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Abstract
Sustainable biomass resources are limited and their utilization therefore needs to be more efficient. In addition, there is an urgent
need for low-cost energy storage, particularly for solar energy. Drying considerably increases the calorific value of woody
biomass, and the resulting dried biomass provides easy seasonal energy storage. The drying both improves the quality of the
biomass and extends its storage life. To investigate the technology and feasibility of solar-enhanced drying, several drying
experiments were conducted on wood chips in VTT’s 12 kWpeak convective dryer in Jyväskylä, Finland. Drying times varied
from 3.5 to 27 h and the final moistures from 12 to 32 w-%. VTT’s experiments show that solar heat can be successfully applied
to thermal drying of biomass. The moderate drying temperatures used (typically 20–50 °C) are advantageous for ensuring
homogenous drying of wood particles and for preventing changes to the physical structure of the biomass and loss of volatiles.
Due to the low efficiency of the system, still in its prototype phase, the calculated payback times were not highly attractive to the
entrepreneur. In the experiments, best profitability was achieved by drying seasoned wood, for which a payback time of 12–
17 years was estimated for a large scale system such as a biomass terminal. Based on the assumptions that technical improve-
ments are made, the best drying efficiency reached in our experiments is achieved, and some investment subsidy is secured;
scale-up is feasible. With these criteria met, the payback time of such a dryer could be brought below 10 years. This requires,
however, that drying increases the selling price of wood chips.
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Introduction

Climate change mitigation calls for urgent measures to sub-
stitute fossil fuels and materials with renewable solutions. In
this, biomass is playing an increasing role [1]. However, sus-
tainable biomass resources are limited, especially regionally.
In addition, the carbon neutrality of different biomass frac-
tions has been questioned [2]. The calorific value of sustain-
able woody biomass resources can be significantly increased
through drying [3–5]. On the other hand, there is an urgent
need for low-cost energy storage applications, especially with
regard to solar energy [6]. The technical potential to utilize
solar energy in Europe and even in northerly-situated Finland
is several times greater than current energy consumption in
these regions [7, 8]. The main technical challenges relate to

the intermittency of available solar energy, such as day-night
and summer-winter cycles [9]. Decentralized biomass drying
located near to the raw material source reduces transportation
costs and enables distributed energy storage networks [10].
Furthermore, the overall efficiency of energy production in-
creases and emissions decrease [11].

Newly harvested logging residues and small diameter fuel
wood have a moisture content of over 50 w-% [12]. Moisture
content is an important quality parameter, because it reduces
the calorific value of fuel. For example, with moisture content
of 50%, the effective calorific value is 16 MJ/kg compared
with 19 MJ/kg for dry fuel [13]. Forest fuel raw materials are
usually stored and seasoned at the landing near the logging
site before comminution and transportation to an energy plant
[14, 15]. The storage time varies from a few months to over a
year. In natural drying, understandably, ambient conditions
play a very important role in the drying process. During this
time, a significant amount of capital is tied up in the feed-
stock. At the same time, there is high risk that the quality of
the wood will not improve as desired.

Biomass dried with solar energy could serve as a means of
seasonal energy storage, diminishing risks in biomass fuel
delivery and ensuring smooth power plant operation [16].

* Jyrki Raitila
jyrki.raitila@vtt.fi

1 VTT Technical Research Centre of Finland, PO Box 1603,
FI-40101 Jyväskylä, Finland

https://doi.org/10.1007/s12155-019-10048-z
BioEnergy Research (2020) 13:210–221

Published online: 10 November 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s12155-019-10048-z&domain=pdf
http://orcid.org/0000-0003-4209-6330
mailto:jyrki.raitila@vtt.fi


Wood fuel supply operates year round, but in Nordic regions,
the demand is much higher from October to March [17], thus
requiring buffer storages for high seasons. Dryer biomass is
much easier to store and it renders more energy for the same
volume of wood. The quantity of biomass available for ener-
gy and for biorefinery products is ultimately affected by the
dry matter loss that inevitably occurs during storage [18].
Conditions conducive to extensive biodegradation include a
temperature of 15–60 °C, moisture level above fiber satura-
tion point (usually above 25 w-%), and favorable oxygen and
carbon dioxide concentrations [19]. Drying significantly de-
creases microbial activity in woody biomass, thus improving
handling conditions and preventing dry matter loss [20]. Low
moisture < 10 to 15 w-% also ensures a high feedstock qual-
ity for new bio-products.

The BEST project (Sustainable Bioenergy Solutions for
Tomorrow) studied a so-called “fast track” solution for sup-
plying woody biomass to power plants. In that model, the
storage time was limited to effective outdoor drying months
in spring and early summer. The fast track calculations with
8% interest rate showed that supply costs can be decreased by
8 to 13% depending on the dry matter loss level [21]. In this
model, however, the benefits were limited by the time of the
natural drying season. If solar energy could be stored in wood
fuel feedstocks through enhanced drying, significant savings
in wood consumption could be reached. For example, if the
moisture content of 40 w-%, typically reached in natural dry-
ing in Northern Europe, can be reduced to 20 w-%, 14%
more energy can be generated with the same amount of wood
[22].

Compared to natural seasoning, warm air-drying, for ex-
ample in a convective dryer, provides several benefits. Warm
air-drying is usually more effective, can be better controlled,
and the desired quality and storability can be ensured. If solar
collectors are used to enhance the drying process, the viability
of such a system is still limited by ambient conditions, but not
as much as pure seasoning. Solar collectors can extend the
effective drying season to more than 6 months in Northern
Europe [23]. In addition, recent developments in the efficien-
cy and cost of solar systems make solar drying more feasible
in different applications.

Studies on the supply systems of wood fuel based on arti-
ficial drying have not been published recently [22]. However,
solar enhanced drying has been used in different small-scale
applications in agriculture and fishery. Product quality de-
pends on many factors, including drying temperature and
duration. Low temperatures are favored when important vol-
atile compounds need to be preserved in the biomaterial. This
corresponds well with drying wood. Various solar drying sys-
tems (SDS) designs for agricultural products have been
reviewed in Asia [24–26], such as chamber-type (rack-type/
tray-, bin-, and tunnel-type) and chimney-type SDS. These
designs are all recommended for commercial use. The main

components of the system are solar collectors, a blower, a
drying chamber, and sometimes an auxiliary electric heater.
According to the study of Fudholi et al. [27], temperatures of
50 to 55 °C could be reached at a solar radiation level of
650 W/m2. On the other hand, system efficiency levels were
quite low, only 20 to 30%. Solar drying systems saved drying
time 35 to 76% compared to natural seasoning.

In a bit older study, Sharma et al. [28] identify two broad
groups of solar-energy dryers, passive or natural-circulation
solar-energy dryers and active or forced-convection solar-en-
ergy dryers. The latter ones are more applicable here.
According to this review, as high as 60 °C ± 3 °C were
reached. System efficiencies varied between 0.3 and 0.8 dur-
ing drying experiments and that the higher flow rates increase
the overall drying performance and especially efficiency.

Based on the above presented introduction, there is an
increasing global demand for limited sustainable bioenergy
resources, which could be used more effectively utilizing so-
lar enhanced drying. However, there is only fragmented in-
formation available about the economic feasibility of solar
enhanced drying of bioenergy. Objectives with regard to our
solar drying studies included building a dryer prototype, con-
figuring different drying modes for profitable operation of the
test facility, and evaluating the efficiency and profitability of
solar-enhanced drying in scaled-up solutions. Objectives also
included experimenting drying in a solar enhanced dryer and
evaluating its suitability for wood fuel drying.

Methodology

Design and Operation Principle of the Drying System

The drying system at VTT comprises six flat-plate solar heat-
collecting modules with a total collector surface area of 12 m2

and corresponding to roughly 10 kWpeak, with heat transfer
liquid, heat exchanger, and air ducting for supply of heated
air to the biomass drying equipment. The solar modules,
manufactured by Savosolar, are positioned on the flat roof
and have been installed to maximize solar energy use
throughout the day, not only at peak hours. Therefore, instead
of facing them directly south, half were directed southwest
(103° from north) and the other half southeast (185° from
north) with a 54° inclination. In August of the same year
(2017), the inclination was changed according to general rec-
ommendations to 43° and the orientations to precisely 140°
and 220°. These changes, however, seem to have had little
impact on the amount of solar energy collected. A far more
important factor was weather conditions.

The biomass drying equipment is installed inside the
building and includes a convective drying chamber with sep-
arate trays for loading the material and the necessary mea-
surement and control devices for testing purposes. For drying
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experiments, 1 × 1 × 0.3 m or 1 × 1 × 0.8 m trays correspond-
ing to volumes of 0.3 m3 or 0.8 m3 can be used. The device is
modular and can be deployed easily.

The solar system is controlled with a Resol DeltaSol MX
control unit commonly used in household solar heating and
ventilation systems. Control can be based on difference in
temperature or flow, or a timer. In our experiments, the dif-
ference in temperature of the glycol-water fluid in the heat
transfer pipes was the main controller of the solar collector
system. The pump unit controlled by Resol is equipped with
two circulating pumps (one for each group of solar collec-
tors), stop valves, safety valves, and pressure and temperature
meters. Heat is transferred with the glycol-water fluid to a
heat exchanger (Ecocoil). Airflow for drying is produced with
a System Air 308 W duct fan. The system is illustrated in
Figs. 1, 2, and 3.

Experiments and Measurement Procedure

First, algorithms to control the airflow to the dryer were
developed to optimize the drying process in varying con-
ditions with regard to solar irradiation, drying air temper-
ature, air humidity, and electricity price. The algorithms
were created to either (1) maximize the economic benefits
of drying (benefits-costs), (2) maximize drying intensity
(maximum difference of concentration of water between
the exhaust air and ambient air), or (3) to observe the

airflow levels at which drying is economic, and, in unfa-
vorable conditions, to switch the fan to minimum flow. The
principles of the used algorithms are illustrated in
Appendix A. Solar-enhanced drying experiments were
conducted mainly in August 2017, June 2018, and
August 2018, and a few in the first week of September
and late May at VTT in Jyväskylä. Initially, all three algo-
rithms were used systematically [29]. Once we had verified
that all of the algorithms work and that algorithm 1 (max-
imizing economic benefits) rendered the best results, most
experiments, particularly in 2018, were conducted with
this algorithm. The possible effects of the different algo-
rithms were not analyzed because conditions varied be-
tween experiments with regard to the weather and duration.

In April 2018, a heat recovery unit was installed on the
exhaust air stream. In addition, in August 2018, the position
of the solar collectors was slightly adjusted. In the last exper-
iments (experiments 19–22 in August 2018, only half of the
collectors were used and these were re-positioned to face
directly south.

About 0.3 loose m3 of wood was dried in most experi-
ments. This corresponded to about 60 kg of fresh wood chips
and 50 kg of semi-dry chips. In comparison, bigger batches of
181 kg (fresh) and 97–143 kg (semi-dry) chips were also
dried. The goal was to dry the wood chips to a moisture
content of between 20 and 30 w-%. Wood chips must be
dried to this target moisture level, or lower, to prevent loss
of quality and dry matter through biodegradation [19].

In the drying experiments, two types of wood were used:
fresh wood chips and seasoned wood chips, in size classes
P16 and F15 [30]. All wood chips were manufactured from
small-diameter (7–15 cmbh) pine logs (Table 1). The logs
were chipped with an agricultural tractor-powered disc chip-
per. Half of the logs was seasoned at the roadside for 3 months
to pre-dry before comminution, and the other half was
chipped directly after harvesting.

In practice, the drying times and the attained moisture
levels varied due to batch size but also different ambient
conditions, solar irradiation being the most critical factor.
Drying air was blown through the biomass batch from top
to bottom. Drying times varied from 3.5 to 27 h. The final
moistures varied from 12 to 32 w-%. Changing drying
conditions served the purpose of the experiments well as
one of the main points of interest was to compare drying
results in different conditions. The main characteristics of
the experiments analyzed in this paper are summarized in
Table 1.

Each drying batch was weighed before and after drying to
determine the amount of evaporated water. The following
variables were measured via continuous data collection from
the process: electric current of the fan (A), air flow (Nm3/h),
relative humidity of incoming and exhaust air (%RH), pres-
sure of incoming and exhaust air (mbar), temperature of

Fig. 1 The flowsheet of the used solar enhanced drying system. Some
variations and improvements to the systemwere made during the study as
presented in the text (“Experiments and Measurement Procedure”
section)
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incoming and exhaust air (°C), temperature of air after solar
heat exchanger (°C), temperatures at several points of solar
heat circulation (°C), liquid flow in solar circulation (liters/h),
and irradiation on a horizontal surface (W/m2). In addition to
operation algorithms (as presented in Appendix A), these
measurements contributed to the online moisture monitoring,
helping to reach the targeted moisture level after drying.

Calculation Principles

Biomass price was assumed at €21/MWh before drying and
€25/MWh after drying, based on common average wood fuel
prices in Finland [31]. It was assumed that dried biomass is
more valuable either sold or used in an own boiler due to
improved quality, better storability, and lower transportation
costs. Based on these costs and the measured properties of
studied materials, the economic benefit of drying per evapo-
rated water, BoD (€/MWhevaporation) was calculated by
Equation 1.

BoD ¼ BioPriceDry�MWhdry−BioPriceWet�MWhwet

MWhdry−MWhwet

ð1Þ

where

BioPriceDry = Biomass price before drying (€/MWh)
MWhdry = Lower heating value of biomass after drying
per dry solids (MWh/kg dry solids)
BioPriceWet = Biomass price after drying (€/MWh)
MWhwet = Lower heating value of biomass before dry-
ing per dry solids (MWh/kg dry solids)

The variable cost of electricity was €110/MWh in the cal-
culations and adjusting algorithms. The additional labor costs
due to drying were estimated to be insignificant in comparison
to a traditional biomass supply chain and were therefore not
included in the calculation. With these assumptions and mea-
surements, the following calculations were made: heat con-
sumed for evaporation (kW), mass flow of evaporated water
(kg/s), cumulative amount of evaporated water (kg), absolute
moisture of the air before and after the dryer (g/Nm3), power
consumption (kWh), and heat transfer to drying air (kW).

Fig. 2 VTT’s solar heat collectors

Fig. 3 VTT’s biomass dryer
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The profitability (gross margin, EBIT DA) of the drying
experiments was calculated by Equation 2.

EBIT DA €=hð Þ ¼ Benefit €=hð Þ−Costs €=hð Þ ð2Þ

where

Benefit ¼ BoD €=MWhð Þ
�mass flow of evaporated water kg=sð Þ
� 2:258 MJ=kgð Þ

Costs ¼ electricity consumption kWh=hð Þ=1000
� cost of electricity €=MWhð Þ

Data from the continuous online measurements was used
with the previous equations by the algorithms during the op-
eration. Because combination of online measurements is not
that accurate than a scale, EBIT DAwas recalculated after the

drying experiments using previous equations with Eq. 3,
based on a weight difference of the batches before and after
drying as a total amount of evaporated water during the ex-
periment.

Benefit €=batchð Þ ¼ BoD €=MWhð Þ*evaporation kg=batchð Þ
*2:258 MJ=kgð Þ=3:6 MWh=MJð Þ

ð3Þ

EBIT DA of each test is presented in Fig. 1 as a function of
solar irradiation on a horizontal surface during the tests. In order
to estimate the feasibility of full-scale systems, the results pre-
sented in Fig. 1 were extrapolated in time and scaled up for a
larger capacity.

Extrapolation in Time

As Fig. 4 shows, the correlation between profitability and
irradiation seems almost linear even when the conditions dur-
ing the experiments varied. Therefore, the profitability of an-
nual operation was assessed by extrapolating the linear trend
line fitted to experiment results for cumulative irradiation on
a horizontal surface during the drying season on an average
year. The irradiation is dependent on the location and can be

Table 1 Summary of the drying
experiments (i inclination of solar
collectors)

Experiment
no.

Wood
type

Initial
moisture, w-
%

Final
moisture, w-
%

Batch
weight, kg

Solar collector
positioning

Heat
recovery,
Y/N

1 Fresh 54.5 31.6 66.3 103°, 185°, 54°i N

2 Fresh 54.5 30.2 62.7 103°, 185°, 54°i N

3 Fresh 54.5 31.9 60.4 103°, 185°, 54°i N

4 Fresh 54.5 30.6 60.6 140°, 220°, 43°i N

5 Fresh 54.5 23.9 60.1 140°, 220°, 43°i N

6 Fresh 54.5 24.4 62.3 140°, 220°, 43°i N

7 Fresh 54.5 23.9 65.4 140°, 220°, 43°i Y

8 Fresh 55.4 27.2 62.2 140°, 220°, 43°i Y

9 Fresh 55.5 17.2 62.2 140°, 220°, 43°i Y

10 Fresh 55.4 40.8 181.4 140°, 220°, 43°i Y

11 Seasoned 42.0 28.6 52.6 103°, 185°, 54°i N

12 Seasoned 42.0 18.3 51.9 103°, 185°, 54°i N

13 Seasoned 42.0 16.0 52.5 103°, 185°, 54°i N

14 Seasoned 42.0 27.6 53.9 140°, 220°, 43°i N

15 Seasoned 46.0 18.5 139.4 140°, 220°, 43°i Y

16 Seasoned 46.0 19.3 50.7 140°, 220°, 43°i Y

17 Seasoned 44.0 16.9 44.0 140°, 220°, 43°i Y

18 Seasoned 48.0 13.8 143.4 140°, 220°, 43°i Y

19 Seasoned 38.7 20.0 42.1 180°, 43°i Y

20 Seasoned 38.7 21.5 106.9 180°, 43°i Y

21 Seasoned 38.7 16.3 44.9 180°, 43°i Y

22 Seasoned 38.7 25.4 96.9 180°, 43°i Y
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estimated using the PVGIS tool, made available by the Joint
Research Centre of EU [23]. In our study, the irradiation
levels for Jyväskylä, Central Finland were used. The drying
season was estimated to be from the beginning of March to
the end of September, resulting in an annual irradiation of
807 kWh/m2 on horizontal surface [23].

Scale-up and Investment Costs

The calculations were scaled up to a larger drying system
equipped with either 90 m2 (farm dryer) or 5,000 m2 (bio-
mass terminal) solar collectors. This was done by estimating
the constant dryer capacity per solar system surface area. The
annual gross margin was consequently also multiplied by the
ratio of solar collector surface areas, 90 m2/12 m2 and
5,000 m2/12 m2 respectively. In those experiments where
only half of the collectors were applied, the results were mul-
tiplied by 90/6 and 5000/6.

Investment costs were based on the assumption that the
smaller dryer is built inside an existing building, such as a
barn, with retrofit costs including, for example, investment
in fans, timberwork, and new floor casting to ensure effective
drying air distribution. The investment costs of the bigger
dryer included, however, a new building as well as a storage
facility for the dried biomass, as it cannot be assumed that
buildings of this size are available without significant cost.
All costs were estimated based on ProAgria’s [32] general
construction plans. It should be noted that the most important
cost is the solar collector system, for which price estimates
were received from Savosolar Ltd., a Finnish supplier of solar
collector systems. In total, the used default investments were
€63,000 and roughly €2.4 million for the 90 m2 and 5,000 m2

solar systems, respectively. In this study, interest rates/
inflation were not included in the payback time calculation.

Results

The cumulative solar irradiation on horizontal surface fluctuated
from 0.3 to 3.7 kWh/m2 during the experiments while the aver-
age measured irradiation was 211 to 776 W/m2 during the first
experiments (nos. 1–3 and nos. 11–13) in August 2017. This
fluctuation naturally depended on the weather conditions and
the duration of each experiment. The applied average drying
airflow rates, controlled by the algorithms, were from 582 to
975 Nm3/h. On sunny days, drying air temperatures in excess
of 50 °C were reached, while on cloudy days, only about 20 °C,
i.e., only a few degrees warmer than ambient air, was achieved.

During the second experiment series (nos. 4–10 and nos.
14–22) in 2018 and in Aug 2017 after the adjusted inclination,
the cumulative solar irradiation on horizontal surface fluctuat-
ed from 1.7 to 6.2 kWh/m2, while the average measured irra-
diation was 193 to 721W/m2. This fluctuation again naturally
depended on the weather and the duration of each experiment.
In addition, it should be noted that in experiments 15, 18, and
20, the drying took place day and night. The applied average
drying air flow rates, controlled by the algorithms, were from
420 to 811 Nm3/h. On sunny days, drying air temperatures
reached nearly 60 °C, while on cloudy days, they were less
than 20 °C, only a few degrees warmer than ambient air.

The profitability of all conducted drying experiments is pre-
sented in Fig. 4 as a function of measured irradiation on horizon-
tal surface during the tests. The correlation between profitability
and cumulated irradiation is almost linear even when the condi-
tions during the experiments varied. The differences between the
tested biomass types and batch sizes are more important than the
variation in weather conditions during the experiments.

The results in Fig. 4 are derived from varying experimental
conditions. The lines show how the benefit from drying depends
on the actual solar irradiation and time. They also reveal that
drying wood chips made from seasonedwood is more profitable
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function of measured irradiation
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than drying fresh wood chips. The clear difference is due to
biomass prices. Both wood chip types were assumed to have
the same purchase price before drying (€21/MWh), which is
common for fuelwood in Finland despite the significant mois-
ture difference of the raw materials, however, after drying the
price was assumed to be €25/MWh for all dried wood because
of a higher quality of chips. By natural seasoning, it is not
possible to reach such a low moisture level. With these assump-
tions, the value increase compared to the amount of evaporated
water is much higher for seasoned wood chips.

The benefit of the heat recovery system, installed in spring
2018, is illustrated in Fig. 5 where the gross margin (EBIT
DA) of experiments on fresh wood chips in 2017 and 2018 is
compared. Different slopes of the lines indicate better annual
profitability when heat recovery is installed.

Because heat recovery improved the profitability of drying
significantly, the payback times were evaluated only based on

the experiments with heat recovery (excluding the tests with-
out heat recovery). The profitability of the selected experi-
ments is illustrated in Fig. 6 with the equations used in ex-
trapolation for the irradiation of entire drying season.

The profitability of the different dryers was calculated ac-
cording to the principles described in the previous sections.
Extrapolated gross margins were calculated for the test dryer
and scaled-up dryers with different drying setups. Actual pay-
back times for the dryers were calculated based on gross
margins and investment costs (Table 2).

The calculated payback times are not very appealing to a
biomass entrepreneur without subsidies. As previously de-
scribed, the experiment results show that drying seasoned
wood is more profitable than drying fresh wood, particularly
if dry matter losses and capital costs of seasoning are not
included. The largest system has the shortest payback time
due to economy of scale.
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In practice, in rural areas, investment subsidies are often avail-
able for renewable energy solutions. It is also clear that the drying
efficiency can be improved. Moreover, in the best experiment,
the calorific value of the wood chips increased by 70% of the
cumulative solar irradiation, while in most experiments, it was
only 40%. Furthermore, significantly lower electricity prices are
probable in the near future, especially during sunny days when
increasing amount of solar power is available in the grid.

Based on the above assumptions, a sensitivity analysis was
performed on different dryers and drying materials. It was as-
sumed all options would receive 30% investment subsidies and
that 70% of the solar irradiation energy received on horizontal
surface transfers to wood chips as increased calorific value.
Other variables in the analysis were electricity and wood chip
prices (Table 3).

Investment subsidies and improved drying efficiency have
a marked positive impact on payback times, whereas cheaper
electricity shortens them only minimally. This is understand-
able because operational costs due to power consumption are
much smaller compared to fixed costs. Possible effects of fan
algorithms were not considered in this analysis. It is likely,
however, they would further improve drying profitability. It
should also be noted that realistic payback times require a
higher price for the dried product compared to raw materials.

Discussion

In total, 22 drying tests were conducted byVTT’s solar-enhanced
dryer during 2017 and 2018. During the first experiment series,

Table 2 Annual profitability and
payback times of the test dryer
and scaled-up dryers without in-
terest and labor costs (WACC
weighted average cost of capital)

Gross margin (EBIT DA), €/year Payback time (WACC 0%),
years

Test
dryer

90 m2

system
5000 m2

system
90 m2

system
5000 m2

system

Seasoned wood, based on results
with 6 m2 system

142 2132 118,472 29 20

Seasoned wood, based on results
with 12 m2 system

335 2510 139,440 25 17

Fresh wood, based on
results with 12 m2 system

117 880 48,914 71 48

Table 3 Payback times of different dryers according to the sensitivity analysis. All options receive 30% investment subsidy

30% investment subsidy 30% investment subsidy
and power €50/MWh

Farm dryer with
new building and
30% investment
subsidy

Collector surface area of the solar system 90 m2 5,000 m2 90 m2 5,000 m2 90 m2

Seasoned wood, based on experiments with 6 m2 system 21 14 Cannot be calculated because
the electricity price affects
the experiments

29

Seasoned wood, based on experiments with 12 m2 system 18 12 36

Fresh wood, based on experiments with 12 m2 system 50 34 71

Seasoned wood assuming calorific value of wood chips is
increased by 70% of solar energy on horizontal surface

10 7 9 6 13

Fresh wood assuming calorific value of wood chips is increased
by 70% of solar energy on horizontal surface

20 14 17 12 25

Seasoned wood assuming calorific value of wood chips is
increased by 70% of solar energy on horizontal surface
and price of dried chips is €23/MWh

18 12 16 11 23*

Fresh wood assuming calorific value of wood chips is increased
by 70% of solar energy on horizontal surface and price of
dried chips is €23/MWh

33 22 26 18 38*

Both wood types assuming calorific value of wood chips
are increased by 70% of solar energy on horizontal surface
and price of dried chips is €21/MWh

99 67 56 38 80*

*Electricity price €50/MWh
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some shortcomings of the used drying setup became apparent.
Larger biomass batches could have been dried in the dryer. In
addition, the ducting of the system is not optimal because the
dryer was originally designed for hot air drying and for simulat-
ing different weather conditions. The air ducts are too long for
low airflows and temperatures and therefore heat losses in trans-
mission are significant relative to small temperature differences
used. In the first series of experiments, the amount of energy used
for evaporation compared to solar irradiation energy received on
horizontal surface varied from 31 to 42%. Some technical im-
provements such as a heat recovery unit and better pump controls
were installed on the system for the second experiment series. In
addition, the position of the collectors was adjusted and collector
area was decreased in some experiments. These improvements
increased the system efficiency. In one experiment with de-
creased collector area (6 m2), the calorific value of wood chips
was increased by 70% of irradiation energy received on horizon-
tal surface. Especially with dryer raw material, the impact of
higher efficiency would be considerable due to the relatively
low moisture content of the wood before drying, which leads
to low drying efficiency. This is because if the moisture content
of the wood is already below fiber saturation point, usually about
23 w-%, drying becomes slower and more energy consuming
when continued below the saturation level [33, 34].

Due to the significant improvements on the drying system
between the experiments, economic feasibility was assessed
based on the improved system solely. Excluding the results
before improvements from economic assessment decreased
the amount of data points used in extrapolation.
Extrapolation based on only a few points has its weaknesses.
However, the results are promising, particularly in the light of
better biomass resource efficiency. Therefore, more experi-
ments will be conducted and completely new drying system
will be installed at VTT.

Nowadays, it is possible to gain subsidies for many
renewable energy systems including solar collectors and
PV panels. This would further increase the feasibility of
such a drying system. In addition, compared to the calcu-
lated efficient utilization hours of the dryer, in practice,
the utilization rate might be higher because it is possible
to use the dryer even after sunset when there is still heat
left in the system and ambient conditions are favorable.
Furthermore, on warm evenings such a dryer would still
function well as a cold air dryer by utilizing the ambient
air temperature.

Possible dry matter losses and storage costs were not in-
cluded in these calculations as the scope of the study was
limited to drying. If the calculations were elaborated to in-
clude the costs of dry matter losses, storage, and tied capital,
the profitability of drying fresh wood chips would increase. In
most of the calculations, higher price (also per MWh) was
assumed for dryer biomass. The results are very sensitive to
this parameter, as visible in Table 3.

Conclusions

In Northern Europe, the feasible season for utilizing solar
energy for drying lasts about 7 months from March to
September. Annual solar irradiation on collectors placed
optimally in Central Finland is about 1050 kWh/m2, of
which about 90% is received during those months. With
a drying system similar to that used in our drying exper-
iments, it would be possible to dry almost 14 MT of sea-
soned wood chips to an average moisture of 20% annual-
ly. If the system were scaled up to 90 m2 of collectors,
which is feasible for example for farms, it would be pos-
sible to dry 104 MT of wood chips, which is usually more
than sufficient for annual heating of the farm.

VTT’s experiments proved that solar collectors could
be effectively applied to biomass drying. The moderate
drying temperatures achieved are also ideal for ensuring
homogenous drying of wood particles and preventing
changes to the physical structure of the biomass or loss
of volatiles. The use of low-temperature drying also ex-
tends the efficient drying time daily and seasonally. Heat
losses are also smaller when low temperatures are
applied.

The sensitivity analysis, based on the experiment results,
indicates that scaled-up dryers could be utilized in biomass
drying with realistic payback times, such as 10–20 years.
This seems to require a number of prerequisites. Firstly, natu-
ral drying outdoors should be utilized as much as possible
before solar-enhanced drying. Secondly, the solar system in-
vestment costs are still high, calling for investment subsidies.
Thirdly, the system should be run at least as effectively as in
our best experiments. Fourthly, it is crucial to add monetary
value to dried wood chips compared to wet biomass: our ex-
periments suggest wood chip price should increase by at least
€2/MWh after drying.

In the future, it would be beneficial to study how the
energy balance of drying could be improved. One impor-
tant improvement would be to scale the whole system
more carefully. Another interesting approach is to com-
bine a heat pump and solar collectors to enhance convec-
tive air drying. This kind of drying setup will be installed
at VTT in the fall of 2019. With a heat pump, the drying
potential of such a dryer could be increased remarkably.
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