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ABSTRACT. This article deals with the integration of a rotary indirect dryer, heated by low pressure
extraction steam, into the Rankine cycle. The article evaluates the power generation efficiency of
a steam power plant, with an integrated indirect dryer, which combusts waste biomass with a high
moisture content and is further compared to the same plant without the dryer. The benefits of the
dryer’s integration are analysed in respect to various moisture contents of biomass before and after
the drying. The evaluation of the power generation efficiency is based on parameters evaluated from
experiments carried out on the steam-heated rotary indirect dryer, such as specific energy consumption
and evaporation capacity. The dryer’s integration improves the efficiency of the cycle in comparison to
a cycle without a dryer, where moist biomass is directly combusted. This improvement increases along
with the difference between the moisture content before and after the drying. For the reference state, a
fuel with a moisture content of 50 % was dried to 20 % and the efficiency rised by 4.38 %. When the
fuel with a moisture content of 60 % is dried to 10 %, the power generation efficiency increases by a
further 10.1%. However, the required dryer surface for drying the fuel with a moisture content of 60 %
to 10 % is 1.9 times greater as compared to the reference state. The results of the work can be used
both for the prediction of the power generation efficiency in a power plant with this type of dryer based
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on the moisture content in the fuel and the biomass indirect dryer design.

KEYWORDS: Indirect drying, biomass drying, power generation efficiency.

1. INTRODUCTION

Climate change and environmental degradation may
become a threat to Europe and the world in the future.
The European Union has, therefore, created the Green
Deal, which places decarbonisation demands on the
energy sector. One way to achieve this is to increase
the efficiency of power plants and increase the share of
carbon-neutral fuels in the energy mix. Among these
fuels are many kinds of biomass, which provide an
excellent source of clean energy and possess a great
potential for further use, yet, nevertheless, the poten-
tial of high-quality dry biomass in the Czech Republic
is now almost fully exploited. Therefore, there is an
effort to find ways how to efficiently use low-grade
biomass with a high moisture content for electricity
and heat generation. The quality of fuel for electricity
and heat generation is described by its heating value,
which is dependent on the amount of water and ash in
the fuel. The ash content in biomass is relatively low
and can range from 0.5 % to 12 % on a dry basis [I]. In
general, the ash content is not significant as compared
to the moisture content varying from 10 % to 70 % on
a wet basis. Due to this fact, the quality of fuel can
significantly be improved by reducing the moisture
content.

The cheapest method appears to be solar drying,
but combustion of biomass in a steam power plant
requires a significant mass flow, so, accordingly, a large
storage space would be needed. Moreover, the storage

443

of wet fuel causes microbial activity and especially
fungal growth, which reduces the quality of the fuel
and may cause health problems [2] [3]. Therefore, the
fuel is usually dried before the combustion process in a
dryer, or the fuel enters the boiler wet, and the drying
process is done directly there. The heat released from
the combustion is partially consumed by the drying
process and is not involved in the steam generation [4].
This process reduces the efficiency of the boiler, which
consequently decreases the efficiency of the entire
power plant [5]. Furthermore, it is difficult to combust
a wood fuel with a moisture content of 60 % or more
separately [I]. Additionally, the boiler designed for
dry fuels could possess smaller dimensions compared
to a boiler designed for wet fuel due to the reduced flue
gas production at a higher temperature and, therefore,
boiler ducts as well as the area of heating surfaces
may be smaller [6].

The fuel in a power plant is usually dried in con-
vective (direct) dryers heated by the flue gas taken
from the boiler, or by the hot air preheated in a boiler.
These two methods still use the heat released from
the combusted fuel, therefore, they contribute only
partially to the improvement of the power plant’s effi-
ciency. Utilisation of the flue gas leaving the boiler for
drying of very moist fuel to a sufficiently low moisture
content would require very high flue gas tempera-
tures [7] and, moreover, poses a fire risk [6]. Many
works are devoted to the issue of drying the fuel pre-
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vious to its combustion or further use. Fuel drying
for energy purposes in convective dryers using flue
gas was researched in [8, [9]. Thermodynamics and
economics of fuel drying for an organic Rankine cycle
were analysed in [I0]. An investigation into the lig-
nite drying process in the indirect tubular dryer was
conducted in [II]. The integration of a dryer or ther-
mal mechanical dewatering unit into a power plant
was investigated in [I2]. However, all of these articles
mainly concern the drying of lignite. Several methods
regarding how to dry biomass for power generation
are explained in [I3]. In [I4], the drying of biomass
for the production of a second generation of biofuels
was investigated. Integrated drying in a gasification
plant is analysed in [15] [16].

However, previous works are mostly concerned with
the drying of lignite for power generation or biomass
drying for synfuel generation, pyrolysis and gasifica-
tion plants. None of these studies are focused on
increasing the power generation efficiency in a power
plant, where very moist biomass is being combusted.
Our research focuses on the evaluation of the power
generation efficiency of a power plant with an inte-
grated rotary indirect dryer. Indirect drying is a
specific type of drying where the drying medium is
separated from the material being dried by a heat
transfer surface [I7]. The heat is fed to the dried ma-
terial through this surface, which defines the drying
space. This type of dryer, heated with an extrac-
tion steam, should be a suitable option for the case
of a small steam power plant. Low-pressure steam
extracted from the steam turbine can be effectively
utilized for drying because this steam has already
done the major part of the work in the turbine for
electricity generation, but it still has enough energy in
the form of condensation heat, which would otherwise
be mostly lost in the condenser. This principle is
similar to regenerative feed water preheating. It is
generally known that this method increases the effi-
ciency of the thermodynamic cycle in the steam power
plant, the effect is explained as an example in [I8].
Furthermore, the common energy consumption for
evaporation of 1kg of water for this type of dryer
ranges between 2800 — 3600 kJ/kg in comparison with
direct dryers, where their energy consumption ranges
between 4000 — 6000 kJ/kg [19].

The indirect rotary dryer, which uses extraction
steam from the turbine, is integrated into the steam
power plant cycle and its contribution to the drying
of wet fuel to the efficiency of power generation is
evaluated. The efficiency is calculated at various mois-
ture contents in the fuel entering the cycle and then
further compared to the cycle where the fuel is not
dried.

2. METHODOLOGY

2.1. DRYER INTEGRATION INTO A STEAM
POWER PLANT

Figure [Ta] illustrates a simple power plant scheme
based on the steam Rankine cycle with an extraction
turbine and steam extraction for deaeration. Wet fuel
enters the boiler directly. The aim of this work is
to integrate the rotary indirect biomass dryer into
this basic scheme and evaluate its contribution to
the efficiency of the plant. Figure depicts the
integration of the indirect dryer heated by low pressure
extraction steam, which has the same parameters as
the deaeration steam. The fuel is firstly dried in the
dryer and is then transported directly into the boiler
for combustion.

The parameters of the steam power plant cycle are
based on the typical parameters of biomass power
plants located in the Czech Republic.

PARAMETERS
Power plant output P =10MW,
Admission steam temperature t1 =490°C
Admission steam pressure p1 = 6.7 MPa
Extraction steam pressure p2 = 2.32bar
Emission steam temperature t3 =45°C
Turbine thermodynamic efficiency n; = 84 %
Mechanical efficiency N = 99 %
Electric motor efficiency Mot = 95 %
Generator efficiency ng =98 %

2.2. BOILER EFFICIENCY

Moisture content affects the efficiency of the boiler.
The boiler efficiency (Fig. [2) is calculated via the
indirect method described in [20] and is related to
the lower heating value of the fuel. The method
is based on the estimation of the heat losses in the
boiler. The effect of the variable moisture content
in the fuel was reflected only in the change of the
chimney loss, which expresses the relative heat loss
in the flue gas leaving the boiler; in this case, at the
temperature of 150 °C and with the excess of air of 1.5.
When burning drier fuel, the volume of flue gases is
lower, the chimney loss decreases, and the efficiency
of the boiler increases. The values of other losses, i.e.,
losses due to incomplete combustion, by heat in the
bottom ash and by radiation and convection to the
surroundings, were considered constant and amounted
to a total of 3.5%. A fuel with a moisture content
higher than 60 % on the wet basis is difficult to burn
separately. Drying is essential for the utilisation of
waste biomass with a very high moisture content.

As well as the efficiency of the boiler increasing
with a decreasing moisture content in the fuel, the
efficiency of the entire power plant also increases. For
a comparison of the cycles with and without a dryer, it
is necessary to know the energy balance for the chosen
type of the integrated dryer and to verify its suitability
for use with the considered material. These data are
specified for each dryer type and the material used.
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(B) . Power plant cycle with the dryer.

FIGURE 1. Power plant cycle without and with the dryer (1 - boiler; 2 - HP steam turbine; 3 - LP steam turbine; 4 -
electric generator; 5 - condenser; 6 - condensate pump; 7 - deaerator; 8 - feedwater pump; 9 - indirect dryer).
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FIGURE 2. Boiler efficiency in dependence to the moisture content in the fuel.

Therefore, a set of experiments had to be prepared
to provide data for evaluation (energy consumption,
surface evaporation capacity and the energy loss of
the dryer) for the steam rotary indirect dryer and the
fuel used in the power plant.

2.3. EVALUATION OF THE POWER GENERATION
EFFICIENCY

Evaluation of the power generation efficiency in de-
pendence to the moisture content in the fuel (Fig. [5))
is based on the following equations:

Power generation efficiency:

_Pg_Pp

n = ump 00,

—g__pump 1
g LHV W)

where 1y [kg/s] is the fuel mass flow rate,

LHV [kJ/kg] is the lower heating value of the fuel.
Feedwater pump power consumption:

Ahr_g -1y

(2)
Nmot * MIm

Poump =
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where iy [kg/s] is the water mass flow rate,
Ah7_g [kJ/kg] is the enthalpy change of water in the
feedwater pump.
Steam generation:
vy - LHV -

mg (Z,l — ’ig) y (3)
where 1 [kg/s| is the steam mass flow rate, ng [] is
the boiler efficiency.

The differences between cycles with and without
the drying are in the boiler efficiency (Fig. and
heating value of the fuel.

Power plant output:

P, = (Pupr + Prpr) - Mt - N - Ng- (4)

High pressure turbine power output:

()

Pypr =g - (hy — hs).
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FIGURE 3. Steam rotary indirect dryer.

Low pressure turbine power output:
Prpr = (g — 1, - (ha — h3), (6)

where 71, [kg/s] is the mass flow rate of the extracted
steam.

The steam mass flow through the LPT is reduced
due to the extraction of the steam:

o for deaeration in the cycle without the drying,

e for deaeration and drying in the cycle with the
drying.

Mass flow rate of the extracted steam:

e the cycle without drying
h7 — hg

he — he
Thes = 0 (7)

Me1 = g

e the cycle with drying

. mpvl (( wzrn B wzut )
o= P (1 o) R
Mol (hz—hg) 1—w! frout

out

wi —w!
—h in ( in out) . h ) , 8
fin o wv (8)

hwv [kJ/kg] waste vapour enthalpy, hy[kJ/kg] en-
thalpy of fuel, W7 [-] moisture content in fuel.

o1 - (he — ho) + g - (hy — hg) )
hs — hg ’

o2 =

’n"LO = T;’LQl + mOg. (10)

Dryer dimensions:

Based on the moisture content in the fuel used
in the cycle and the moisture content required after
drying, the amount of evaporated water r,, can be
calculated.

Dryer volume needed for the evaporation of water:

Ty, - 3600
oy

V= (11)

Parameter Unit  Value
Dryer dimensions

Inner surface m? 6.42
Inner volume m? 0.579
Diameter of the shell m 0.6
Length of the shell m 2

Steam extracted from the turbine

Steam temperature °C 135
Steam pressure bar 3.2

TABLE 1. Dimensions of the dryer and steam parame-
ters.

Dryer surface needed for the evaporation of water:

1My, - 3600
0s

S = (12)
The required surface and volume of the dryer can be
reached by changing the length or diameter of the
shell in the process of the dryer design. Additional
surface area can be added through heated flights.

2.4. EXPERIMENTAL DRYER

For many kinds of inhomogeneous biomass materials
used for power generation, it would be a suitable
option to use the rotary indirect dryer. The indirect
dryer is more energy efficient than conventional direct
dryers [19]. For the design of such an industrial dryer,
it is necessary to know its operating characteristics,
which are not usually available. For this purpose,
experiments were carried out on a laboratory rotary
steam indirect dryer (Fig. [3]).

A determination of the surface and volumetric evap-
oration capacities are required for designing the dryer
and determining its optimal size. The dimensions of
the dryer and heating steam parameters are summa-
rized in Table [1I

2.5. MATERIAL

The tested type of biomass was predominantly spruce
wood chips, which were bought from an external sup-
plier and stored in an outdoor open area, so the inlet
moisture content ranged between 55 % and 66 %. This
material is very inhomogeneous, which may cause
small deviations in experimental results. In Fig. []
the comparison of the material before and after the
drying to approximately 10 % is shown.

3. RESULTS AND DISCUSSION

A series of drying experiments were performed. Their
goal was to verify the functionality of the dryer and
determine the energy consumption of drying under dif-
ferent conditions. The input parameters were chosen
to represent common conditions in a biomass power
plant - the steam pressure was 3.2 bar and its satura-
tion temperature was 135 °C. Table[3|shows the results
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Parameter Unit  Value
Moisture content % 65
Low heating value (W = 65 %) MJ/kg 4.4
Bulk density kg/m3 420
Average thickness of the woodchip mm 10

TABLE 2. Material parameters.

FIGURE 4. Material before drying (left side) and after
drying (right side).

of selected experiments, which differed in the initial
and final moisture of the biomass, and mainly the vol-
umetric filling ratio of the dryer. The determined val-
ues of the energy consumption ranged between 3 and
3.52MJ /kg.,, the surface and volumetric evaporation
capacity varied between og = 1.59 — 2.03 kg, /(m?-
h) and oy = 17.1 — 21.8 kg, /(m?*: h). The results of
experiments showed that these parameters are most
affected by the volumetric filling ratio of the dryer.
By [21], there is no recommended filling ratio for indi-
rect dryers, so there is a lot of room for finding the
optimum in sizing and operating a real dryer. Op-
timizing other parameters, such as heating medium
temperature and pressure, should be a result of a
technical-economical assessment for each specific case.

The energy consumption of 3 MJ/kg,, for an evapo-
ration of 1kg of water from biomass was used for the
following calculations of the contribution of biomass
drying for improving the power generation efficiency

in Fig.

3.1. THE IMPACT OF THE DRYER’S
INTEGRATION ON THE POWER
GENERATION EFFICIENCY

Based on the experimentally determined drying char-
acteristics, the efficiency of the power plant with an
integrated dryer (Fig. was evaluated. Figure
shows the power generation efficiency calculated for
various moisture contents in the fuel after the dry-
ing process. The figure indicates that the highest
efficiency gain is achieved when very wet fuel enters
the cycle and is dried to the values of about 10 % to
20 %. Fuel with a moisture content of 60 % or more
is difficult to burn directly and co combustion with
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a quality fuel is usually necessary. In practice, the
moisture content of very moist biomass such as bark
stored outdoors during winter can be up to 65 %. A
fuel with such a high moisture content can be used
without drying for co-combustion with a high-quality
fuel. Therefore, the moisture content of the fuel was
considered to be up to 70 % for the purpose of evalu-
ating the efficiency benefits of the dryer’s integration.
The fuel drying has a significant impact on the boiler
efficiency, which affects the efficiency of the entire
power plant. Moreover, the effect of drying has a
positive effect on increasing the heating value of the
fuel. In this way, the heat from the extraction steam is
partially reverted back into the steam cycle by means
of fuel. It is apparent that the curves begin to flatten
in the range of 10 % — 20 %, and thus drying fuel to a
very low moisture level will not significantly increase
the efficiency compared to the costs incurred.

3.2. INCREASE IN THE POWER PLANT’S
EFFICIENCY

Figure [0] describes the power generation efficiency
increase in dependence on the change of the moisture
content after drying for two different moisture contents
of 50 % and 60 % in the fuel, which enters the power
plant. The comparison is based on the assumption
that the fuel enters those power plant cycles with the
same moisture content and is either directly burned
or dried to various moisture contents and then burned.
The greatest benefit is achieved when the moisture
content of the fuel, which enters the power plant,
is the highest and the moisture content of the fuel
after drying is the lowest. Commonly used biomass,
e.g. generally wood chips, has the moisture content
of about 50% and it can be dried to 20 %, which
results in an increase in efficiency of 4.4%. If the
moisture content of the fuel, which enters the cycle,
was 60 % and the moisture content after drying of the
fuel was 10 %, the efficiency could increase by 10.1 %.
Using a fuel with a lower moisture content reduces
the contribution of the dryer to the efficiency. The
contribution of the dryer also changes in dependence
on the moisture content in the fuel after drying. In the
cycle where the fuel with a 60 % moisture content is
used, the contribution decreases from 10.1 % to 4.7 %
whereas the moisture content after drying rises from
10% to 40 %.

To obtain dried fuel, more water, in dependence on
the moisture content before and after drying, has to
be evaporated. This will result in considerably higher
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Experiment number

1 2 3 4 5 6

Filling ratio [%]

9 10 15 17 27 27

Moisture content in the fuel before drying [%] 69.2 62.2 64.5 64.5 65.5 60.6

Moisture content in the fuel after drying [%]

Surface evaporation capacity [kg/(m?-h)]

Volumetric evaporation capacity [kg/(m3-h)]

Energy consumption [MJ/kgy]

16.6 21.1 41 3.7 148 17.0
1.85 189 1.59 1.68 2.03 194
199 203 171 18.0 21.8 20.9
3.43 346 3.52 - 3.24 3

TABLE 3. Experiment conditions and results.
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e 2 =) 2 W U s W
=N | o B S — s} o

(]
Lh

10 20 30 40

MOISTURE CONTENT
IN THE FUEL AFTER
DRYING

- 10%

20%

30%

T —.—10%

=== WITHOUT
FUEL

50 60 70 DRYING

MOISTURE CONTENT IN THE FUEL BEFORE DRYING [%)]

FIGURE 5. Power generation efficiency in dependence to the moisture content in the fuel after drying.
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FIGURE 6. Efficiency increase in the cycle with an inte-
grated dryer compared to the cycle without a dryer.

demands on the dryer size quantified by the surface
area. Figure [7] shows an increase in the required
surface area against the reference case, which is the
surface required for drying biomass from 50 % to 20 %
moisture content. The dryer’s surface area for these
conditions and the fuel flow required for the power
plant with parameters mentioned in chapter [2] has
to be 238 m2. If the moisture content of the fuel is
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FIGURE 7. Relative increase in the dryer’s surface.

60 % and it is dried to a moisture content of 20 %,
the required surface will increase 1.7 times and, for
drying to a 10 % moisture content, the surface must
be 1.9 times larger than the reference case. For the
drying of 50 % to 30 % moisture content, the required
surface would only be 70 % of the reference case. The
optimal size of the dryer has to be determined on the
basis of a technical-economical assessment for each
specific case.
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4. CONCLUSION

Integration of an indirect biomass dryer heated by ex-
tracted steam into the cycle of a steam power plant im-
proves its efficiency and combustion conditions. The
benefits of the dryer integration are most noticeable
when the fuel is dried to a lower moisture content.
Should the biomass, which enters the dryer, have a
moisture content of 50 % and is then dried to 20 %,
the efficiency of the entire power plant rises by 4.4 %
and the dryer surface area has to be 238 m?. If the
fuel with a moisture content of 60 % is used and dried
to 10 %, the power generation efficiency will rise by
10.1 % but the dryer surface area has to be 1.9 times
larger.

It has been experimentally verified that a rotary
steam indirect dryer is suitable for the drying of waste
biomass, such as wood chips or bark. The experiments
showed the influence of drying conditions on the en-
ergy consumption, therefore, a further investigation
for the dryer optimization is needed.

To increase the intensity of the drying process, it
would be suitable to use heated steam at a higher tem-
perature, thereby reducing the dryer’s surface area
and reducing investment costs, however, subsequently
reducing the electricity generation due to a lower
steam flow through the low-pressure part of the steam
turbine. The optimum dryer size would be determined
by the results of a technical-economical assessment.
The ability to dry fuel will increase the range of com-
bustible biomass types — it will allow the burning of
less valuable moist fuel, and thus decreasing the fuel
costs further.

In addition, a boiler designed for a dry fuel can be
smaller and thus less expensive to invest in.
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LI1ST OF SYMBOLS

h  specific enthalpy [kJ/kg]

LHV lower heating value [kJ/kg]

. mass flow rate [kg/s]

evaporation capacity [kg/(m?h);kg/(m®h))
pressure [bar; MPal

power input/output [kW; MW]

surface [m?]
temperature [°C]

volume [m?]

S<Twmym oo

moisture content [ %]
Greek symbols
n efficiency [~ %]

Subscripts
01 steam extracted for deaerator
02 steam extracted for the dryer
1 boiler outlet
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high pressure turbine outlet
low pressure turbine outlet
condenser outlet
condensate pump outlet
deaerator outlet

feed water pump outlet
dryer outlet

boiler

fuel

QS Y e© ® oW

gas
HPT high pressure turbine
in  in

L liquid

LPT low pressure turbine
m  mechanical

mot electric motor

out out

pump pump

s surface
t  turbine
g generator
v volume
w water

WYV waste vapour
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