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Abstract: Intermediate pyrolysis can be used to obtain high-quality biofuels from low-value residues
such as sewage sludge or digestate. A major obstacle is the high water content of sludgy biomass,
which requires an energy-intensive and expensive drying step before pyrolysis. Solar greenhouse
drying is an efficient and sustainable alternative to a thermally heated belt dryer. In this study, a
techno-economic assessment of intermediate pyrolysis with solar drying is carried out. Marketable
products of the process are bio-oil, a substitute for diesel or heating oil, and bio-char with various
possible applications. Chile is chosen as the setting of the study as its 4000 km long extension from
north to south gives the opportunity to evaluate different locations and levels of solar irradiation. It
is found that solar drying results in higher capital investment, but lower fuel costs. Depending on the
location and solar irradiation, solar drying can reduce costs by 5-34% compared to belt drying. The
break-even price of bio-char is estimated at 300-380 EUR/ton after accounting for the revenue from
the liquid bio-oil.
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Pyrolysis processes can produce a wide variety of bio-based products and fuels from
different biomass resources. Intermediate pyrolysis, with a residence time between 4 and
10 min, is particularly suitable for low-value residues such as sewage sludge, manure, or
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geous for a number of reasons. First, biomass potentials of lignocellulosic feedstock such
as wood are already being exploited on a large scale, while the potential of sludge biomass
often remains untapped. In many cases, impurities or hygienic reasons only allow disposal
via energy production, meaning there is less competition with other uses of the biomass.

Second, sludge biomass is often a very low-cost feedstock, and in some cases, revenue can
even be generated from its collection and disposal. However, the processing of sludge
biomass is associated with additional technical difficulties, including high water content
of the feedstock. Sewage sludge, for instance, contains as little as 10% of solid matter,
corresponding to a water content of 90%.

As pyrolysis processes generally require a water content below 15%, sludge feedstock
must first be prepared via mechanical and thermal drying. This drying step can involve
substantial amounts of process heat and result in significant costs for auxiliary fuels such
as natural gas. Moreover, sustainable utilization of biomass resources cannot be based on a
major share of heat from fossil sources. As a result, an economic, as well as sustainable,
drying process is critical for the utilization of sludge biomass. Solar greenhouse drying has
been found to be an efficient and feasible option for different types of sludge, including
Attribution (CC BY) license (https:// ~ sewage sludge [2-9], biogas digestate [10,11], and olive oil mill wastes [12,13].
creativecommons.org/ licenses /by / This study analyzes solar drying as part of an intermediate pyrolysis process chain. It
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dryer and how these options for drying affect the economics of producing both high-quality
bio-oil and bio-char.

The country of Chile is chosen as the setting for this study for multiple reasons.
Due to its enormous extension of more than 4000 km from north to south, Chile covers
several zones with different degrees of solar irradiation (Figure 1). In the northern regions,
which include parts of the Atacama Desert, some of the highest levels of solar irradiation
worldwide can be measured. As a result, solar drying was identified as a promising option
for these regions as early as 1984 [14]. Solar potentials in the southern regions, however,
are still comparable to those in European countries, where solar drying projects have
already been put into practice. Biomass and bioenergy, especially woody biomass, play
an important role in the Chilean energy system. Lignocellulosic residues such as cereal
straw or forest residues are already utilized to a large extent by biomass combined heat
and power plants (CHP) integrated into the forestry industry. Despite the problems with
air pollution and deforestation, firewood still accounts for more than 20% of the Chilean

primary energy supply.
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Figure 1. Direct normal irradiation (DNI) in Chile and other countries.

In contrast, sludge biomass is rarely utilized, for instance by single biogas plants. Al-
though various studies have identified a significant energetic potential for biogas
production [15,16], very few plants have been built to date. Currently, there are 14 biogas
plants with an aggregated capacity of 60 MW, as well as several small plants for self-
consumption. Generally, there are almost no fixed feed-in tariffs or subsidies in Chile, so
biogas plants, like other bioenergy projects, must be economically viable. Pyrolysis pro-
cesses offer new options for the economic utilization of sludge by producing higher-value
products such as bio-char or upgradable bio-oil instead of power and heat. Where biogas
plants can be installed, the digestate, which still contains up to 25% of the energy content,
can still be processed via intermediate pyrolysis [17,18].

Despite these benefits, intermediate pyrolysis has not been commercialized at the
same scale as other pyrolysis processes such as fast pyrolysis or torrefaction. This may
also be due to the fact that intermediate pyrolysis primarily targets challenging and low-
value biomass resources. On the other hand, this is precisely what would make the
economic implementation of the process a valuable tool for waste management and circular
economy. This study explores whether the essential step of feedstock drying can be
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decisively improved by solar drying. In the first step, mass and energy balances are
calculated for an intermediate pyrolysis plant with either solar or thermal drying. Then, a
cost estimation is made to determine the break-even price of bio-char which is required
to cover the cost remaining after subtracting the revenue from the bio-oil. Finally, the
sensitivity of the results is analyzed with respect to different locations and levels of solar
irradiation, plant size, and uncertainty of input parameter values.

2. Background Information
2.1. Intermediate Pyrolysis

During pyrolysis, the thermochemical conversion of organic raw materials is carried
out in a high-temperature environment and in the absence of oxygen to prevent combustion.
High temperatures (250-600 °C) break the bonds of the molecules, so that long-chain
molecules are broken down into short-chain molecules. Pyrolytic decomposition consists of
a variety of complex reactions, often involving intermediates that can contribute to further
secondary reactions [19]. They require thermal energy and are therefore endothermic
reactions. Starting at temperatures of 150 to 220 °C, they are mostly completed at about
500 °C. The result of this decomposition always consists of gaseous, liquid, and solid
products. The first two are released from the biomass as gases and vapors and are obtained
partly as liquids (pyrolysis oil and water) or as permanent gases (pyrolysis gases) at room
temperature. What remains is the pyrolysis char and an ash fraction.

As a result, pyrolysis processes convert the biomass into gaseous, liquid and solid
components [20]. The solid product, bio-char, is primarily composed of carbon. The liquid,
bio-oil, consists of organic components as well as tars and water. The gas is composed of
various components with the most significant ones being carbon dioxide (CO,), carbon
monoxide (CO), hydrogen (H;), methane (CH4) and, in small amounts, hydrocarbons
(CnHm) [21]. This decomposition during a pyrolysis process is also called primary pyrolysis
and typically leads to the release of 70% of the volatile components. In the second step,
these components react with each other and with the pyrolysis carbon acting as a catalyst
in secondary chemical reactions. These reactions are influenced by temperature, residence
time and the applied pressure, making it possible to control the composition of the products.

Three types of pyrolysis are often distinguished: slow, intermediate and fast pyrolysis,
depending on the process conditions and the process design [22]. Typical process tempera-
tures of intermediate pyrolysis are between slow and fast pyrolysis. As with fast pyrolysis,
heating times are also short (up to four seconds). The difference lies in the moderate heating
rates and the longer residence times of the feedstock [23], which means that fewer tars can
accumulate in the liquid. In addition, the viscosity is lower than that of comparable oils
from fast pyrolysis. The liquids produced usually separate into an organic and an aqueous
phase. If wood is the feedstock of comparison, intermediate pyrolysis has a liquid fraction
of 55% compared to 75% for fast pyrolysis [22]. A comparison of the different pyrolysis
processes with respect to the process parameters when using wood as feedstock is shown
in Table 1.

Table 1. Classification of pyrolysis processes (woody feedstock) [22].

Process Temperature Heating Rate Residence Liquid Solid  Gas
[°C] [°C/s] Time [%] [%] [%]
Fast 450-600 100-500 <2s 75 12 13
Intermediate ~ 400-550 10-100 240-600 s 50 (2 phases) 25 25
Slow ~400 <50 hours 30 35 35

Intermediate pyrolysis is suitable for processing materials with small and large parti-
cles and with a moisture content of up to 40%. Waste materials, such as plastics or electronic
scrap, and biomasses can be used as feedstock, as long as the carbon content is more than
50% in the dried state of the feed material. Particularly suitable are manure and sewage
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sludge due to metallic trace elements that cause the catalytic effect. The process produces
none or a very small amount of tar, which can be separated via a spray absorber if necessary.

Bio-char from intermediate pyrolysis is suitable as a long-term fertilizer and soil
amendment [24]. It consists mainly of carbon and ash. It can be used as CO, storage in
the soil, which on the one hand increases the fertility of the soil and on the other hand
reduces the emissions of greenhouse gases [22]. As the properties of bio-char can change
over time, its stability is of particular interest [25]. To define the stability, the O:C and the
H:C ratio can be used. For example, an O:C ratio between 0.2 and 0.6 has a half-life of over
1000 years. In general, the carbon mass fraction of the pyrolysis products can be lowered
via a higher temperature [26]. For the quality of the coal, the content of heavy metals and
organic pollutants is also important, and certain limits must be observed [21]. In the soil,
the coal can act as a nutrient for plant growth and thus lead to a reduction in fertilizer use.
In the form of briquettes, bio-char can also be used as a storable fuel and replace fossil coal.
Furthermore, the preparation of activated carbon from bio-char is possible. Another option
is to use it as feedstock for gasification to obtain a hydrogen-containing gas [22].

The permanent gases from intermediate pyrolysis can be used to produce electricity
and heat [27,28] or to undergo further separation and upgrading steps to obtain hydro-
gen [29] or methanol [30]. Furthermore, the pyrolysis oil has a high calorific value and only
a low water content. It is non-polar, so that it can be mixed with vegetable and mineral
oils and used directly in engines. This is also due to the low acid number, which prevents
corrosion of engine parts [31]. Intermediate pyrolysis has been successfully commercialized
by the company PYREG GmbH, which has installed numerous units for the production of
bio-char as fertilizer or activated carbon since 2010.

2.2. Solar Drying

Up to now, solar or solar-assisted drying has mainly been used for drying sewage
sludge. Due to the similar nature of sewage sludge and digestate, this method of drying is
equally suitable for both substrates. In purely solar drying, the water from the substrate
to be dried is evaporated by the energy of solar radiation alone. Solar-assisted drying, on
the other hand, uses additional energy from other sources to increase the efficiency of the
drying process [32]. In this way, the additional energy input can reduce the area required
for drying and achieve a consistent drying process throughout the year. The additional
heat does not usually have to be generated separately, but can be taken from upstream or
downstream processes in the form of waste heat. It can be fed into the drying unit in the
form of warm air via the ventilation system or through floor heating systems.

After mechanical dewatering, the feedstock is deposited in greenhouse-like drying
halls. Layer thicknesses of 5-35 cm are common for this purpose. In order to maintain
uniform digestate moisture over the entire layer thickness and to avoid anaerobic zones,
the digestate is regularly turned over by automated or mechanized equipment. Turning
frequencies of up to 20 times per day are common [33]. Depending on the turning device,
the solar dryer can be operated in batch mode or as a continuous system [34].

In solar-assisted drying, three drying mechanisms occur that evaporate the water in
the digestate. These are radiation drying, convection drying and contact drying. In the
latter, the sludge is dried by contact with the heated surface of the floor panel. Convection
drying is carried out by circulating warm air around the material to be dried. In radiation
drying, the electro-magnetic radiation energy of the solar radiation is absorbed and water is
evaporated by the resulting increase in temperature. Since pure solar dryers are dependent
on the site-specific evaporation capacity of the solar irradiation, their application can
be recommended in areas with high evaporation capacity. The evaporation rate in a
solar greenhouse dryer is controlled by a range of parameters, including solar irradiation,
outdoor temperature, sludge mixing, ventilation and air mixing. Drying rates were modeled
as a function of these parameters in [6,7]. A review of different studies on the drying kinetics
of sewage sludge in a solar dryer was carried out in [9].
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Solar greenhouse drying of sludge has been commercialized by companies such as
THERMO-SYSTEM GmbH and HUBER SE. An example of a commercially available solar
drying system for sewage sludge is described in [35]. It is worth noting that such projects
have been realized not only in exceptionally sunny countries such as Morocco or Spain,
but also in Germany and Belgium. Solar greenhouse drying is also a well-established
technology for solid, non-sludge biomass such as agricultural products such as fruit, coffee
beans and red chili [32,36], or for food processing waste [37].

3. Methods and Data
3.1. Mass and Energy Balances

The process chain begins with the input of the sludge and ends with the storage of bio-oil
and bio-char. The downstream transport of the products is not considered, nor is the origin of
the feedstock. It is assumed that the pyrolysis plant is directly connected to a biogas plant or
sewage treatment plant. A scenario with a central pyrolysis plant supplied by several biogas
plants is not considered here, as the transport of sludge biomass is very expensive.

The first step consists of mechanical dewatering. Here, the initial water content is
reduced from 90% to 70-65%. The next step is thermal or solar drying, which reduces the
water content to 10%. Drying is followed by pyrolysis, in which the biomass is heated
to 300-500 °C in the absence of air. During this process, the feedstock decomposes into
gas and solid bio-char. The produced gases are fed to a cold trap where the pyrolysis oil
and the aqueous solution separate. The permanent gases are burned to cover a part of the
energy demand of drying and pyrolysis. The pyrolysis char is separated and cooled down.
It is assumed that no waste heat from other processes is available, even though this might
be possible in individual cases, for example in connection with a biogas plant. The main
steps in the calculation of the mass and energy balances are presented in Figure 2.

Feedstock
(e.g. digestate, Bio-oil
sewage sludge) Mechanical Drying Intermediate Product Storage
dewatering (thermal / solar) i pyrolysis 0 separation bio-oil
-
l Water
Heat Pyrolysis gas
Bio-char
M Heat Combustion |+ = S.torage b
exchange bio-char
Auxiliary
fuel

Figure 2. Intermediate pyrolysis process chain.

3.1.1. Dewatering and Drying

Before the biomass can be fed to the pyrolysis process, it must first be dried. For
instance, the water content of digestate after fermentation in the digester is about 90%. For
pyrolysis to be efficient, the water content must be reduced to 15% [38]. Therefore, the
feedstock is mechanically dewatered in the first step. During mechanical dewatering, the
solid and liquid fractions are being separated from each other. Equipment such as screw
separators, sieve drum filters, centrifugal decanters or vibrating screens are suitable for this
purpose. After mechanical dewatering, the water content of the biomass is approximately
70%. To further reduce the water content of the feedstock to the required 15%, thermal
or solar drying processes are used. In conventional thermal drying processes, water is
removed from the dewatered feedstock via convection by circulating warm air over the
material. Systems such as belt dryers, drum dryers, or disk dryers can be used for this
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purpose. Drying is an energy-intensive process that has a major influence on the efficiency
of the entire plant. For this reason, the heat requirement of the drying process must be
taken into account. Here, the heat demand is determined in two steps. First, the energy
for heating the biomass to 120 °C is estimated. Then, the energy required to evaporate the
corresponding water content is calculated:

Qr;lry =m Cp1- (ATdry)

with
Q,;lry: heat demand of drying [k]/s]
my: mass stream of dewatered feedstock [kg/s]

cp1: specific heat capacity of the feedstock {kg—]K}
AT 4y,: temperature difference [K]

To determine the heat requirement for evaporation, the first step is to calculate the
mass flow of the water to be evaporated. For the subsequent pyrolysis to run efficiently, a
remaining water content of less than 15% is required [22]. Mechanically dewatered sludges
have a water content of 70% when they arrive at the drying stage. To determine the mass
flow of water to be evaporated, the difference between the input mass flow and the output
mass flow is calculated:

i _ e .Dsfeed'ml

v, H20 = W1-M3 — W3 T—w,
with

1y, po0: Mass flow of evaporated water [kg/s]

m1: mass flow of feedstock entering pyrolysis [kg/s]

wy: water content before drying [%]

wy: water content after drying [%]

DS feeq: dry matter [%]

3.1.2. Belt Drying

Digestate or sewage sludge can be thermally dried using a belt dryer. In this study,
the two-belt dryer with extrusion described in [39] serves as the basis for the drying step.
Further information and illustrations of this commercially available sludge dryer can be
found in [40]. This two-belt dryer has the advantage over a single-belt dryer that a smaller
area is required and that the dry material is turned and broken up, which results in new
surfaces and more efficient drying. The extruder distributes the dry material evenly on the
belt and creates breaking points and good ventilation.

The equipment cost of the dryer area can be estimated as a function of the total belt
area. To calculate the belt area, parameters are taken from [39], where further information
about the kinetics and optimal control of a belt dryer can be found. The sludge dryer
operates at 120 °C, has a drying time of 2 to 2.5 h, and the bed height is 5 to 10 cm. The heat
requirement is 0.8 to 0.85 kWh per kg of evaporated water. With these values, the following
equation can be used to calculate the belt area.

mZ'tdry

Apelp = ———
o pfeed'hdry

Apeis: belt area [m?]

my: mass flow of dewatered feedstock [kg/s]
tary: drying time [s]

P feed: density of dewatered feedstock [kg/ m3]
hgyy: bulk height [m]
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3.1.3. Solar Drying

The base area is the main parameter required to estimate the cost of a solar greenhouse
dryer at location i. It can be calculated based on the evaporation rate [5]:

M i

Agreenhouse = -
v,i

. ) DS;;
Me; =mg;|1— le

Agreenhouse: base area of greenhouse dryer [m?]

m,;: water to be evaporated [m3/h]

e,,i: average evaporation rate at location i [kg/m?2-h]

m ;: loading rate of wet feedstock [m3/h]

DS, ;: initial dry solids content of the feedstock [kg solids/kg sludge]
DS, ;: target dry solids content of the feedstock [kg solids/kg sludge]

The evaporation rate is estimated with the following equation provided in [7]:

e, = (0Ky 1.964-107 1) [(Ro; + 1100)>%2(Tp; + 13)1292(K, ) =077
(K + 0.0001)0'013(D5i/i +0.26) 0-353]

p: air density (1.13 kg/m?)

K,: ventilation rate [m3/m?2-h]

Ryp,i: solar irradiation at location i [W/ m?]

Tp,i: ambient air temperature at location i [°C]

Kiy: air mixing rate [m3/m?2-h]

DS,; ;: initial dry solids content of the feedstock [kg solids/kg sludge]

3.1.4. Pyrolysis

After drying, the feedstock enters the main process, the intermediate pyrolysis.
Thermo-catalytic reforming, in which a reforming step takes place after pyrolysis, is used as
a reference process for intermediate pyrolysis due to its enhanced product properties [41,42].
The input mass flow of the pyrolysis corresponds to the output mass flow of the drying
process. However, it is necessary to determine how the input material flow is split up into
the individual product flows during pyrolysis. Mass and energy yields of the pyrolysis
products were adopted from [31], where reaction mechanisms, as well as the ultimate
analysis of feedstock and products, are described in detail. Depending on the process
parameters, the composition, as well as the quantities of the products differ (Table 2). The
ash fraction is added to the charcoal fraction, as the ash is only released when the charcoal
is burned.

Table 2. Product yields of the TCR® process (biogas digestate) [31].

Scenario A B C
Temperature pyrolysis [°C] 450 450 450
Temperature reforming [°C] - 450 750
Fraction pyrolysis gas [vol%] 18 20 36

Fraction pyrolysis oil [wt%] 12 13 4
Fraction water phase [wt%] 30 29 25.9
Fraction bio-char including ash [wt%] 40 38 341
Heating value pyrolysis gas [M]/ m3] 9.7 13.1 144
Heating value bio-oil [M]/kg] 341 36.3 354

Heating value bio-char [M]/kg] 16.7 189 17.3
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For the techno-economic modeling of the reactor, the pyrolysis unit for domestic
organic waste described in [43] is used as a basis. In its design, the Auger reactor with the
twin-screw used there is similar to the TCR® coaxial screw reactor. In both, the principle of
recirculating char as a catalyst within the reactor is applied. For the reformer, a continuously
operated kettle reactor is used. According to [44], volume is the characteristic parameter
for kettle reactors. With the following equation, the volume can be derived from the mass
flow and other parameters:

ms3 100

Vref = pT'tref'gbif

with

Vief: required volume of reformer [m3]

mg3: mass flow of feedstock to pyrolysis [kg/s]
Pchar: density bio-coal [kg/m?]

trer: average throughput time [s]

¢rer: average fill rate of reformer [%]

The average throughput time of the reforming is based on the average throughput
time of the preceding pyrolysis with 5 min [38]. The average filling rate is set to 20% as the
pyrolysis charcoal needs contact with the gases for the pyrolysis products to interact [17].

Several heat exchangers are required to supply the plant with heat as needed. Two heat
exchangers are operated with hot flue gas, while the condenser, which cools and partially
condenses the gaseous pyrolysis products, is supplied with cold water. This depends on
the prevailing process conditions. For the selection of suitable heat exchangers, [44] is
used as a reference, as they provide a list of heat exchanger systems with their areas of
application and parameters. Welded plate heat exchangers are suitable for use with flue gas,
as they can be operated in high temperature ranges of more than 400 °C. According to [44],
shell-and-tube exchangers are recommended as condensers when direct heat transfer is not
desired. The heat transfer area is used as a characteristic parameter for heat transfer. To
calculate it, the average logarithmic temperature difference is determined first:

ATy — AT,
AT
In (TT; )
with AT denoting the larger temperature difference and AT, the smaller temperature
difference at the ends of the heat exchanger. The temperature is measured between the
inlet of one medium and the outlet of the other medium, as the heat exchangers operate

according to the countercurrent principle. The heat transfer area can then be calculated as
follows:
Qx

ATlog'u

AT}y =

Aheat =

Apeqt: heat transfer area of the heat exchanger [m?]

Qy: heat demand [W]

AT)oe: mean logarithmic temperature difference [K]

u: heat transfer coefficient of the heat exchanger [W/ m2K]

For the heat transfer coefficients, values of 80 W/m?K for the plate heat exchangers
and 1500 W/m?ZK for the condenser are taken from [44].

4. Economic Evaluation

For the economic evaluation, [44] is used as a reference, as cost functions for most
standard equipment are provided there. Some cost functions are taken from other sources:
The cost of the pyrolysis reactor is based on the cost of the Auger reactor in [43]. For the
dryer, the cost function in [45] is used. The cost of the decanter for mechanical dewatering
is based on [46]. For solar greenhouse drying, a price of 300 EUR/m? is assumed [5]. The
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capital requirement is determined by estimating the acquisition cost of the main equipment
through cost functions and adjusting it to current prices using a price index. Finally, the
total capital requirement is estimated using surcharge factors expressed as a percentage of
the cost of the equipment. The dimensioning of the equipment also has a significant impact
on the purchase price. Economies of scale describe the phenomenon that acquisition costs
increase disproportionately when capacity is increased, which can be represented by the
following exponential function [47]:

_ Capa R
€= Cbase' <C‘1Pﬂhuse>

with

C: cost of equipment

Cpase: cost of equipment with base capacity
Capa: capacity of equipment

Capay,s,: base capacity of equipment

R: scaling factor

The cost of capital includes the financing and depreciation of the assets. An annuity
method is used to calculate the annual cost of capital [48]:

(140)"i

A=Kyt
Ca+iT-1

with

A: annuity

Kp: capital value at time 0
i: interest rate

n: depreciation time

Linear depreciation of the acquisition costs is applied over the entire utilization period,
for which a value of 20 years is assumed. The interest rate consists of a base interest rate of
10% and a country-specific risk premium. The risk premium assesses uncertainties such as
political instability or currency developments [49]. For Chile, a risk premium of 0.98% is
estimated in [50].

Intermediate pyrolysis produces two valuable products, liquid bio-oil and solid bio-
char. An advantage of bio-o0il produced by the intermediate pyrolysis process is that it has a
lower tar content and can be used directly for thermal heat generation [51]. The oil from the
TCR process could even be mixed directly with diesel and used in vehicles [52]. Although
Chile has laws that allow biofuel blending, market introduction and distribution would
be excessively demanding for a single biofuel project. Therefore, it was assumed that the
bio-oil would be used as a heating oil substitute and could be sold at the price of fuel oil.

The revenue from the sale of the bio-char is more difficult to quantify, as it can be
used not only as a fuel, but also for other potentially more profitable applications, such as
soil improvement. Because of this uncertainty, only the minimum price of the bio-char is
determined with a break-even calculation. For this purpose, the revenues from the sale of
bio-oil are subtracted from the total annual costs of the plant and divided by the annual

production of bio-char.
COStyopa — YEVENUEC,j

outputcya,

pricecpa =

5. Results and Discussion
5.1. Base Case (Concepcion, Region VIII)

In the first step of the economic evaluation, solar drying and belt drying are compared
with regard to the price of bio-char and the cost structure of the plant. For this base case,
the city of Concepcion in the eighth region (Bio-Bio) is selected as a plant location as it
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combines attractive levels of solar irradiation with a variety of potential biomass resources
from waste management, forestry, or agriculture. Other locations with higher or lower
solar potentials are explored in the next section. A production of 3577 tons of bio-char per
year as well as the use of natural gas as auxiliary fuel is assumed in the base case.

The minimum price for bio-char as well as the costs per ton are shown in Table 3. It can
be seen that solar drying results in higher capital costs due to the more expensive greenhouse
system (see Table 4), but lower fuel and overall costs. It was assumed that bio-oil, the liquid
pyrolysis product, was used as a substitute for fuel oil. Although significantly less oil is produced
than coal, the economic value has a significant impact on the break-even calculation.

Table 3. Break-even price in EUR of bio-char (base case with 3577 tons bio-char per year).

Configuration with Configuration with Belt
Greenhouse Solar Drying Dryer (Natural Gas)
Capital (EUR/year) 1,078,740 879,692
Labor (EUR/year) 350,749 350,749
Fuels (EUR/year) 363,111 798,913
Revenue bio-oil (EUR/year) —578,240 —575,835
Total cost (EUR/year) 1,214,359 1,446,744
Bio-char produced (ton/year) 3577 3577
Break-even price bio-char 339.5 404.5

Table 4. Installed equipment cost in EUR (base case with 3577 tons bio-char per year).

Equipment Configuration with Configuration with Belt
P Greenhouse Solar Drying Dryer (Natural Gas)
Storage feedstock 79,496
Decanter 46,397
Dryer 1,566,544 760,971
Pyrolysis reactor 2,029,668
Reformer 75,436
Condenser 2301
Heat supply 32,897 103,935
Flue gas cleaning 6591
Ammonia scrubber 10,493
Storage bio-coal 87,609
Storage bio-oil 43,691
Total 3,981,124 3,246,532

5.2. Regional Analysis

Due to the enormous geographical extension from north to south, the level of solar
irradiation differs very significantly between Chilean regions (Figure 3). In general, solar
irradiation decreases from north to south, while the diversity and quantity of biomass
resources increase due to stronger agricultural activity. However, it can be assumed that
a sufficient amount of sludge biomass can be found in all regions due to the flexibility
of the intermediate pyrolysis process. Examples of feedstock that can be found in Chile
and that has been successfully treated via intermediate pyrolysis are paper sludge [41,53],
grape pomace [54], red algae [55], chicken manure [56] and digestate [10,31]. The city of
Concepcion was selected for the base case because the eighth region combines a variety
of potential organic sludge feedstocks with high solar potential. To explore how different
levels of solar irradiation affect the cost of bio-char, the analysis was conducted for different
exemplary cities in Chile. Results are shown in Table 5. It can be seen that solar greenhouse
drying is competitive with thermal drying based on natural gas in all regions. In the southern
cities from Chillan to Puerto Montt, thermal drying with wood chips results in lower costs per
ton of bio-char. However, it must be pointed out that the availability of cheap wood chips is
limited to certain southern regions with a high degree of commercial forestry.
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Figure 3. Locations and levels of solar irradiation.

Table 5. Regional analysis of solar drying performance and bio-char price.

Annual Average Solar

Standard Deviation

Break Even Price

Location Irradiation (W/m?2) Solar Irradiation (%) Area Solar Dryer (m?) Bio-Char (EUR/ton)
Calama 331.92 1.1 4484 300.50
Copiapo 292.82 24 4333 297.19
Coquimbo 227.99 2.7 5909 331.72
Santiago 242 .45 5.4 4988 311.54
Talca 225.95 5.0 5546 323.76
Chillan 227.05 4.0 5822 329.82
Concepcion 222.90 3.4 6266 339.54
Temuco 189.82 5.7 7110 358.03
Valdivia 182.01 5.8 7190 359.78
Osorno 170.01 6.1 7696 370.86
Puerto Montt 153.22 6.4 8413 386.58
Belt dryer with natural gas (7.55 EUR/G]J) 404.5
Belt dryer with wood chips (3.74 EUR/GJ) 325.1
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5.3. Economies of Scale

In the techno-economic evaluation, it was assumed that the equipment costs are subject
to economies of scale, in other words, that larger plants can achieve lower costs per ton.
However, it should not be assumed that capacity and throughput can be arbitrarily high.
On the one hand, sludge biomass can only be transported with considerable expense due
to its high water content. In a realistic scenario, the pyrolysis plant would be located in
the immediate vicinity or directly on the premises of the plant providing the feedstock, for
instance, a wastewater treatment plant. The capacity of the pyrolysis plant would therefore
be limited to feedstock created by this facility. On the other hand, very large plant sizes can
only be realized in Chile in the metropolitan regions of Santiago, Valparaiso, or Concepcion.
In more remote and rural areas, for instance, in the very northern or southern regions,
smaller plant sizes and more decentralized concepts would be more suitable.

The economies of scale for the base case in the eighth region are shown in Figure 4.
Significant cost reductions are achieved starting from 2000 tons of bio-char produced per
year. With a water content of 90%, this corresponds to 45,000 tons of sludge feedstock per
year. This value falls within the range of commercial greenhouse dryers, with single plants
now capable of processing more than 150,000 tons of sludge per year.
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Figure 4. Economies of scale of bio-char production via pyrolysis in the Bio-Bio region.

5.4. Monte Carlo Simulation

The described model and the presented results are based on several input parameters
which are subject to uncertainty. The impact of these uncertainties can be investigated
through a Monte Carlo simulation, which is a numerical method based on the law of large
numbers. It has a wide range of applications in different scientific disciplines, which in
includes the evaluation of economic risks. First, relevant parameters are identified and
assigned an interval of variation or a distribution function. Random values are then drawn
from these intervals, and the model is run with these values. The process of calculating
the model is repeated so often that the mean value can approach the expected value, for
example, 10,000 times. The results of the individual repetitions are used to calculate the
arithmetic mean together with the standard deviation.

Relevant parameters are those that have a major influence on the process and are sub-
ject to external influences. Table 6 provides an overview of these parameters. The deviation
of the annual solar irradiation was based on historic data from a Chilean geographical
information system for solar potentials [57]. Scenarios for the price of natural gas and



Energies 2022, 15, 2272

13 of 16

heating oil are based on the Annual Energy Outlook [58]. As a result, gas and oil price are
not independent, but correspond to a single scenario randomly chosen in each iteration of
the simulation.

Table 6. Parameter ranges for Monte Carlo simulation.

Parameter Minimum Default Maximum
Water content after decanter (%) 65 70 75
Belt dryer efficiency (%) 65 70 75
Burner efficiency (%) 85 90 95
Solar irradiation Location-dependent, see mean and standard deviation in Table 5
Interest rate (%) 7.5 10 12.5
Depreciation period (years) 15 20 25
Operating hours (h/a) 5250 7000 8750
Natural gas price (EUR/G]J) 7.55 7.55 13.71
Wood chips price (EUR/t) 30.18 37.43 44.67
Pyrolysis oil price (EUR/t) 466.82 778.03 1089.24
Electricity price (EUR/kWh) 0.08 0.14 0.20

The results of a Monte Carlo simulation with 10,000 iterations are shown for a solar
drying and thermal drying configuration in Figure 5. Parameter values were drawn equally
distributed from the range between minimum and maximum. It can be observed that
the average bio-char break-even price overall simulation runs is lower for solar drying
(275.51 EUR/ton) than for thermal drying (383.17 EUR/ton). However, it can also be
seen that the values for solar drying show a greater spread, which is also reflected by the
standard deviation of 37% of the mean value. In contrast, the standard deviation is 27% of
the mean for the thermal drying configuration. This is because the solar greenhouse dryer
is more expensive than the belt dryer and the techno-economic evaluation is very sensitive
to all driving factors of the capital cost, such as the interest rate or the depreciation period.
It must be pointed out that this uncertainty reflects less the risks of the project rather than
the accuracy of the assessment. A preliminary, order-of-magnitude estimate such as this
necessarily relies on different assumptions, for instance with regard to the interest rate
or overhead costs. However, if the project was implemented, these uncertainties would
diminish with each planning phase up to the point of operation. However, after the start-up
of the plant, the actual operating hours per year and the fuel costs are decisive. Here, solar
drying has the advantage that the annual solar radiation hardly varies, while the price of
natural gas as well as wood chips is subject to considerable uncertainty.
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Figure 5. Results of Monte Carlo simulation for solar drying (left) and thermal drying (right) configuration.

The mean values produced by the Monte Carlo simulation do not exactly match the
values of the base case, which can be attributed to the prices for fossil fuels. Oil and gas
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prices in the base case correspond to the reference case of the eia Annual Energy Outlook,
while the simulation randomly draws from all scenarios. Very low values of as little as
50 EUR per ton of bio-char result from a high oil price scenario where substantial revenue
can be achieved with the bio-oil alone.

6. Summary and Outlook

Pyrolysis can be used to obtain high-value products such as bio-char from sludge
biomass. A technical and economic obstacle is the high water content of the sludge, which
requires energy-intensive drying. In this article, solar greenhouse drying was evaluated
as an alternative to belt drying in a pyrolysis system. A techno-economic assessment
was carried out to estimate the break-even-price of bio-char and to explore the impact of
different parameters such as plant capacity and location. The country of Chile was chosen
as the setting of the study as it features different levels of solar irradiation as well as a wide
range of biomass resources due to its north-south extension.

It was found that solar drying is an economical alternative to belt drying with natural
gas in all regions of Chile, but especially in the northern regions with extreme solar radi-
ation. With solar drying, bio-char prices between 300 and 387 EUR/ton can be achieved,
depending on the chosen plant location. In comparison, the bio-char price was estimated
to be between 359 and 484 EUR/ton in [56]. The estimated bio-char break-even price could
allow an economically feasible application for soil improvement, activated carbon, or as
feed additive [24]. However, the price of bio-char is too high to use as a fuel, for instance
for co-firing in coal-fired power plants. In the more southern regions with a high degree
of forestry, wood chips are an inexpensive alternative to natural gas. With a price of less
than 40 EUR/ton of wood chips, thermal drying leads to a 5-10% lower bio-char price than
solar drying. The results indicate that solar drying can be beneficial in all regions of Chile
and would not be limited to the northern regions. As the southern locations considered
in this article (Valdivia, Osorno, Puerto Montt) are similar to European countries such as
France, Germany or Austria, the concept could be transferable to a wide range of locations.

One way to increase the economics of the concept would be to upgrade the bio-
oil. Intermediate pyrolysis produces an oil that can be treated via hydrodeoxygenation,
emulsification, hydrocracking or catalytic esterification to obtain transportation fuel [28,38].
Moreover, it is possible to extract valuable chemicals from the organic phase which could
be used as flavoring additives or preservatives [52]. It was assumed that the feedstock—
digestate, sewage sludge—could be obtained at no cost. In a waste management scenario,
where a premium would be paid for disposing of the sludge, the economic viability could
be better. Conversely, if there would be a market price, for instance for digestate as a
fertilizer, the break-even price of the char would be higher.

With regard to the excellent solar potentials in Chile, exploring solar thermal energy
in combination with a thermo-chemical process such as pyrolysis could also be promising.
Solar thermal energy, for instance, generated with tube collectors, could not only support
a conventional drying process, but also provide process heat for pyrolysis or subsequent
conversion and upgrading processes. For instance, solar thermal drying with a parabolic
trough solar collector was investigated in [59]. The feedstock was olive mill sludge, which is
also produced in Chile and which could be processed via intermediate pyrolysis. Compared
to solar greenhouse drying, however, there have been few studies or example projects to
date that could serve as a basis for techno-economic evaluation.
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