Build. Environ. 

41(10), 1311-1316. 

Buyuksari, U. (2012). “Physical and mechanical properties of particleboard laminated 

with thermally compressed veneer,” BioResources 7(1), 1084-1091. 

Böhm, M., Salem, M. Z. M., and Srba, J. (2012). “Formaldehyde emission monitoring 

from a variety of solid wood, plywood, blockboard, and flooring products 

manufactured for building and furnishing materials,” J. Hazard. Mater. 221-222, 68-

79. 

California Air Resources Board. (2007). “Proposed airborne toxic control measure 

(ATCM) to reduce formaldehyde emissions from composite wood products,” 

<http://www.arb.ca.gov/toxics/compwood/compwood.htm>. 

Czech Office for Standards, Metrology and Testing (ÚNMZ) (1980). “ČSN 49 0101: 

Wood. General requirements for physical and mechanical testing,” Prague, Czech 

Republic. 

Czech Office for Standards, Metrology and Testing (ÚNMZ) (1979). “ČSN 49 0103: 

Wood. Determination of moisture content at physical and mechanical testing,” 

Prague, Czech Republic. 

Czech Office for Standards, Metrology and Testing (ÚNMZ) (1993). “ČSN 49 0108: 

Wood. Determination of the density,” Prague, Czech Republic. 

Czech Office for Standards, Metrology and Testing (ÚNMZ) (1989). “ČSN 49 0128: 

Skušky vlastnosti rastleho dreva – Metoda zisťovania zosychavosti,” Prage, Czech 

Republic. 

Edlund, J., Lindström, H., Nilsson, F., Reale, M. (2006). “Modulus of elasticity of 

Norway spruce saw logs vs. structural lumber grade,” Holz Roh Werkst. 64(4), 273-

279. 

European Committee for Standardization (CEN) (1993). “EN 120: Wood-based panels - 

determination of formaldehyde content - extraction method called perforator 

method”. 

European Committee for Standardization (CEN) (2004). “EN 717-1: Wood-based panels 

- determination of formaldehyde release - Part 1: formaldehyde emission by the 

chamber method”. 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Salem et al. (2013). “Norway spruce as bioresource,” BioResources 8(1), 1199-1221.  1218 

European Committee for Standardization (CEN) (1994). “EN 717-2: Wood-based panels 

- determination of formaldehyde release - Part 2: formaldehyde release by the gas 

analysis method”.  

European Committee for Standardization (CEN) (1993). “EN 310: Wood-based panels- 

Determination of modulus of elasticity in bending and of bending strength,” 

Brussels, Belgium. 

European Committee for Standardization (CEN) (1999). “EN 319: Particleboards and 

fiberboards - Determination of internal bonding strength,” Brussels, Belguim. 

European Committee for Standardization (CEN) (2003). “EN 312: Particleboards. 

Specifications,” Brussels, Belgium. 

European Committee for Standardization (CEN) (1994). “EN 326-1: Wood-based panels. 

Sampling and cutting of test pieces and expression of test results,” Brussels, Belgium. 

European Committee for Standardization (CEN) (2009). “EN 622-5: Fibreboards. 

Specifications. Requirements for dry process boards (MDF),” Brussels, Belgium. 

García-Ortuño, T., Andréu-Rodríguez, J., Ferrández-García, M. T., Ferrández-Villena, 

M., and Ferrández-García, C. E. (2011). “Evaluation of the physical and mechanical 

properties of particleboard made from giant reed (Arundo Donax L.),” BioResources 

6(1), 477-486. 

Götsche-Kühn, H. (1988). “Formation and properties of Norway spruce (Picea abies (L) 

Karst) wood from forest decline areas,” Mitteilungen der Bundesforschungsanstalt für 

Forst- und Holzwirtschaft, Hamburg, Germany, 157. 

Gryc, V., Horáček, P., Šlezingerová, J., and Vavrčík, H. (2011). “Basic density of spruce 

wood, wood with bark and bark of branches in locations in the Czech Republic,” 

Wood Research 56(1), 14-23. 

Hakkila, P., and Uusvaara, O. (1968). “On the basic density of plantation-grown Norway 

spruces,” Communicationes Instituti Forestalis Fenniae 66, 1-23. 

Hua, J., Chen, G., Xu, D., and Shi, S.Q. (2012). “Impact of thermomechanical refining 

conditions on fiber quality and energy consumption by mill trial,” BioResources 7(2), 

1919-1930. 

International Agency for Research on Cancer (2004). “Overall evaluations on 

carcinogenicity to humans,” As Evaluated in IARC Monographs, Vol. 1, Lyon, 

France. 

Jyske, T., Mäkinen, H., and Saranpää, P. (2008). “Wood density within Norway spruce 

stems,” Silva Fennica 42(3), 439-455.  

Kim, S. (2009). “Environment-friendly adhesives for surface bonding of wood-based 

flooring using natural tannin to reduce formaldehyde and TVOC emission,” 

Bioresource Technology 100(2), 744-748. 

Kim, S., and Kim, H.-J. (2005). “Comparison of standard methods and gas 

chromatography method in determination of formaldehyde emission from MDF 

bonded with formaldehyde-based resins,” Bioresource Technology 96(13), 1457-

1464. 

Kim, K.-W., Kim, S., Kim, H.-J., and Park, J. C. (2010). “Formaldehyde and TVOC 

emission behaviors according to finishing treatment with surface materials using 20 L 

chamber and FLEC,” J. Hazard. Mater. 177(1-3), 90-94. 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Salem et al. (2013). “Norway spruce as bioresource,” BioResources 8(1), 1199-1221.  1219 

Kozlowski, T. T., and Pallardy, S. G. (2002). “Acclimation and adaptive responses of 

woody plants to environmental stresses,” The Botanical Review 68, 270-334. 

Meyer, B., and Boehme, C. (1997). “Formaldehyde emission from solid wood,” Forest 

Prod. J. 47, 45-48. 

Ministry of Agriculture, Czech Rep. (2009). Report on the State of Forests and Forestry 

in the Czech Republic, Prague, Czech Republic, 45.  

Nash, T. (1953). “The colorimetric estimation of formaldehyde by means of the Hantzsch 

reaction,” Bioch. J. 55, 416-421. 

Nemli, G., and Çolakoğlu, G. (2005). “The influence of lamination technique on the 

properties of particleboard,” Build. Environ. 40(1), 83-87. 

Nemli, G., and Öztürk, İ. (2006). “Influences of some factors on the formaldehyde 

content of particleboard,” Build. Environ. 41(6), 770-784. 

Nemli, G., Yildiz, S., and Gezer, E. D. (2008). “The potential for using the needle litter of 

Scotch pine (Pinus sylvestris L.) as a raw material for particleboard manufacturing,” 

Bioresource Technology 99(14), 6054-6058. 

Park, B.-D., Kang, E.-C., Park, S.-B., and Park, J. Y. (2010). “Empirical correlations 

between test methods of measuring formaldehyde emission of plywood, particleboard 

and medium density fibreboard,” Eur. J. Wood Prod. 69(2), 311-316. 

Pokorný, R., Rajsnerová, P., Kubásek, J., Marková, I., and Tomášková, I. (2012). “Effect 

of early to late wood proportion on Norway spruce biomass,” ACT Universitatis 

Agriculturae et Silviculturae Mendelianae Brunensis LX(6), 287-292. 

Požgaj, A., Chovanec, D., Kurjatko, S., and Babiak, M. (1997). “Štruktura a vlastnosti 

dreva,” Bratislava: Priroda, a. s., 488 s. (in Slovak). 

Que, Z., Furunoa, T., Katoha, S., and Nishino, Y. (2007). “Evaluation of three test 

methods in determination of formaldehyde emission from particleboard bonded with 

different mole ratio in the urea-formaldehyde resin,” Build. Environ. 42(3), 1242-

1249. 

Risholm-Sundman, M., and Wallin, N. (1999). “Comparison of different laboratory 

methods for determining the formaldehyde emission from three-layer parquet floors,” 

Holz Roh Werkst. 57(5), 319-24. 

Risholm-Sundman, M., Larsen, A., Vestin, E., and Weibull, A. (2007). “Formaldehyde 

emission – Comparison of different standard methods,” Atmos. Environ. 41(15), 

3193-3202. 

Roffael, E., Greubel, D., and Mehljorn, L. (1979). “Über die Bestimmung der 

Formaldehydabgabe von Spanplatten nach dem Perforator- Verfahren und nach der 

WKI-Methode,” Holz-Zentbl. 104, 396-397. 

Roffael, E., Johnsson, B., and Engström, B. (2010). “On the measurement of 

formaldehyde release from low-emission wood-based panels using the perforator 

method,” Wood Sci. Technol. 44(3), 369-77. 

Romagnoli, M., Bernabei, M., and Codipietro, G. (2003). “Density variations in spruce 

wood with indented rings (Picea abies Karst),” Holz Roh Werkst. 61(4), 311-312. 

Salem, M. Z. M., Böhm, M., Beránková, J., and Srba, J. (2011a). “Effect of some 

manufacturing variables on formaldehyde release from particleboard: Relationship 

between different test methods,” Build. Environ. 46(10), 1946-53. 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Salem et al. (2013). “Norway spruce as bioresource,” BioResources 8(1), 1199-1221.  1220 

Salem, M. Z. M., Böhm, M., Barcík, Š., and Beránková, J. (2011b). “Formaldehyde 

emission from wood–based panels bonded with different formaldehyde-based resins,” 

Drvna Industrija 62(3), 177-183. 

Salem, M. Z. M., Böhm, M., Srba, J., and Beránková, J. (2012a). “Evaluation of 

formaldehyde emission from different types of wood-based panels and flooring 

materials using different standard test methods,” Build. Environ. 49, 86-96. 

Salem, M. Z. M., Böhm, M., Barcík, Š., and Srba, J. (2012b). “Inter-laboratory 

comparison of formaldehyde emission from particleboard using ASTM D 6007-02 

method,” Eur. J. Wood Prod. 70(5), 621-628. 

SAS (2001). User’s Guide: Statistics (Release 8.02), SAS Inst. Inc, Cary, NC, USA. 

Sonderegger, W., Mandallaz, D., and Niemz, P. (2008). “An investigation of the 

influence of selected factors on the properties of spruce wood,” Wood Sci. Technol. 

42(4), 281-298. 

Teischinger, A., and Müller, U. (2006). “Holzeigenschaften von Nadelstarkholz und sein 

technologisches Potenzial,” Schweiz. Z. Forstwes. 157(12), 561-564. 

Trendelenburg, R. (1937). “Über Stammwuchsuntersuchungen und ihre Auswertung in 

der Holzforschung,” Holz Roh Werkst. 1(1-2), 3-13. 

Vorreiter, L. (1954). “Stammform und Holzeigenschaften der Bayernwald-Fichte,” Holz 

Roh Werkst. 12(2), 47-54. 

Wang, S.-Y., Yang, T.-H., Lin, L.-T., Lin, C.-J., and Tsai, M.-J. (2008). “Fire-retardant-

treated low-formaldehyde-emission particleboard made from recycled wood-waste,” 

Bioresource Technology 99(6), 2072-2077. 

Wang, X. K., and Zhang, Y. P. (2009). “A new method for determining the initial mobile 

formaldehyde concentrations, partition coefficients and diffusion coefficients of dry 

building materials,” J. Air Waste Manag. Assoc. 59(7), 819-825. 

Wiglusz, R., Jarnuszkiewicz, I., Sitko, E., and Nikel, G. (2000). “Interlaboratory 

comparison experiment on the determination of formaldehyde emitted from mineral 

wood board using small test chambers,” Build. Environ. 35, 53-57. 

Xiong, J. Y., Chen, W. H., Smith, J. F., Zhang, Y. P., and Zhang, J. S. (2009). “An 

improved extraction method to determine the initial emittable concentration and the 

partition coefficient of VOCs in dry building materials,” Atmos. Environ. 43(26), 

4102-4107. 

Xiong, J. Y., and Zhang, Y. P. (2010). “Impact of temperature on the initial emittable 

concentration of formaldehyde in building materials: Experimental observation,” 

Indoor Air 20(6), 523-529. 

Xiong, J. Y., Yao, Y., and Zhang, Y. P. (2011). “C-history method, a new and rapid 

method of measuring the initial emittable concentration, diffusion and partition 

coefficients of formaldehyde and VOC in building materials,” Environ. Sci. Tech. 

45(8), 3584-3590. 

Yao, Y., Xiong, J. Y., Liu, W. W., Mo, J. H., and Zhang, Y. P. (2011). “Determination of 

the equivalent emission parameters of wood-based furniture by applying C-history 

method,” Atmos. Environ. 45(31), 5602-5611. 

Yrieix, C., Dulaurent, A., Laffargue, C., Maupetit, F., Pacary, T., and Uhde, E. (2010). 

“Characterization of VOC and formaldehyde emissions from a wood based panel: 

Results from an inter-laboratory comparison,” Chemosphere 79(4), 414-419. 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Salem et al. (2013). “Norway spruce as bioresource,” BioResources 8(1), 1199-1221.  1221 

Ziegler, H., and Merz, W. (1961). “Der ‘Hasel’-wuchs. Über Beziehungen zwischen 

unregelmäßigem Dickenwachstum und Markstrahlverteilung,” Holz Roh Werkst. 

19(1), 1-8. 

 

Article submitted: December 5, 2012; Peer review completed: January 4, 2013; Revised 

version received and accepted: January 16, 2013; Published: January 22, 2013. 

 


