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Abstract
The article presents a modification of the existing mathematical model to calcu-
late energy consumption during conventional drying process. Apart from energy 
consumption, the model permits to estimate the time of high-temperature drying 
process. The drying medium is air and superheated steam mixture. The obtained 
calculation results were compared with conducted experimental tests of drying 
square-edged sawn sapwood timber (Pinus sylvestris L.). The pine sawn wood sam-
ples were dried according to three different drying modes, namely mild, normal and 
intense. The experiments were performed in a semi-industrial scale drying chamber. 
On the basis of the experimental research available, existing mathematical models 
of drying wood have been improved. The developed model included the following 
changes: a different drying time for each mode and type of drying medium (moistur-
ized air or air and superheated steam mixture). The use of an intensive drying mode 
significantly reduced the drying process time. The developed mathematical model 
revealed that the energy consumption of the drying process increases with the inten-
sity of the mode used.
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Introduction

The energy consumption of the drying process is an important economical aspect 
in industrial production of wood products. Energy consumption in a conventional 
kiln is required for moisture evaporation, heating the kiln and lumber, kiln ventila-
tion, thermal losses, air leakage and air humidification. Thermal energy consump-
tion consists of three components: saw-timber warming up energy consumption, 
wood moisture evaporation power consumption, drying chamber railing energy 
losses. The main factor influencing the thermal energy consumption is the mode of 
saw-timber drying. The drying process requires delivering large amounts of ther-
mal energy, which determines costs of sawmills production. Research in this field 
has a high importance for wood industry, because the industrial drying process 
requires constant development due to increased market demands and implementa-
tion of new wood products. Reduction in heat consumption and electricity (up to 
35%) for industrial dryer can be achieved, for example, by modifying the conven-
tional drying process (Kininmonth et al. 1980; Salin 2004; Elustondo and Oliveira 
2009; Ananias et  al. 2012). For this purpose, calculations based on mathematical 
models (Dincer and Sahin 2004; Menshutina et al. 2004; Perré et al. 2007; Kudra 
et al. 2009; Elustondo and Oliveira 2009; Anderson and Westerlund 2012; Babich 
and Snopkov 2012) can be widely used in many different applications. The energy 
consumption reduction can also be achieved by setting, monitoring and adjusting 
selected parameters of the drying process (Shottafer and Shuler 1974; Wengert 
1974; Elustondo and Oliveira 2006, 2007; Korkut et al. 2013). There are also well-
known measures that can be taken to reduce kiln energy consumption, such as the 
use of direct fired energy systems, installation of heat exchangers in kiln vents, par-
tial air drying of green lumber, lumber preheating with kiln exhaust air, reduction in 
air flow velocity, lumber sorting before drying, and season planning. Depending on 
the case, only one or two of these strategies may be practical for a particular drying 
operation (Elustondo and Oliveira 2007).

One of the advantages of high-temperature wood drying, using superheated 
steam, is wood equilibrium moisture content reduction, which causes increasing 
drying speed up to 3.5 times compared to conventional drying process (Cai and 
Oliveira 2008). Furthermore, wood dried in superheated steam has increased resist-
ance against degradation (Basilico et  al. 1990; Frühwald 2007a; Frühwald 2007b; 
Volkmer et al. 2014; Esteves et al. 2014; Borrega and Kärenlampi 2010; Sehlstedt-
Persson and Wamming 2010). On the other hand, disadvantages of high-temperature 
drying show up in reduced mechanical properties, for example, in the form of cracks 
(Oltean et al. 2007) in wood and specific, difficult drying process control (Stamm 
1956; Kinimonth 1976; Dzurenda and Delijski 2000; Bekhta and Niemz 2003; 
Korkut and Budakçı 2009; Shahverdi et al. 2012; Barcík et al. 2014). Additionally, 
wood dried in high-temperature mode is more vulnerable to surface discoloration 
(McCurdy and Pang 2007; Möttönen and Kärki 2008; Ferrari et al. 2013; Németh 
et al. 2013) and in some cases resin leakages (Length and Sergeant 2008).

The creation of the mathematical model, which describes the heat energy require-
ment of the dryer must take into account mainly the heat exchange mechanisms 
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between drying medium and dried wood (Górnicki et al. 2017). Other heat exchange 
mechanisms that have to be taken into account are between the dryer’s construction 
and environment. The heat exchange mechanism between drying medium and dried 
wood is significantly different from conventional drying (where the drying medium 
is air or moisturized air, temperature of which does not exceed 100  °C at  atmos-
pheric pressure) and high-temperature drying (where bubbles of overheated steam 
are generated as a result of the temperature rise of the drying medium in the form of 
a mixture of air and superheated steam above 100 °C, also at atmospheric pressure). 
The heat transfer mechanisms described in the literature during conventional drying 
(Krischer and Kröll 1959; Janik 1965; Häussler 1973; Shottafer and Shuler 1974; 
Krischer and Kast 1978; Vigants et al. 2015), based on energy balance, are used to 
determine the heat energy demand of a dryer, where the temperature of the humid 
air as the drying medium does not exceed 100  °C. On the basis of these mecha-
nisms, numerous mathematical models were developed to estimate heat consump-
tion of the drying process (Anderson 1955; Shottafer and Shuler 1974; Ressel 1987; 
Čiegis and Starikovičus 2002; Elustondo and Oliveira 2009; Anderson and Wester-
lund 2012; Babich and Snopkov 2012), to optimize the drying process and the stress 
prediction model (Lessard 1978; Korkut et al. 2013). None of these models is appli-
cable when the temperature of the drying medium exceeds 100 °C at atmospheric 
pressure. An attempt to develop mathematical models of high-temperature drying 
process is aimed at taking into consideration differences between these mechanisms 
and the study of drying medium parameters and dryer construction type impact on 
heat amount consumption and drying time respectively.

The main purpose of this study was to propose a modification of an existing 
mathematical model used to determine the heat consumption of a dryer during con-
ventional drying (Dzurenda and Delijski 2010; Trebula and Klement 2005). The 
modified models will allow to determine the heat consumption and estimate the 
time of high-temperature drying, where the drying medium is a mixture of air and 
superheated steam. Two adjustments were introduced in the proposed mathemati-
cal model of the energy consumption of the drying process. The first one applies to 
drying time and introduces a coefficient taking into account the design of the dryer 
( k5) . The second adjustment introduces an additional element Q∗

L
 to the determined 

heat consumption in order to heat a mixture of air and superheated steam to evapo-
rate water from the wood in the process of high-temperature drying (above 100 °C 
at atmospheric pressure). The obtained calculation results are compared with per-
formed experimental tests of drying sapwood sawn timber (Pinus sylvestris L.).

Theoretical background

The mathematical model for technical standard (TZN) defines the total heat con-
sumption for a technical drying process using hot air of 1 m3 of not frozen wood 
(tw > 0°C) in a drying kiln at atmospheric pressure and at ambient temperature rang-
ing from −20 to 35 °C. The process from initial moisture content MCP to final MCK 
is described by Eq. (1) (Dzurenda and Delijski 2009, 2010):
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where
QTZN—Total heat consumption of drying process 

[

J

m3

]

,

Qw—Heat consumption for heating wood in the dryer [J],
Qv—Heat consumption for heating up moisturized air in the drying kiln and 

moisturizing it during heating and equalization humidification phases [J]
QA—Heat consumption for heating up the construction of the drying kiln and 

drying trolleys [J],
QL—Heat consumption to heat up the air in the dryer to evaporate water from 

wood [J],
QHG—Heat consumption for releasing hygroscopic water bound in wood [J],
QS—Heat consumption to cover the heat loss of the dryer [J].
Trebula and Klement (2005) developed a methodology of the heat energy 

requirement of the dryer, which allows to extend the existing mathematical model 
to incorporate the additional part associated with heat energy generated in the 
drying kiln, caused by a fan operation and described by Eq. (2):

where
QE—Heat generation by fans [J].
The heat demand (3) of the drying kiln takes into account the heat needed to 

heat up air or moisturized air to remove water from wood during the conventional 
drying process (drying temperature below 100°C at atmospheric pressure).

where
Vw—Volume of dried wood 

[

m3
]

,

�R—Reduced wood density 
[

kg

m3

]

,
qwi

—Specific heat consumption for evaporation of 1 kg of water in the i-step 
wood moisture content level 

[

J

kg

]

,
MCi—Wood moisture content in the i-step humidity level, when the drying air 

temperature does not exceed 100 °C 
[

kg

kg

]

,
MCi+1—Wood moisture content in the (i + 1)-step humidity level when the dry-

ing air temperature does not exceed 100 °C 
[

kg

kg

]

.
When the drying medium is air or moisturized air, whose temperature does not 

exceed 100°C at atmospheric pressure, specific heat consumption to remove 1kg 
of water was determined using Eq. (4), (Trebula and Klement 2005):

(1)QTZN =
Qw + QV + QA + QL + QHG + QS

VW

[

J

m3

]

,

(2)QTZN =
Qw + QV + QA + QL + QHG + QS + QE

VW

[

J

m3

]

,

(3)QL = VW ⋅ �R ⋅

n
∑

i=1

qwi
⋅

(

MCi −MCi+1

)

[J],
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where
hi—Specific enthalpy of air in drying kiln in the i-step humidity level of wood 

drying 
[

J

kg

]

 , h0—Specific enthalpy of air 
[

J

kg

]

 , xi—Air moisture content in the i-step 
humidity level of wood drying when the drying air temperature does not exceed 
100 °C 

[

kg

kg

]

 , x0x0
—Air moisture content 

[

kg

kg

]

.

To determine the specific heat consumption (qwi
) , when the temperature of the 

drying medium does not exceed 100°C at atmospheric pressure, the Mollier diagram 
can also be used to create the so-called drying triangle (Dzurenda et al. 2013).

To determine the heat used to heat up the drying medium to evaporate water 
from wood (QL) for a mixture of air and superheated steam, it was proposed to use 
Eq. (5):

where
Q∗

L
—Heat used to heat up mixture of air and superheated steam to evaporate 

water from wood [J].
The heat utilized to heat up the mixture of air and superheated steam to evaporate 

water from wood was determined by Eq. (6):

where
mH2O(w)∗

—Water mass evaporated from wood during drying process at a tempera-
ture above 100 °C 

[

kg
]

,
mH2O(wa)

—Water mass in air for moisturizing period preceding drying process at a 
temperature of 100 °C 

[

kg
]

 , hs—Superheated steam enthalpy at a temperature above 
100°C at pressure p = 101.3 kPa 

[

J

kg

]

, hwa—Air specific enthalpy at temperature of 

the moisturizing period preceding drying at a temperature above 100°C 
[

J

kg

]

,

mH2O(N)
—Drying medium moisturizing water mass from the steam generator, 

measured from the moment the drying medium temperature of 100  °C is reached 
[

kg
]

 , hH2O(N)
—Specific enthalpy of water in the steam generator 

[

J

kg

]

,

mda—Dry air mass in the drying kiln 
[

kg
]

 , hda(i)—Dry air specific enthalpy at a 
temperature above 100°C 

[

J

kg

]

, hda(i−1)—Dry air specific enthalpy at a temperature 

for moisturizing period preceding drying at temperature of 100°C 
[

J

kg

]

.
The mass of evaporated water from wood during the drying process at a tem-

perature above 100°C was determined by Eq. (7), which assumes a change in drying 

(4)qwi
=

hi − h0

xi − x0

[

J

kg

]

,

(5)QL = VW ⋅ �R ⋅

n
∑

i=1

qwi
⋅

(

MCi −MCi+1

)

+ Q∗
L
[J],

(6)
Q∗

L
=(mH2O(w)∗

+ mH2O(wa)
) ⋅

(

hs − hwa
)

+ mH2O(N)
⋅

(

hs − hH2O(N)

)

+ mda ⋅

(

hda(i) − hda(i−1)
)

[J],
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parameters from the moment the wood reaches moisture content at the fiber satura-
tion point (FSP) level:

where
VD—Internal volume of the drying kiln 

[

m3
]

,
MCFSP—Wood moisture content for which the drying period begins at the drying 

medium temperature exceeding 100°C, the work assumed MCFSP = 15% (it is rec-
ommended that this value does not exceed the moisture content of wood at the fiber 
saturation point) [%],

MCF—Final wood moisture content MCF = 8% [%],
The water mass in air for the moisturizing period preceding drying at a tempera-

ture of 100°C was determined from Eq. (8):

where
�wa—Air relative humidity in the moisturizing period preceding drying at a tem-

perature above 100°C [%],
mwa—Air mass in the moisturizing period preceding drying at a temperature 

above 100°C 
[

kg
]

,
�waAir density at a given relative humidity and air temperature of the humidity 

period preceding drying at a temperature above 100°C 
[

kg

m3

]

Vwa—Air volume in the drying kiln 
[

m3
]

.
The dry air mass in the drying kiln was determined from Eq. (9):

where
xwa—Air moisture content during the humidity period preceding the temperature 

rise above 100°C 
[

kg

kg

]

.

To determine the volume of air in the drying kiln, a simplified model was 
adopted, assuming that flue gas-air heat exchanger, the fan and electric motor 
occupy a volume of 15% of the drying kiln total volume, (10):

The specific drying time ( �A) , was calculated according to Eq.  (11), which 
assumes correction of the calculated drying time by applying coefficients ( k1 , k2 , k3 
k4 ), (Glijer 2005):

where
�obl − Calculated drying time (Fig. 1) [h],

(7)mH2O(w)∗
= VD ⋅ �R ⋅

(

MCFSP −MCF

)[

kg
]

,

(8)mH2O(wa)
= �wa ⋅ mwa = �wa ⋅ �wa ⋅ Vwa

[

kg
]

,

(9)mda =
mH2O(wa)

xwa

[

kg
]

,

(10)Vwa = VD − VW − 0, 15 ⋅ VD

[

m3
]

(11)�A = �obl ⋅ k1 ⋅ k2 ⋅ k3 ⋅ k4 ⋅ k5[h],
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k1—Coefficient taking into account the difference in temperature used and the 
temperature 80 °C–90 °C [−],

k2—Coefficient taking into account the speed of air flow through the wood stack 
[−],

k3—Coefficient taking into account the type of sawmill material [−],
k4—Coefficient taking into account the type of air flow through wood stack [−],
k5—Coefficient taking into account the drying kiln construction [−],
The values of the coefficients k1, k2, k3 and k4, used in the study, were in line with 

the results of the study by Glijer (2005): k1 = 1.55 (for mild mode), k1 = 1.15 (for 
normal mode), k1 = 0.79 (for intense mode), k2 = 0.85 (drying medium flow velocity 
between layers of wood species v = 2 m/s), k3 = 0.8 (edged planks and logs shorter 
than 2  m), k4 = 1.17 (reversible circulation of the drying agent). In this work, an 
additional correction parameter of drying time is proposed, which takes into account 
the scale of drying, depending on the design and dimensions of the drying kiln by 
introducing empirically determined coefficient for semi-industrial dryer k5 = 0.9 (for 
industrial dryer k5 = 1).

The calculated drying time ( �obl ) was determined using below formula (12) with 
determination factor R2 = 0.9921, (Glijer 2005):

An important drying parameter, which determines the quality of the drying 
kiln is the average specific heat consumption (q) required to evaporate 1  kg of 
water from dried material, which was calculated using Eq. (13):

(12)𝜏obl = −0.0052MC2
P
+ 1.5647MCP − 2.2213, for 0 < MCP < 100

(13)q =
QTZN

m(H2O)w
=

QTZN

VW ⋅ �R ⋅
(

MC0 −MCF

)

[

J

kgow

]

Fig. 1   Computational pine wood drying time for wood thickness 30 mm as a function of initial moisture 
content MC0 for air temperature 80—90 °C
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where
m(H2O)w—Water mass evaporated from wood [kg],
MC0—Initial wood moisture content 

[

kg

kg

]

.
According to generally available information in the literature, current aver-

age specific heat consumption used for drying kilns is in the range from 4500 to 
5600 kJ/kg, (Trebula and Klement 2005).

Three drying modes, as the experimental studies of the drying process, 
were used to create a mathematical model of  process energy consumption on 
semi-industrial scale. Calculated drying times are close to obtained real ones. 
This proves an appropriate selection of the coefficient proposed in this paper tak-
ing into account the design of  the drying kiln (k5) in order to correct the calcu-
lated drying time.

Total heat energy consumption, in Wh, was calculated using below formula:

Materials and methods

The results obtained after the calculations were compared with the conducted exper-
imental test results of drying square-edged sawn sapwood timber (Pinus sylvestris 
L.), originating from the northern part of Pomerania region in Poland. Dimensions 
of all wood samples were measured prior to the experiments and featured 200 mm 
(W) × 30  mm (H) × 1500 (L) mm. The drying process was performed in a semi-
industrial dryer using three drying modes: mild, normal and intense. The distinction 
into three different drying modes was made on the basis of temperature levels at 
which the process was carried out: low-temperature: t < 40 °C, medium temperature: 
40 °C  < t < 100 °C, high-temperature: t > 100 °C (Trebula and Klement 2005). To 
ensure a correct and fast wood drying process in the drying kiln, the selected drying 
parameters (temperature and humidity of the drying medium) must meet the condi-
tion that equilibrium moisture content (EMC) should be lower than the wood mois-
ture content (MC) in a given drying stage. This relationship is described by the dry-
ing gradient. The lower value of the EMC corresponds to the more intensive process 
of moisture evaporation from the wood. During each test, pine wood in the form of 
24 boards was dried.

The drying process was conducted in an experimental, semi-industrial kiln of 
0.55 m3 load capacity, especially designed at the Gdansk University of Technology 
(GUT) and manufactured by AMS-Elektronik Company. Internal dimensions were 
width 1.2 m, depth 2.0 m, height 0.7 m, dryer weight mA = 300 kg, specific heat of 
dryer walls aluminum cA = 0.9 kJ/kg⋅K, mineral wool: cA = 0.75 kJ/kg⋅K. The drying 
kiln was equipped with a reversible fan made of cast iron, specific heat cFe = 0.55 kJ/

(14)EC =
QW + QV + QA + QL + QHG + QS

3600
[Wh]
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kg⋅K, (Neuhaus 2004). Based on these parameters, the drying kiln wall heat transfer 
coefficient was determined as kP = 0.23 W/m2⋅K.

During the last phase of the intense mode drying process at a temperature of 
120 °C, the drying medium was moisturized with a steam generator and the amount 
of water in the generator was measured from the moment the temperature of 100 °C 
of the moistened medium was exceeded. The average mass flow rate of water in the 
steam generator was assumed at a level of approximately 1.5 kg/h.

Results and discussion

In Figs. 2, 3 and 4, changes in the relative humidity of the drying medium and its 
temperature and wood moisture content during the drying process on semi-industrial 
scale using three modes are presented. The initial moisture content of pine wood 
differs due to the date of fresh wood supply from the sawmill and depending on the 
drying mode used, because they present the experimental data on the basis of which 
the mathematical model of energy consumption was corrected by describing the 
drying curves with a quadratic function, which corrected the drying times obtained 
on a semi-industrial scale (by determining the k5 coefficient).

The obtained curves of pine wood drying in a semi-industrial dryer were 
described with high accuracy by exponential functions of second degree. It is notice-
able that in all modes, wood moisture content calculation results are almost the same 
as the experimental results. This suggests that it is possible to use this equation 
to predict wood moisture content in each step of the process.

y = 0,0039τ2 - 0,7427τ + 44,678

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80Te
m

pe
ra

tu
re

 o
f d

ry
in

g 
m

ed
iu

m
  t

 [°
C

]
R

el
at

iv
e 

hu
m

id
ity

 o
f d

ry
in

g 
m

ed
iu

m
 φ

[%
]

A
bs

ol
ut

e 
m

oi
st

ur
e 

co
nt

en
t o

f w
oo

d 
M

C
 [%

]

Drying time τ [°C]

medium temperature t [°C] medium relative humidity φ [%]

wood moisture content MC [%]

Fig. 2   Drying medium temperature, humidity and wood moisture content changes during mild mode dry-
ing process on semi-industrial scale
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To compare the most important parameters, which determine energy consump-
tion of the semi-industrial drying process, i.e., unit heat consumption for evapora-
tion of 1 kg of wood water (q), heat consumption for heating drying medium (QL), 
specific drying time ( �A ), total heat energy (EC) and electricity (Ew) consumption, 
a simulation was carried out  using the mathematical model presented above. The 
calculations took into account different initial wood moisture contents for the three 
drying modes used (Table 1).

y = 0,0086τ2 - 1,3122τ + 60,377
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Fig. 3   Drying medium temperature, humidity and wood moisture content changes during normal mode 
drying on semi-industrial scale
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Fig. 4   Drying medium temperature, humidity and wood moisture content changes during intense mode 
drying on semi-industrial scale
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The calculations were carried out for drying medium flow velocity v = 2  m/s 
(without the fan reverse mode). Temperature and relative humidity of the envi-
ronment were t = 15  °C and φ = 75%, respectively, at atmospheric pressure 
p = 101.3 kPa. Computational values were obtained for a final wood moisture con-
tent of 8%. The loading volume of timber for each case was VW = 0.216  m3 (24 
boards with dimensions: 200 mm, 30 mm, 1500 mm). The initial wood temperature 
was adopted at ambient temperature level.

Figure 5 presents linear characteristics showing the total heat energy requirement 
of a semi-industrial drying kiln as a function of the pine wood initial moisture con-
tent from 80 to 30%. It is noticed that the total heat energy consumption strongly 
depends on the wood initial moisture content. For mild and normal drying modes, 
the heat energy consumption is noticeably lower than for intense mode and is around 
50% less. The heat energy consumption for mild and normal modes of the drying 
process is almost the same for higher values of wood initial moisture content and it 
is not much different for the lower values of wood initial moisture content.

The obtained determination coefficient (R2) in the range from 0.9982 to 0.9993 
showed that the energy consumption of the drying process as a function of wood 
initial moisture content can be determined with the aid of a linear function with high 
accuracy.

For conventional chamber dryers, the value of the unit heat consumption (q) 
ranges from 4490 (for low-capacity dryers) to 5690  kJ/kg (for medium-capacity 
dryers) (Dzurenda and Delijski 2009; Elustrondo and Oliveira 2009; Anderson 
and Westerlund 2012). In the case of high-temperature drying (t > 100  °C), these 
values are two or even three times higher than in the case of conventional drying, 
while the drying time is significantly reduced (three to seven times) (Trebula and 
Klement 2005; Elustrondo and Oliveira 2009). All these relationships were dem-
onstrated in the calculations performed. According to the technical classification 
standard for conventional chamber dryers, the value of total heat requirement (QTZN) 
is approximately 680  MJ/m3, which corresponds to around 190  kWh/m3 for the 

Table 1   Total drying times, total heat demand and energy consumption of the dryer depending on the 
initial moisture content for the three drying schedules used: MC0—wood initial moisture content, QTZN—
total heat requirement, Ew—energy consumed by the fan, NS—drying kiln heat output

MC0 q QL τA QTZN EC Ew NS

Mode % kJ/kg kJ h kJ kWh kWh W

Mild 80 4645.4 204,818.0 90.8 274,529.6 76.3 51.3 839.7
50 5224.1 112,417.4 64.3 180,092.5 50.0 42.3 777.5
30 6127.7 58,407.8 41.5 110,652.3 30.7 34.6 740.3

Normal 80 4714.1 176,580.4 68.8 278,593.8 77.4 43.8 1124.3
50 5658.6 102,584.6 49.2 195,070.6 54.2 37.1 1101.7
30 7513.1 53,254.1 32.3 135,668.7 37.7 31.4 1168.3

Intense 80 5978.4 209,583.4 49.2 353,311.9 98.1 37.1 1996.9
50 7935.7 140,653.3 35.7 273,573.5 76.0 32.6 2131.7
30 11,819.8 94,699.9 30.6 213,436.8 59.3 30.9 1936.0
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low-temperature drying of softwood sawn timber with a thickness of 32 mm, initial 
moisture content of 50%, final moisture content of 10% and for medium capacity 
of the drying kiln KMC 121 (Dzurenda and Delijski 2009). The obtained total heat 
requirement (QTZN) values for the tested semi-industrial dryer with a loading volume 
of 0.55 m3 pine wood and initial wood moisture content of 80% were 498.2 MJ/m3 
(mild drying mode), 506.5 MJ/m3 (normal drying mode) and 642.4 MJ/m3 (intense 
drying mode). The obtained results confirm the correctness of the calculations of 
the proposed mathematical model of energy consumption for the pine wood drying 
process.

Conclusion

In this article, the results of theoretical analyses and an experimental research of 
pine wood (Pinus sylvestris L.) drying process are presented. The performed experi-
ments allowed to develop a modified mathematical model of energy consumption of 
the drying process based on the models available in the literature. For this purpose, 
the correction of the drying process time by introducing the additional coefficient k5 
taking into account the design and construction of the drying kiln was proposed. In 
addition, the correction of the drying kiln heat requirement for the drying medium 
heating up stage to evaporate moisture from the drying material (QL) for drying at a 
temperature above 100 °C was proposed.

On the basis of the accomplished analysis, it was found that the proposed math-
ematical model of energy consumption for high-temperature drying process can 
be used in the design of industrial dryers, enabling wood drying at temperatures 
exceeding 100  °C at atmospheric pressure, where the drying medium is an air 

Fig. 5   Calculated total heat energy requirement of the semi-industrial drying kiln depending on the ini-
tial moisture content of wood for the three drying modes used: mild, normal and intense

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


1 3

Wood Science and Technology	

and superheated steam mixture. After thorough analysis, it can be summarized that 
it is possible to estimate energy consumption and drying time of pine wood, taking 
into account initial wood moisture content, drying process parameters (coefficient k1 
taking into account temperature of drying medium), drying medium flow rate (coef-
ficient k2 taking into account the velocity of air flow through the wood stack and 
coefficient k4 accounting for the type of air flow through wood stack), sawn timber 
dimensions (coefficient k3 taking into account the type of sawmill material), drying 
kiln construction and design (coefficient k5 accounting for the drying kiln construc-
tion), and the amount of superheated steam supplied during the humidity period 
of drying at temperatures exceeding 100 °C. In the study, the coefficients k1, k2, k3, 
k4 were adopted from the Glijer model (2005).

The developed mathematical model of the energy consumption of the high-tem-
perature drying process introduces two adjustments: first one applies to drying time 
and introduces a coefficient taking into account the dryer design (k5) . The second 
adjustment introduces an additional element Q∗

L
 to the determined heat consumption 

in order to account for air and superheated steam mixture heat to evaporate water 
from wood during the high-temperature drying process (above 100  °C at atmos-
pheric pressure). The chosen conditions of the drying process enable to estimate the 
energy consumption and duration of the drying process.
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