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ABSTRACT: This commentary aims to stimulate further thoughts on pyrolysis technology by highlighting some aspects that
are not yet fully resolved. Biocrude pyrolysis oil looks like petroleum oil in appearance, but the composition, energy content,
and production process are quite different from those in petroleum oil. Therefore, the question arises on what can be done to
make the pyrolysis oil technologyprocess and productmore attractive for commercial use. In the author’s view, the
perception created has been that it is a ready-to-use technology, only waiting for a political or business decision to progress in
the implementation. There are however many research-related questions not yet answered. From this perspective, three areas
involving catalysis and engineering aspects are discussed. First, the energy balance in the reactor is a poorly understood area. In
other words, where does the energy required to maintain an endothermal reaction come from, especially in locations where
utilities are scarce? Then, options to create additional value to make the technology more competitive and commercially viable
are discussed. Finally, one of the least investigated topics, the performance of biocrude pyrolysis oil mixtures and its acid-
catalyzed upgraded counterparts, is addressed.

Biocrude pyrolysis oil (here denoted as BcPO) is obtained
by a pyrolysis process1 where an organic-containing

material is processed by means of heat in the absence of
oxidants in a reactor at short residence times. This converts the
organic-containing material into a gaseous stream. When this
stream is efficiently isolated, by condensation and electrostatic
precipitation, liquid yields of ca. 80 wt % can be obtained.2

Various types of reactors can be used, with different designs
and trademarks.3 The obtained liquid product resembles
petroleum oil in appearance, but the composition is quite
different. In particular, it contains a substantial amount of
water and oxygen-containing compounds (e.g., phenolics,
acids, aldehydes, ketones, pyrans, furans, sugars) and some
hydrocarbons.4 As petroleum oil’s elemental composition is
very different, mainly composed of carbon, hydrogen, sulfur,
nitrogen, and a less amount of oxygen, applying existing oil
refining technologiesdirectlyis not feasible
The main driver in pyrolysis has been making use of BcPO

as a transportation fuel. Gigantic efforts have been put forward.
Reducing the oxygen content has been a key target as this
increases the heating value and also enhances the miscibility

with petroleum-derived fuels.5 Oxygen can be eliminated as
CO/CO2 or as H2O, or both, through hydrotreatment,6−8

cracking,9−12 reaction with alcohols,13−15 or combined
processes.16,17 Promising results have been obtained by
enhancing the caloric value through shortening the oxygen
and water concentrations. A recent study17 introduced an
alternative approach using bifunctional catalysis in combina-
tion with hydrogen at near atmospheric pressure. The
approach seems to be especially attractive at those locations
where hydrogen is available, and the biomass can be easily
transported due to a good logistic infrastructure.
In this commentary, some of the existing challenges in

pyrolysis energy harvesting are addressed from a personal
perspective. The first topic discusses the reactor energy balance
with the ultimate goal to operate the technology in locations
where utilities are scarce. The second one provides insights in
the well-sought business concept about adding value to the
technology. Finally, the properties of various types of BcPO
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blends are assessed in an engine. This identified various ways
forward when working with concentrated blends.

■ PYROLYSIS THERMODYNAMICS AND
CONSEQUENCES FOR REACTOR ENERGY
BALANCE

The thermodynamics of this process has been reported
limitedly. Though the exact reactions are unknown due to
great complexity (many parallel and series reactions occur-
ring), the overall process is endothermal with heats from 0.8 to
1.6 MJ/kg (for pine wood) to maintain a pyrolysis reactor
operating at 500 °C on a dry biomass basis.18 That means that
energy input is required to maintain the reactor up and
running. This is represented in Figure 1a, where Q̇α represents
the heat flow required to maintain a conventional pyrolysis
reactor in operation. Straightforward options to obtain heat are
electricity, steam, or employing the same feedstock that is used
for the process; the latter is widely practiced in the oil and
petrochemical sectors.19 However, when using biomass to
obtain heat by combustion, the required temperatures are
significantly high, requiring special equipment and harsh
operating conditions. Moreover, not all types of biomass
feedstocks can be easily combusted; e.g., rice straw contains a
high silica concentration.
An alternative way to deal with the endothermal energy

barrier is by getting the heat from a proximate exothermal
reaction. If a catalyst is used, such as in the in situ catalytic

pyrolysis, the catalyst is deactivated by fouling or deposition of
organic species. The burning of these organic species is
exothermal, and it can effectively be a useful heat source. Such
an idea can be implemented with an additional unit, mimicking
the fluid catalytic cracking refinery technology. In such a
process unit, the fouled catalyst is regenerated continuously.
The organic species are burned by calcination in air at
operation temperatures comparable or higher than the
pyrolysis reactor. Such a process is illustrated in Figure 1b.
The coke burning is exothermal, and the process is self-
sustained. It provides a “hot” stream of reactivated catalyst that
is fed back to the catalytic pyrolysis reactor. The mass flow of
this reactivated catalyst, entering the catalytic pyrolysis reactor,
carries a latent heat flow that is represented as Q̇β in Figure 1b.
The consequence of this, in terms of the energy balance, is that
the energy requirement for the catalytic fast-pyrolysis, denoted
as Q̇δ, will be lower than that for the conventional pyrolysis,
i.e., as Q̇δ < Q̇α, or in other words, as Q̇δ = Q̇α − Q̇β as indicated
in Figure 1c. Therefore, this is an attractive option to improve
the energy balance requirements in the pyrolysis technology.
From an academic standpoint, there are some existing

studies using a circulating catalytic fluid bed.20 However,
studies addressing rigorous energy balances are hard to find.
This aspect is key for implementing the technology in locations
where the utilities are scarce. Ex situ catalytic upgrading has
been lengthly considered more attractive than in situ, since the
catalyst is not deactivated by coking, K-poisoning, hydrolysis,
etc., but on the other side, an ex situ design does not solve the

Figure 1. (a) Conventional bubbling bed pyrolysis reactor using inert silica sand. (b) Bubbling bed pyrolysis reactor over a heterogeneous catalyst
as fluid medium and catalyst function, equipped with a continuous catalyst reactivation unit, where the fouled catalyst is calcined with air. (c)
Consequence of having a reactivation unit on the energy balance.

Figure 2. (a) Representation of the entropy (S1) for a component 1 in a binary solution. S1* refers to the entropy for pure 1 that is a function of T
and P, and x1 is the molar fraction of 1.21 (b) Representation of the entropy of mixing for an ideal single-phase mixture as a function of the number
of compounds (n). Inset corresponds to an amplification.
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energy needs. A key aspect for the in situ process would be a
catalyst that resists such deactivation mechanisms for a
reasonable lifetime.

■ WHAT TYPE OF VALUE CAN BE CREATED TO
MAKE PYROLYSIS TECHNOLOGY (MORE)
COMPETITIVE?

One of the options that has been considered to make the
pyrolysis commercially viable is the coproduction of high-value
chemicals out of the pyrolysis oil, such as alcohols, acids, and
fine chemicals. The major challenge lies in the management of
these byproducts. Biocrude pyrolysis oil is composed of a large
number of chemical compounds (few hundreds) in low
concentration. Let us analyze this particular situation from the
thermodynamic point of view. Equation 1 represents the
entropy of a multicomponent single-phase mixture21

∑
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where S is the total entropy of a system, Si is the entropy for a
generic species i, xi is the molar fraction, and Si* is the entropy
for pure i (i.e., alone without the influence of other species).
(Note that a compilation of the technical thermodynamics
formulations is available in the Supporting Information).
Because the molar fraction xi is always smaller than 1, the
logarithm is negative. As a result, the ideal mixing terms
(xi ln xi) are always positive. Graphically, the mixing effect is
represented in Figure 2a. The entropy per mole of 1 increases
sharply as the solution becomes more dilute. In addition to the
concentration effect via xi, having more species (large n) also
contributes to the mixing entropy mathematically. As a
comparison, for a binary mixture with x1 = x2 = 1/2, Smix =
5.76 J mol−1 K−1, while for a ternary mixture with x1 = x2 = x3
= 1/3, Smix = 9.13 J mol−1 K−1. This calculation has been
extended for a mixture containing n chemical species where
each one is equally diluted as xi = 1/n. Equation 1 for the
entropy of mixing terms can be simplified into eq 2
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Such a relation is interpreted graphically in Figure 2b and
represents the mixing entropy as a function n. As eq 2 predicts,
it rises logarithmically. That means that as n → ∞, Smix → ∞.
In practical terms, such an entropy barrier, increasing with the
dilution degree, is a handicap when isolating chemicals from
BcPO. It will cost more energy with an increasing number of
compounds in the mixture. This entropy barrier is also the
reason why it is so difficult to completely purify a substance
and remove all traces of impurities. Looking at the positive
side, if we would be able to lower n, by promoting a more
selective pyrolysis process, this will be highly beneficial in
terms of the downstream processing as eq 2 predicts.
The previous interpretation can be explained with a model.

Figure 3a represents the separation of a single-phase
multicomponent mixture of n species, such it can be the case
of BcPO. The separation is done in such a way that each
species is isolated as individual streams of the pure compound,
thus xi = 1. After applying an enthalpy balance (see page 3 of
the Supporting Information), this can be simplified as eq 3 as
the isothermal conditions cancel out the enthalpies in the inlet
and outlet

̇ = ̇Q W (3)

An entropy balance can be applied around the same system,
arriving at the following simplified eq 4. Here, the entropy of
the pure components cancels out, as temperature and pressure
are constant
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The entropy of mixing in the outlet is nil since each
component is pure, xi = 1.
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Figure 3. (a) Model representing the isothermal separation of a single-phase mixture containing n species. The outlet represents n streams of pure
species. (b) Ideal workflow (Ẇ) required to separate a mixture containing n species into the corresponding pure streams, as a function of n and
separation temperature, for a total molar flow of 1 mol/s as a case study.
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Taking eqs 5 and 6 in 4 and 3, the following relation for the
workflow required to separate the mixture can be obtained

̇ = − ̇W nRT
n

ln
1i

k
jjj

y
{
zzz (7)

Equation 7 is interpreted graphically in Figure 3b and reveals
two relevant conclusions. The first one is that separation at
lower temperature is preferred. This is more or less common
sense. The second, and main, conclusion is the nonlinearity of
the relation. That means that reducing the number of species
from, for example, 1000 to 500 would not lead to half of the
required workflow. The biggest change in the workflow occurs
at low n. At low n, the logarithmic function can be
approximated as lineal, and at that region, it can be stated
that having half of the species will require half of the workflow.
In practical terms, a cost-effective separation can be achieved
for a mixture having less than a hundred species. This is
considering an ideal solution. Ideal solutions are those having
species with similar chemical functions. If nonideal behavior is
to be considered (i.e., dissimilarity of functionalities), then
nonideal excess properties should be accounted for, making the
model more complex. It can be concluded that the large
number of diluted species (chemical compounds) in BcPO is a
handicap from the separation point of view.
On a more practical dimension, the separation of those

BcPO compounds needs to rely on nonthermal methods (e.g.,
liquid−liquid extraction, solvent chromatography) because
BcPO is thermally unstable. Alternative nonthermal separation
technologies would require additional substances, such as
solvents and their subsequent purification. This increases the
complexity. Fractional condensation is an attractive way
forward,22 but there is no reported evidence about further
developments. Chemical and catalytic upgrading can convert
the pyrolysis oil into a better quality product, e.g., by applying
chemo-catalysis, though this adds complexity and extra costs in
capital and operations. The view is that obtaining commodity
chemicals from biocrude pyrolysis oil is a challenging journey,
unless the product selectivity can be narrowed down or
fractional condensation during pyrolysis is further improved.
One area that has received hardly any attention refers to the

catalytic pyrolysis of biomass into a selective gas-phase stream:
a stream that can be used directly in the chemical industry.
Considering the in situ catalytic pyrolysis, there are several
parameters that can provide leads, such as the reactor type,
flow pattern, heat transfer, and operational conditions. A highly
crucial player is the catalyst. Tuning the catalyst’s properties
(i.e., composition, particle size, porosity, acidity, mass, and heat
transfer effectiveness) may be able to promote a gas stream
that is more selective than that obtained by conventional
thermal pyrolysis.

■ ENGINE TEST PERFORMANCE AT RELEVANT
CONDITIONS

Results by Lee at al.23 showed successful on-road engine tests
without any malfunction in the engine, when operated with a
blended fuel (n-BuOH and cetane enhancer) containing 15 wt
% BcPO. These results are indeed quite promising, but they
may not be addressing the reality for longer runs or when using
BcPO concentrated blends or both.
Findings obtained at Groningen University by Meliań-

Cabrera24 are described below and compiled in Figure 4.
Engine tests were carried out in a single-cylinder diesel engine.

The methodology is described in the Materials and Methods
section. The following parameters were monitored and are
discussed below: gas emissions and visual inspection of the
corrosion level, e.g., formation of polymerized compounds
(gums) and damage in the mechanical parts.
The visualization of the injection system was done after

performing the test. The injection system consists of a fuel
injector tip (FIT), needle, and fuel injector pump. In this
study, only the injector tip is discussed. The pictures in Figure
4a show a comparison of the original unused pieces with those
after the tests with biocrude pyrolysis oils (raw and an alcohol-
upgraded pyrolysis oil; description of the upgrading method
can be found in the Materials and Methods section). Figure 4a-
α shows the FIT after the run with BcPO before getting
cleaned. Gums from polymerized pyrolysis oil developed at the
spray nozzle. This gumming was absent when running the
alcohol-upgraded pyrolysis oil (Figure 4a-β). Therefore, the
alcohol treatment prevents pyrolysis oil polymerization during
combustion. Despite these interesting results, the runs failed
for both pyrolysis oil and the alcohol-upgraded counterpart.
For the latter, the run lasted longer, but it also stopped. An
additional investigation was carried out by careful observation
with an optical microscope. The main conclusion can be
derived from Figure 4a-γ. It was found that the collapse of the
engine originated by the growth of the nozzle diameter during
the test. A bigger diameter inhibits the nozzle to spray the fuel
properly. Figure 4a-γ shows the nozzle difference in size, before
and after the run with the alcohol-upgraded pyrolysis oil (such
a corrosion was also observed for the raw BcPO). The nozzle
enlargement was ascribed to the corrosive nature of biofuel. It
possesses a low pH, and such a high concentration of H+

promotes metal leaching. A larger nozzle diameter generates
larger fuel drops that become more difficult to combust, while
in parallel the combustion chamber clogs with fuel until the

Figure 4. (a) Pictures of the fuel injector tip (FIT). Since the engine
is commercially available, the length scale in the picture was omitted
for simplicity. Nozzle comparisons of original FIT and after the test
with BcPO and upgraded BcPO (UPO). (b) Concentration of CO in
the exhaust gas stream during the engine tests.
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engine stops working. The inefficient combustion can be
anticipated by monitoring the CO concentration in the exhaust
gas. This is represented in Figure 4b for biocrude pyrolysis oil
and the alcohol-upgraded counterpart, as well as various
conventional diesel fuels as reference. The CO concentrations
were stable at ca. 500 ppm for alcohol-upgraded BcPO and at
ca. 1500 ppm for BcPO. Due to the early engine
malfunctioning, these concentrations raised to ca. 3500 and
ca. 4000 ppm, respectively, toward the point where the engine
failed to work.
The study by Purushothaman et al.25 showed new exciting

results. They found that BcPO can be upgraded by reacting it
with n-butanol or tetrahydrofurfuryl alcohol, and both alcohols
can be obtained from biomass. The process was catalyzed, and
water was continuously separated from the condensate mixture
through molecular sieve adsorption. Such a process rendered a
liquid product with negligible acidity that would be ideal for
testing it in an engine. It is important to bear in mind that the
study25 did not include scale up, techno-economic, and
optimization considerations. Those shall provide useful
insights about the true competitiveness with respect to
conventional diesel or kerosene fuels.
From the above, a few conclusions can be drawn. The

alcohol blending/reaction improves the engine test perform-
ance by preventing gumming. Still, the acidity of those biofuels
is a crucial aspect to look at to achieve a successful on-road
performance test with concentrated blends.

■ CONCLUSION
The objective of this commentary has been to highlight a few
theoretical and practical aspects from combined fundamental
catalysis and engineering points of view on pyrolysis that are
not fully resolved yet. This may inspire discussion and make
further improvements in this field considering a helicopter
view. Some specific topical reflections can be summarized. The
engineering thermodynamics can provide valuable insight into
the energy balance, especially important when trying to
implement pyrolysis technology in remote locations where
industrial utilities are scarce. Added value can be created by
isolating chemicals from the liquid BcPO by further narrowing
down the selectivity as the model predicted; a more specified
BcPO will help in the energy requirement to separate platform
chemicals. Gas-phase selectivity improvement through catalysis
and engineering concepts may add value to the technology
(note that this is more an idea than a conclusion of the data
presented). The quality of the BcPO was finally assessed in an
engine. A corrosion mechanism associated with the high
acidity of the BcPO was identified. Therefore, improvement of
the acidic features of the BcPO, or improved corrosion-
resistant injectors, or both, are crucial targets to achieve a
sensible use as transportation fuel.

■ MATERIALS AND METHODS

Materials
The bio-crude pyrolysis oil was kindly supplied by the Biomass
Technology Group (BTG, The Netherlands), originated from
beech wood and used as received. n-Butanol was purchased
from Acros Organics (>99%). Nafion SAC-13 was purchased
from Aldrich.
Alcohol-Aided Upgrading
Reactive-distillation experiments were carried out in a tailor-
made reaction system consisting of a three-necked glass reactor

equipped with robust magnetic stirring, a Dean Stark trap, a
high-efficiency chilled condenser, and a vacuum system with
electronic PID control (Vacuum-Controller 220). Reaction
temperature was directly measured using a high-precision glass
thermometer. The reaction temperature was dominated by
thermodynamic equilibrium, with ca. 30 °C at the end of the
test. It was found that the UNIQUAC model (Aspen Plus)
provided a good prediction of the end-mixture’s temperature,
assuming a mixture formed by alcohol, water, and ester. Such a
low temperature ruled by equilibrium explains the subtle
improvement in pH after alcoholysis13 when using a
heterogeneous catalyst such as Nafion SAC-13 (ΔpH ∼ 0.2).
However, this mixture as it contains n-BuOH was used to
evaluate the beneficial effect of n-BuOH while keeping the
same acidic features as the starting pyrolysis oil (BcPO). The
upgraded pyrolysis oil was prepared in a 1 L three-necked
round-bottomed flask, using a ratio of 1:1 volume of BcPO
(500 mL) and n-butanol (500 mL). Nafion SAC13 was used as
catalyst at a concentration of 1% wt. The reaction was
performed at a pressure of 50−70 mbar using an oil-bath
temperature of 75 °C for 3 h. The reaction temperature
changed, starting from 75 °C at atmospheric pressure and
ended up in ca. 30 °C under vacuum. After the reaction, the
remaining upgraded pyrolysis oil was filtrated to remove the
solid catalyst. The 1 L-batch procedure was repeated five times
until obtaining sufficient liquid to perform the engine test. The
different batches were uniformly mixed together into a single
liquid product. The product is denoted as “UPO” for upgraded
pyrolysis oil.

Engine Test
The engine tests were performed using a single-cylinder diesel
engine (HATZ 1D31 series). Adjustments in the injection
section of the engine had to be made to be able to make use of
BcPO directly. Those adjustments were (i) by-passing the fuel
filtration to avoid blockage, (ii) addition of an extra-cooling
system to cool the fuel injector body and keep the oil flowing
and anticipate polymerization prior to the injection, (iii) the air
supply system heat-exchanged to assist the combustion of
BcPO (air was normally injected to the combustion chamber at
room temperature, ca. 25 °C). The test procedure was the
following: (1) run on diesel at 20 °C for 10 min, (2) increase
the Tinlet at 86 °C and run on diesel for 30 min, (3) switch fuel
to Spiritus containing 3 wt % of cetane booster for 30 min, (4)
switch fuel to BcPO or UPO until the test collapsed, and (5)
visually inspect the fuel pump and injector. The gas exhaust
was monitored. Prior to the run, the BcPO and UPO were
filtrated to separate possible solid impurities that may damage
the engine.
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