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ARTICLE INFO ABSTRACT

Keywords: This work presents the methodology and results of the energy, exergy, and mass balances of a fixed-bed
Pyrolysis downdraft biomass pyrolysis pilot plant. The analysis covers different operating modes: pyrolysis without en-
Biomass

ergy recovery, with energy recovery from products, and with combustion of non-condensable gases including
exhaust-gas heat recovery. The proposed framework enables consistent comparison of energy and exergy per-
formance under varying process configurations. Experimental results show that the external heat demand of the
pyrolysis process strongly depends on the energy recovery strategy. When products are cooled to the reference
state, the required heat input is approximately 1.3 MJ/kg, increasing to about 3 MJ/kg when products leave at
the pyrolysis temperature. The combustion of process gases significantly reduces this demand, while integrating
exhaust-gas heat recovery leads to quasi-autothermal operation. Exergy analysis reveals that gas combustion and
heat recovery lower exergy efficiency due to the conversion of high-quality pyrogases into exhaust gases.
Nevertheless, the methodology developed allows quantifying these trade-offs and provides a comprehensive tool
to evaluate process integration strategies in biomass pyrolysis systems aimed at improved thermal performance
and sustainability.

Energy balance
Exergy balance
Heat recovery
Pilot plant

and carbon capture. If bio-oil is intended to partially displace fossil fuels,
the net energy efficiency of the process is of utmost importance. If sig-
nificant fractions of the feedstock must be consumed merely to maintain
reactor temperatures, the effective energy yield of bio-oil decreases.
From the perspective of carbon capture, if additional biomass must be
combusted externally to sustain pyrolysis, the net carbon sequestration
benefit is reduced. The energy balance becomes even more critical if,
instead of additional biomass, other non-renewable energy sources are
applied to maintain quasi-autothermal operation of the pyrolysis sys-
tem. In this regard, integrating pyrolysis into combined heat and power
systems has been proposed as a strategy to improve overall efficiency
[5-7].

For various reaction systems, a number of studies in literature have
quantified the heat demand of pyrolysis. From thermogravimetric
analysis (TGA) or small lab-scale experiments, it is well established that
biomass decomposition is globally endothermic, although transient
exothermic events can occur depending on feedstock composition and
heating rate. Crombie and Masek found that in a fixed bed batch py-
rolysis unit above ~450 °C the energy content of the non-condensable
gases alone was sufficient to sustain pyrolysis without recourse to
external fuel [8]. Abrego et al. reported similar figures for beech wood

1. Introduction

Pyrolysis is an emergent and versatile thermochemical option for
valorizing renewable biomass resources. Under limited oxygen supply
and moderate temperatures, lignocellulosic biomass pyrolysis yields
three main product streams: solid biochar, condensable vapors (bio-oil),
and permanent gases. The first two product fractions are of great interest
due to their distinct roles in environmental management, energy systems
and even chemical industry. Biochar can simultaneously enable long-
term carbon sequestration and soil amendment, and its application is
regarded as a negative-emission strategy pathway. Bio-oil is a liquid
renewable fuel and chemical precursor, with high energy density
compared to raw biomass and the potential for partial substitution of
fossil-derived products. Finally, non-condensable pyrolytic gases are
usually combusted within the process to provide —total or partially- the
necessary heat for pyrolysis. Several reviews have highlighted the
relevance of reactor design and operating conditions in shaping these
three fractions [1-4].

For any of the proposed applications of pyrolysis products, the en-
ergy balance of the system is pivotal both in terms of energy efficiency
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Nomenclature

AP organic aqueous phase of the bio-oil

Cp specific heat capacity at constant pressure, MJokg’loK’1

e specific exergy, MJekg

GC-MS gas chromatography-mass spectrometry

h specific enthalpy, MJekg

HHV higher heating value, MJekg ™

HP organic heavy phase of the bio-oil

hy hydrogen in wt.%, dry basis

LHV lower heating value, MJekg ™!

m mass, kg

moist moisture in wt.%, wet basis

OAP organic compounds of the aqueous phase

oC oxygen carrier

OHP organic compounds of the aqueous phase

P pressure, Pa

Q enthalpy required, MJekg !

R universal gas constant, 8.314472 kJemol leK !

s specific entropy, MJekg

STP standard temperature and pressure at 298.15 K and
1.01e10° Pa

T temperature, K

TGA thermogravimetric analysis

y mass fraction, wt.%

Greek letters

difference

overall energetic yield, %

exergetic efficiency, %

latent heat of vaporizarion, MJekg
ratio of standard specific chemical exergy
density, kg/m>

T 8 € 3

Subscripts

0 at 298.15 K and 1.0110° Pa
biochar biochar

biomass biomass

bio-oil  bio-oil

ch chemical

comb combustion

db dry basis

element element (C, H, O, N, S)

f formation

gas pyrolysis gas

Hy0(n)  steam

i biochar, bio-oil and pyrogases
input inlet streams to the control volume
j water in the bio-oil, AP and HP

k OAP and OHP

1 H,, N, CH4, CO, CO,, CoHo, C2H4 and C2H6.
loss loss

m CO5 and steam

moist moisture

n CO,, CO, NO and SO.

output  outflow streams from the control volume
ph physical

process process

pyr pyrolysis

pyrogases non-condensable gases of the pyrolysis process
Q heat required

solid solid (biomass and biochar)

water water

Superscripts

0 at 298.15 K and 1.0110° Pa

pyrolysis in a fixed-bed reactor [9]. Jerzak et al. reviewed the heat re-
quirements of fixed-bed, screw-conveyor, and fast pyrolysis reactors,
reporting values in the range of 0.5-3.0 MJ kg ! depending on operating
mode (continuous or discontinuous), reactor (fixed bed, Auger of flu-
idized bed), heating rate (slow or fast pyrolysis) or the use of a gas
carrier, and also provided experimental data for intermediate pyrolysis
[10-12] which were in the range 0.8-2.0 MJ/kg depending additionally
on the biomass feedstock [13]. From all these results, it is clear that
efficient heat integration can play a significant role in the performance
of pyrolysis systems [14].

Nevertheless, a thorough analysis of pyrolysis systems should not
only take into account the energy balance alone. Exergy analysis is
capable of revealing low quality, degraded’ energy flows with limited
usability. For instance, for bio-oil production, an energy balance alone
may suggest that the process is efficient, yet much of the energy might be
recovered in low-temperature heat streams or in combustion gases, with
limited potential to substitute for high-grade fossil fuels. Also, as an
example, in the case of biochar any additional combustion of biomass to
supply heat reduces the fraction of carbon sequestered. Exergy analysis
would help quantify the penalty of such internal fuel use by dis-
tinguishing between the destruction of high-quality chemical exergy in
biochar and the generation of low-grade thermal exergy for process
heating. In fact, biochar retains a significant fraction of the feedstock’s
chemical exergy in the form of recalcitrant, aromatic carbon structures.
This is energy that is not degraded into low-quality heat or COy during
pyrolysis [15]. All these potential exergy losses can reveal optimal
routes for heat integration. Pioneering work has shown how to calculate
chemical exergy of pyrolysis products directly from elemental compo-
sition [16], and more recent studies have applied exergoeconomic

approaches to different biomass feedstocks [17,18].

Only a limited number of studies explicitly account for exergy
destruction within reactors, condensers, and auxiliary units, despite its
relevance for comparing biomass pyrolysis with alternative bioenergy
pathways such as gasification or anaerobic digestion [15]. Recent
exergy-based analyses of biomass pyrolysis systems have provided new
insights into the distribution and quality of energy and exergy among
product streams, as well as the influence of operating conditions on gas,
bio-oil, and biochar performance [19-21]. Related studies on biomass
thermochemical conversion processes, such as torrefaction, have high-
lighted similar considerations regarding exergy efficiency and energy
quality degradation [15]. Comparative assessments across thermo-
chemical technologies, including pyrolysis, gasification, and combus-
tion, report substantial differences in exergy efficiency and
irreversibilities [22-24], while broader reviews emphasize the need for
consistent methodologies and benchmarking frameworks in biomass
exergy analysis [25]. More recent contributions have also explored
emerging concepts, such as microwave-assisted pyrolysis, further
advancing the understanding of exergy distribution and efficiency [26].
Nevertheless, most existing exergy analyses of biomass pyrolysis rely on
theoretical models or single process configurations, limiting direct
experimental comparison between alternative integration strategies.
While some qualitative trends derived from exergy analysis are well
established from thermodynamic theory, the contribution of this work
lies in the experimental quantification and consistent comparison of
energy and exergy performance across different integration strategies
applied to a pilot-scale downdraft biomass pyrolysis reactor.

While some qualitative trends derived from exergy analysis are well
established from thermodynamic theory, the contribution of this work
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lies in the experimental quantification and consistent comparison of
energy and exergy performance across different integration strategies
applied to a pilot-scale downdraft biomass pyrolysis reactor.

Thus, this paper aims to analyze the effect, both in terms of energy
and exergy, of different scenarios: first, pyrolysis with energy recovery
from the products, and second, combusting the pyrolysis gases to pro-
vide the required process heat, with the hot exhaust gases subsequently
utilized to preheat both the combustion air and the biomass feed. Both
scenarios are compared against a base case where no heat is recovered
from the products.

2. Experimental section and methodology

This section includes the results obtained in the different experi-
ments carried out, the three different scenarios for the energy and exergy
balances and the methodology used for the calculations.

2.1. Feedstock and pyrolysis by-products characterization

2.1.1. Biomass characterization

The biomass used for the experiments is beech wood chips. The
proximate analysis determined moisture, ash and volatile matter con-
tents in accordance with UNE-EN-14774-3:2010, UNE-EN ISO
18122:2016, and UNE-EN ISO 18123:2016 standards, respectively,
while fixed carbon was obtained by difference. The ultimate analysis
quantified the elemental composition (C, H, N, S) using a Leco CHN 628
analyzer equipped with the Sulphur Addon module, and oxygen content
was calculated by difference. The higher heating value (HHV) was
determined with an IKA C2000 basic bomb calorimeter. Calorific value,
proximate and ultimate analysis results of the biomass are provided in
Table 1. These values fall within the typical ranges reported for biomass
[27,28], with a comparatively low fixed carbon content, slightly higher-
than-average volatiles, and a low ash fraction. The quantified sulfur is
negligible, while the sample also exhibits a very low nitrogen content
and a relatively high oxygen content. Biomass feedstock characteriza-
tion data reported in Table 1 constitute the basis for the energy and
exergy balance calculations presented in this study.

2.1.2. Characterization of pyrolysis by-products

The two biochars obtained from the pyrolysis process were charac-
terized. Each biochar was subjected to proximate analysis to assess the
moisture, volatile matter, and ash content following the standards ISO
18134-1:2015, ISO 18123:2015, and ISO 18122:2015, respectively. The
lower heating value (LHV) was determined with an IKA-WERKE C2000
Basic Calorimeter. In addition, elemental analysis (C, H, and N contents)

Table 1
Proximate, ultimate analysis and heating value of the biomass.

Proximate analysis (wt.%, wet basis)

Moisture 9.2+ 0.4
Ash 1.0 + 0.1
Volatiles 79.7 +£ 0.2
Fixed carbon® 10.1 + 0.4

Ultimate analysis (wt.%, wet basis)

C 46.3 +£ 0.1
H 6.5+0.1
N 0.1 +£0.1
S 0.0 £ 0.0
o® 46.1 £0.1
Heating values (wet basis)
HHVyw (MJ/kg) 17.8 £ 0.1

LHVyw © (MJ/kg)  16.3 £ 0.1

@ Calculated by difference (wt.%): Fixed carbon = 100 — Moisture — Ash — Volatiles

® calculated by difference (wt.%): O =100 -C-H-N-S - Ash

) LHV calculated as: LHV = HHV —24.49 o (moist + 9 e hy e (1 —moist/100)); where
HHYV is the value obtained experimentally, moist is the moisture and hy is the
hydrogen obtained in the ultimate analysis in dry basis.
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was performed with a Leco CHN 628 analyzer. Textural properties of the
biochars, including specific surface area, pore volume, and pore size,
were assessed by Ny adsorption-desorption isotherms at 77 K in a
Micromeritics equipment using the BET equation.

The pyrolysis liquids (bio-oil) were analyzed to determine their
composition. Firstly, the bio-oil was decanted to separate the aqueous
fraction from the organic fraction. The water content was quantified by
Karl Fischer titration in a Mettler Toledo V20 KF Titrator. The chemical
composition of the bio-oil was determined by gas chromatography-mass
spectrometry (GC-MS) Agilent Serie 7890A, enabling identification of
the main families of organic compounds present. The organic fraction of
the bio-oil was characterized to determine its elemental composition
and energy content. CHN elemental analysis was performed to quantify
the C, H, and N contents, while the LHV was measured. The same
equipment used for the characterization of the biochar was employed in
both analyses.

2.2. Experimental system

The pilot plant where the experiments were carried out is located at
the Aragon Institute for Engineering Research (I3A), within the Ther-
mochemical Processes Group (GPT) at University of Zaragoza (Fig. 1)
(Fig. 2). The facility is capable of processing up to 15 kg/h of biomass,
although the feeding rate in this work was 3 kg/h. The biomass used in
the process consisted of beech wood chips of size class P16, classified
according to the UNE-EN ISO 17225-4:2021 standard. In some refer-
ences, this same size is also referred to as the designation G30, according
to the Austrian Onorm M7133 standard, which was widely used in
Central Europe and has been replaced by the ISO 17225 specification.

The chips are loaded into the hopper, located at the top of the plant.
From there, they are fed into the reactor by means of a screw feeder. The

Fig. 1. Pyrolysis pilot plant in the GPT facilities.



C. Gracia-Monforte et al. Energy Conversion and Management 353 (2026) 121154

Agitator screw

Hopper

Screw conveyor

Pyrolysis reactor

Torch
Top outlet gas
Biom;ss
f Vapors and gases
[ (TOP outlet)
[ Micro GC
| \
[
[
Qprocess,| ! H Lol ’L
_Electrical fumace || e
[
[
[
[

Power supply

+ - NE;“

N\

Bottom outlet gas

Vapors and gases
/ (BOTTOM outlet)

N vater

OUT varer

Biochar extraction Heat exchanger

valve 7

Electrostatic precipitator (ESP)

=¢~ Cooler
v Bischar .
! ! o-oil
Bio-oil EOU* vaer g
Biochar Bio-oil
tank tank Secondary

bio-oil tank

Fig. 2. P&ID of the pyrolysis plant.



C. Gracia-Monforte et al.

biomass enters the reactor from the top and falls freely until it reaches
the bed. A small nitrogen flowrate is also introduced in order to prevent
any gases to flow upwards to the feeding system. In addition, the hopper
is equipped with an agitator that facilitates the downward flow of the
chips towards the screw feeder. Both the screw feeder and the agitator
can be operated at variable speeds, which makes it possible to regulate
the biomass mass flow rate into the reactor.

Inside the pyrolysis reactor, a bed of previously pyrolyzed biomass
(char) is maintained. As new biomass is introduced, pyrolysis takes place
in the upper part of the bed, where the reaction front is located. The
reactor is externally heated by an electric furnace, and along its central
axis a multi-thermocouple probe is installed to measure temperatures at
different heights. The biomass entering the reactor undergoes thermal
degradation into char, pyrolysis liquid (bio-o0il), and pyrolysis gases,
with the liquids leaving the reactor in vapor form due to the high
operating temperatures. The reactor has two options for the outlet of
gases and vapors: one at the top and another at the bottom. Char is
extracted through a rotary valve located at the reactor outlet. Just above
the valve, a small cooling jacket (char cooler) allows the lower part of
the reactor to be water-cooled when the temperature becomes too high
in that section. The operation of this cooling jacket is governed by one of
the thermocouples, the aim is to maintain this section within the range
of 150-200 °C to avoid undesired condensation. There is still a safety
margin, since the rotary valve can withstand temperatures up to 400 °C.

Small amounts of nitrogen are also injected at the bottom of the
reactor, with the same purpose as in the hopper: to prevent condensation
of vapors and assist their transport toward the gas outlet. In this area, a
differential pressure sensor is installed, measuring the difference be-
tween the internal pressure of the reactor and the atmospheric pressure.
The differential pressure is typically small, in the range of 1.02 to 1.2
bar, depending on whether pyrolysis gases are being generated.

The gases are then directed to a shell-and-tube heat exchanger cooled
by a chiller with a water—ethylene glycol mixture. At this stage, most of
the vapors condense and the majority of the bio-oil is collected.
Downstream of this exchanger, the gas passes through a secondary
cooling jacket, a filtering bed, and an electrostatic precipitator (ESP) for
final cleaning, where the remaining bio-oil that did not condense in the
first exchanger is recovered. The cleaned gas is analyzed using a micro
gas chromatograph Agilent 990, which allows determination of its
volumetric composition. In addition, a flow meter is used to measure the
gas flow rate. Finally, the gases are directed to a flare. However, in this
study, the focus is on evaluating the energy that could be obtained from
their combustion to supply the heat required for the pyrolysis process.

2.2.1. Experiments carried out

Two configurations where the gas outlet of the pyrolysis reactor
change have been studied. In the first block of the experiments, three
experiments were carried out extracting gases and vapors by the outlet
located at the lower part of the reactor. The second block collects the
three experiments where the outlet gas and vapors were extracted from
the upper part of the reactor. Finally, a long experiment of 10 h was
performed with the top outlet configuration, since this configuration, as
will be mentioned afterwords, was the one that offered best results.
Table 2, summarizes the operational conditions of the experiments
performed.

Table 2

Experimental conditions for top and bottom outlet configurations.
Outlet gas Repetitions T Feed mass flow Duration
configuration [°C] [kg/h] [h]
Bottom 3 600 3 3
Top 3 600 3 3
Top 1 600 3 10

Energy Conversion and Management 353 (2026) 121154

2.3. Scenarios

Three different scenarios have been analyzed for the calculation of
the energy and exergy balances of the process.

2.3.1. Pyrolysis

Two scenarios were studied for pyrolysis. The results for the mass
balance of all experiments are summarized in Table 3. Beech wood chips
were selected as feedstock due to their relatively homogeneous
composition, wide availability in European forestry residues, and
frequent use as a reference hardwood in experimental biomass pyrolysis
studies [1,9,29,30]. Several recent experimental investigations have
reported the pyrolysis behavior, product yields, and thermal decompo-
sition characteristics of beech wood and similar hardwoods under con-
ditions relevant to slow and intermediate pyrolysis. The selected
operating temperature falls within the range commonly adopted for
conventional biomass pyrolysis, where extensive devolatilization is
achieved while preserving biochar structure and quality, as documented
in recent comprehensive reviews and experimental studies [31,32].
Therefore, both the chosen feedstock and operating temperature are
considered representative of biomass pyrolysis systems reported in the
literature. In Case A (see Fig. 3) shows the pyrolysis carried out at 600 °C
in the downdraft pyrolysis reactor. Pyrolysis products are assumed to
leave the control volume at the standard reference state, i.e., heat is
assumed to be recovered. Case A represents an idealized upper-bound
scenario, assuming full recovery of the heat released during product
cooling. This configuration is not intended to describe a directly
implementable system, but to provide a theoretical benchmark against
which more realistic configurations can be compared. On the other
hand, Fig. 4 shows Case B, when the pyrolysis process products leave the
control volume at the pyrolysis temperature (Tpy,). In both cases, three
fractions are obtained from biomass pyrolysis. A solid fraction (biochar),
the non-condensable gases from pyrolysis (pyrogases) and the liquid
fraction. The liquid fraction (bio-oil) consists of a mixture of water and
organic compounds. Due to the immiscibility between phases, the bio-oil
can be separated by decantation into an aqueous phase and an organic
phase. For the purpose of the energy and exergy analysis, the liquid
products were further subdivided into three components: pure water, a
heavy organic fraction (HP), and a light aqueous organic fraction (AP).
Each of these three streams was treated separately in balance calcula-
tions, with the water content allocated entirely to the pure water stream
and only the organic material assigned to the two organic streams. In
this case, the heat is not recovered.

2.3.2. Pyrolysis with gas combustion and heat recovery

Additionally, a third scenario has been studied. This scenario con-
siders a pyrolysis process where biochar and the bio-oil mix (water, AP
and HP) were extracted at pyrolysis process conditions. The heat pro-
duced in the condensation of the liquid fraction has not been considered
since it is not utilized. Therefore, liquids products are considered at
pyrolysis temperature but in the scheme are shown at standard condi-
tions, since is necessary to cool down vapors and pyrogases together for
its separation. This heat is no longer recovered. After the condensation,
pyrogases were burned in a combustion chamber, where they were
oxidized with air. The heat released by this combustion is used to pro-
vide the required energy for sustaining the pyrolysis process. Further-
more, the hot exhaust gases leaving the combustion chamber are
considered as a potential source of recoverable heat. In this work, both
cases are evaluated: (i) without heat recovery from the exhaust gases
(Fig. 5), and (ii) with the utilization of the exhausted gases for pre-
heating the combustion air and the biomass feed, aiming to improve the
overall energy efficiency of the system and reduce the demand for
external heat supply (Fig. 6). It should be noted that, from a practical
standpoint, the presence of tars and acid gases in the exhaust stream may
impose additional constraints on the design and material selection of
heat recovery equipment due to fouling and corrosion issues, which
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Table 3
Experimental results of pyrolysis experiments. Product distribution and gas properties.
Experiment Bot. 1 Bot. 2 Bot. 3 Average Bot. Top 1 Top 2 Top 3 Average Top. Long Top
Mass balance [wt.%)]
Char 33.6 35.5 32.1 33.7+£1.7 31.7 28.4 31.4 30.5+1.9 31.1
Bio-oil 27.5 27.9 27.1 275+ 0.4 30.0 28.8 30.9 299+1.1 30.0
Pyrogases 38.9 36.6 40.8 388+ 21 38.3 42.9 37.7 39.6 £ 2.8 38.9
Gas composition [vol.% dry basis]
Hy 21.8 23.0 26.0 23.6 2.2 26.0 28.0 28.1 27.4+1.2 27.4
Na 8.1 6.1 7.9 74 +1.1 7.0 6.2 5.2 6.1 £0.9 7.2
CH4 14.6 149 15.2 149+ 0.3 14.4 14.7 15.7 149 + 0.7 15.5
Cco 19.5 17.5 14.3 17.1 £ 2.6 16.1 16.6 16.3 16.3 £ 0.3 16.6
CO, 33.7 36.4 34.5 349+14 33.7 31.4 31.8 32.3+£1.3 31.2
CoHy 0.6 0.6 0.7 0.6 £ 0.1 1.6 1.9 1.6 1.7 £0.2 0.8
CyHeg 1.7 1.6 1.4 1.6 £ 0.2 1.2 1.4 1.3 1.3+0.1 1.3
CoH, 0.0 0.0 0.0 0.0 £0.0 0.0 0.0 0.0 0.0 £ 0.0 0.0
H,S 0.0 0.0 0.0 0.0 £0.0 0.0 0.0 0.0 0.0 £ 0.0 0.0
Gas properties
Pgas [kg/mg] 1.10 1.10 1.05 1.08 + 0.03 1.05 1.02 1.02 1.03 + 0.02 1.02
LHVgas [kJ/m3(STP)] 11473.4 11380.2 11335.7 11396.4 + 70.3 11691.0 12328.8 12493.1 12171.0 + 423.7 11864.6
m°gas/kghiomass 0.37 0.34 0.40 0.37 + 0.03 0.37 0.43 0.38 0.40 + 0.03 0.39
LHVgas [kJ/Kgbiomass(STP)] 4214.3 3829.6 4493.4 4179.1 £ 333.3 4344.3 5320.7 4800.6 4821.9 + 488.6 4651.9
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ence state.

Biomass

To

-
,’ Control volume

o

TPVV

PYROLYSIS | Tor

»Pyrogases, Ty,

1 *Water, T,

OAP, T,,,

L —>OHP,T,,

-

Qprocess

Biochar, T,

Pyr

Fig. 4. Control volume for pyrolysis Case B: Products at process conditions.

would need to be addressed in industrial-scale implementations.

The standard reference state is Tp = 25 °C and Py = 1.01¢10° Pa.
Characterization of biomass is shown in Table 1, biochar is shown in
Table 4 and liquids are shown in Table 5 and Table 7.

The experimental data for the calculations have been obtained in
pilot plant: mass fractions of the pyrolysis products, and pyrogases
properties (volumetric composition, density and LHV) were obtained
in a fixed bed pyrolysis reactor with configuration for updraft or
downdraft of the outlet gases.

Proximate and ultimate analysis of the biochar allow to calculate its
specific heat capacity (Cp) value using the Hurs-Harrison method
[33]. This method enables the evaluation of the contributions of each
atomic element to the capacity at T, Po.

Cp for biomass and biochar was considered constant with
temperature.

All energy and exergy calculations are performed on an HHV basis;
accordingly, water is considered in the liquid state at the reference
conditions, while temperature-dependent sensible enthalpies of
gaseous species are evaluated using NASA polynomials.

Aqueous phase (AP) of the bio-oil is divided into the water mass
fraction determined by Karl-Fischer analysis and the remaining
organic fraction dissolved in it. The organic fractions dissolved in the
AP is determined using GC-MS. For the organic heavy phase (OHP)
the same method was followed. The major chromatographic areas of
the different organic compounds were chosen for the composition of
each organic phase.

The total water fraction is considered the sum of the water of the AP
and the HP.

Liquid phases (water, AP and HP) are considered ideal solutions.
The specific heat capacity of water and organic compounds is
considered in their natural state under reference conditions for Case
A, with data extracted from the CRC Handbook of Chemistry and
Physics, 90th edition [34]. For Case B, everything is referenced in
gas-phase based on the values of the NASA tables [35].

Energy losses were considered as 5%, an intermediate value of other
studies [36,37].

Exergy losses were not taken into account.

The value obtained of Qprocess in Case A, represent the most optimistic
result, since is considered that the energy of the products is
recovered.
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Table 4
Comparison of the proximate, ultimate analysis and textural properties of the biochar obtained at the upper and lower gas outlet.
Moisture Volatiles Ash LHV [kJ/kg] C H N o Sger [m?/g] Vp [em®/g] d, [nm]
Biochar top-outlet 29+03 6.7+02 2.8+0.2 33283 + 211 91.1+05 21+0.1 0.6 + 0.1 6.2+0.7 285 0.007 3.97
Biochar bottom-outlet 5.1 + 0.5 13.2+03 29+02 32290+146 873+09 25+£0.1 0.5+0.1 9.7 +1.1 4.010 0.006 3.97

Moisture, volatiles, ashes, C, H, N, O all in wt%.

- For the exergy analysis of the process, all products are considered
useful or valuable, meaning none are regarded as waste.

In pyrolysis experiments Ny were used as gas carrier, but it is no
taken into account in the calculations.

For Case C with heat recovery the maximum preheating temperature
of biomass was limited to 200 °C, since higher values could trigger
premature pyrolysis reactions. The maximum preheating tempera-
ture of the combustion air was set to 400 °C, considering material
constraints and to avoid operational issues associated with exces-
sively hot inlet streams.

- Kinetic and potential exergy terms are assumed to be negligible.

Additional assumptions are provided in the description of the energy
and exergy balances to facilitate understanding.

2.5. Energy balance

The procedure followed in this study is outlined below. The system
boundaries adopted for the energy balance calculations correspond to
the control volumes defined for each operating case in Figs. 3-6. The
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Table 5

Main compounds identified in the OAP of bio-oil by

GC-MS.
Compound Area (%)
Acetone 17.5
Acetic acid 17.2
Phenol 10.8
p-cresol 8.6
2-Butanone 5.5
2-Methylphenol 4.5
Propanoic acid 31
Acetol 2.6
3-Furanmethanol 2.2
Furfural 2.0

energy required for the process (Qprocess) to be supplied externally was
calculated as the difference between the enthalpy of the output streams
(houpur) and the input streams (hiypy) and taken into account the losses
of the system (Qpss), see Eq. (1). For Case A and B, hoygpy is the enthalpy
of the pyrolysis products, while for Case C is the enthalpy of the biochar
and liquids from the pyrolysis and the heat produced in the combustion
of the pyrogases in the combustion process (h¢omp). Additionally, in Case
A, the heat associated with cooling the products to the reference state is
implicitly assumed to be fully recovered and therefore not treated as an
external loss.

Qproc&ss = houtput - hinput + Qloss (1)

where:

Qprocess: enthalpy required to be supplied externally to the process in
MJekg L.

hinpur: enthalpy of the reactants entering the volume control in
MJekg L.

houpue: enthalpy of the products leaving the volume control in
MJekg L.

Quoss: enthalpy of the process losses in MJekg ™.

2.5.1. Enthalpy calculation

The only input of energy considered as an entering to the volume
control is the biomass. On the other hand, the considered outlets of the
system are the products of the pyrolysis (biochar, bio-oil and pyrogases)
for Cases A and B, while in Case C since pyrogases are burned in a
combustion chamber the products that go out of the system are steam,
CO», N5 and the excess Oy from the combustion.

The enthalpy of the inlet can be calculated using Eq. (2).

hi"P“f = Ah}).binmuss (2)

where:

Ah}{biomm: standard enthalpy formation of the biomass in MJekg ..

The calculation of the standard formation enthalpies required for the
evaluation of hyy, is described in detail in Section 2.5.2 and expressed
through Eq. (13).

The enthalpy of the output products (hoygpye) is calculated for Case A
and B using Eq. (3).

haulput = hbiuchar + hbio—oil + hpyruga.ses (3)
For Case C, the enthalpy of the products (hoygpu) is calculated by Eq. (4).
houtput = hbiochar + hbio—oil + hpyrogases (4)

The overall energetic yield of the process is calculated using Eq. (5).

n= (%) « 100 5)
input

For Case A, when biomass and the pyrolysis products are considered to
be at standard reference state, which means that the heat of the product
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is being recovered, hoypu: can be calculated as Eq. (6).

dyie Ahoi
houtput = Tﬂ (6)

where:

i: subscript refers to biochar, bio-oil and pyrogases.

yi: mass fraction yield of the product i, expressed as wt.%.

Ahﬁi: standard enthalpy formation for product i, MJekg ™.

In Case B and C, products leave the system at the process conditions.
Pyrolysis conditions for all the products in Case B, and pyrolysis con-
ditions for biochar and bio-oil and combustion conditions for the
products of the oxidation of the pyrogases in Case C. In this scenarios,
enthalpies are calculated as it follows.

The hpiochar Was calculates by Eq. (7).

0
Ybiochar ® (Ahf.biochar + CPhiochar ® (Tpyr — To))

100 @

hbiochar =

where:

CPyiochar: SPecific heat capacity of the biochar, calculated using the
Hurst-Harrison method, expressed in MJekg 'K 1.

The procedure for the calculation of the enthalpy of the bio-oil
(liquid fraction) it was developed following the next assumptions. Bio-
oil obtained in experiments has two phases, one which is denominated
as aqueous phase (AP) and other which is heavier, denominated as
heavy phase (HP). Both phases have water in its composition, being the
water quantity higher in the first phase mentioned. The quantity of
water was determined by Karl-Fischer analysis and the main organic
compounds of every phase were determined by GC-MS. For the calcu-
lation of the enthalpy of the bio-oil, this fraction was divided in three
streams. Water, which is the sum of the water in the AP and in the HP;
the organics compounds of the AP (OAP) and the organic compounds of
the heavy phase (OHP).

Vi @I
hpio-—oit = % (8)
where:

j: subscript refers to the water in the bio-oil, AP and HP.

¥j: yield of the product j, expressed as wt.%.

h;: enthalpy of the product j, MJekg . This term is calculated using
equation for water (9) and (10) for AP and HP.

By e (A0 [ Couo (T) o dT ©
Y =700 Lt H20(v) PH20(v)
To

where:

yj: mass fraction yield of water, result of the sum of the content of
water in AP and HP, expressed as wt.%.

Ahﬁmo(v)z standard enthalpy formation of the steam j, expressed in
MJekg L.

CPrzow): specific heat capacity of the steam, expressed in MJekg
kL

Yi Tpyr

where:

yj: mass fraction yield of the AP or HP, expressed as wt.%.

k: subscript refers to the organic compounds that form the AP (OAP)
and HP (OHP) respectively.

Ahﬁk: standard enthalpy formation of organic compound Kk,
expressed in MJekg ™.

Cpi(T): specific heat capacity of organic compound k, expressed in
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MJekg 'K 1.
The hyyrogases Was calculated by Eq. (11).

T,
y ‘ogases T
Ppyrogases = —Pi'ogo > e (Ah?l + /T 0 Cp,(T) » dT) 11)

where:

[: subscript refers to the species that conform the pyrogases. These
species are: Hy, No, CHyg, CO, CO3, CoHg, CoH4 and CaHe.

yr: yield of the specie of the product [, expressed as wt.%.

Ah})_l: standard enthalpy formation of compounds I, expressed in
MJekg L.
. ?pl(T): specific heat capacity of compound [, expressed in MJekg"

K-

In Case C, is necessary to calculate the enthalpy of the combustion
process. Pyrogases are considered to be cooled and enters into the
combustion chamber at standard reference state. Enthalpy of the com-
bustion process is calculated by Eq. (12).

hcomb = ZlAhgombl om; + mem ° (/

To

Teomb

Cp,(T) » dT> (12)

where:
Ahgnmb,l: combustion enthalpy of compounds [, expressed in MJekg "

my: mass of the species [, expressed as kg.

m: subscript refers to the species that appeared after the complete
combustion of the pyrogases. These species are: CO, steam, Ny and O,.

my,: mass of the specie m, expressed as kg.

Cp,,(T): specific heat capacity of species m, expressed in MJ. okg 'K L.

2.5.2. Standard enthalpy of formation calculation

Standard enthalpies of formation (Ah}’) were calculated as described
below. The enthalpy formation of solids (biomass and biochar) is
calculated by Eq. (13), applying the Hess law. Using the ultimate anal-
ysis and higher heating values of biomass and biochar experimentally
determined, the Ah}) can be calculated with the HHV of the solids and
the data of the gases obtained from the combustion of the compounds of
biomass and biochar (C, H, N, O, S).

AR, = HHV,+ Y yn e ARD, 13)

where:

s: subscripts refers to solids (biomass and biochar).

HHV;: higher heating value of the solids (biomass or biochar) in
MJekg L.

n: indicate the combustion products derived from the elements pre-
sent in the solid (C, H, O, N, S), which include CO,, CO, H,O, NO and
SOs.

Yn: yield of the species of the product n determined by ultimate
analysis, expressed as wt.%.

Ah}),n: standard enthalpy formation of species n, expressed in
MJekg L.

For liquids, the Ah}) was calculated with the enthalpy formation of
water for the WAP and WOP and using the model compounds that forms
the AP and HP (subscript k) and with its mass fraction yields. For the
pyrogases, the Ah}) was calculated following the same procedure than for
the organic liquids fraction, but using the species detected by chroma-
tography (subscript ). The values of Ah}’ were taken in the reference
state since in Case A the products outlet is at the standard reference state
[34]. For Case B and C, the outlet state of the compounds is gas and the
Ah}) was calculated using the coefficients and formulas for thermody-
namics properties developed by NASA [35].

Is needed to indicate that for AP the ultimate and proximate analysis
were performed but it was impossible to determinate the HHV due to its

Energy Conversion and Management 353 (2026) 121154

high water content. However, for HP, proximate, ultimate analysis and
HHV were performed. To ensure consistency in both fractions and to
carry out the calculations using the same procedure, it was decided to
work with the previously mentioned model compounds.

2.5.3. Specific heat capacity calculation

For solids (biomass and biochar), there are no reliable prediction
methods for solid heat capacity as function of temperature. The atomic
element contribution method of Hurst-Harrison, which is a modification
of Kopp’s Rule provides estimation at 298.15 K [33]. For Case A, is not
necessary to calculate due to products are at the same temperature as the
reactive (biomass) entrance. For Cases B and C, Cp(T) is evaluated from
the reference state (Tp) to the pyrolysis temperature (Tpy,) or the com-
bustion temperature (Tcomp), depending on the compound state. Data-
base of the NASA coefficients for thermodynamic properties were used
again [35].

2.6. Exergy balance

The exergy balance for the system of the three study cases is calcu-
lated by Eq. (14). The same system boundaries defined for the energy
balance, corresponding to the control volumes shown in Figs. 3-6 are
adopted for the exergy balance calculations. All exergy calculations are
referred to the environmental dead state, defined by a temperature of
298.15 K and a pressure of 1 atm. Exergy losses have been taken into
account and are the heat released to the surroundings and the irre-
versibilities in the process [38]. Exergy is considered to be comprised of
physical and chemical exergies, since kinetic and potential exergies are
negligible [39], see Eq. (15).

Z Cinpur = Z Coutput + Z €loss (14)

where:
einpue: €xergy of the input streams in MJ okg .
eouput: €xergy of the output streams in MJ-kg_l.
ejoss: exergy of the losses in MJokg’l.

e=ep+en (15)

where:

epn: physical exergy in MJekg L.

ecx: chemical exergy in MJekg ™.

The input exergy (ejp,:) consists of two components: the exergy of
the biomass, which includes both physical and chemical exergy, and the
exergy associated with the heat required to carry out the process (eq),
this exergy can be calculated using Eq. (16).

T
eq = Qproces: o (1 - T70> (16)

pyr

where:

eq: thermal exergy associated to the needed heat for the process in
MJekg L.

The exergetic efficiency of the process can be determined through
the application of Eq. (17), which relates the useful exergy output to the
total exergy input. This efficiency metric provides a quantitative mea-
sure of how effectively the available energy is utilized within the system.

W= (%) « 100 a7n
input

2.6.1. Physical exergy calculation

Physical exergy is needed to be taken into account when the products
are at different conditions that the biomass (inlet to the system) which is
at reference state. The physical exergy can be calculated with Eq. (18).
This Eq. consists of two terms, which can be further decomposed in Eq.
(19) and Eq. (20), respectively.
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epni = (hi —hoi) — To @ (s;—Soy) (18)
where:
epni: physical exergy of the product i, expressed in MJekg™!
h: enthalpy of the product i in MJekg ™!
hg,: enthalpy of the product i at the standard conditions, in MJ. okg’l
si: entropy of the product i in MJekg ™

sp,i- entropy of the product i at the standard conditions, in M.J-kg’1

T
hi_ho.i:/ Cp(T).dT (19)
To
s [ PD gr Rt (E (20)
Si Soi = T T n PO
where:

R: is the universal gas constant, with a value of 8.314 J-mol 1K1,

P: process, pressure in Pa.

Py: pressure at reference state, 1.01 ¢10° Pa.

(20) can be approximated as zero. With this assumption, Eq. (18) can
be equivalently expressed in the form of Eq. (21).

T T
phi = / Cp(T)edT—T, o/ CL(T)O dT
To n T

For solids (biomass and biochar), e, can be directly calculated using Eq.
(21), as all the terms are known and have been described during the
explanation of the energy balance. Moreover, this value (e, is typically
small compared to the corresponding chemical exergy.

Since the values of s and sg are obtained from the NASA database
[35], physical exergy calculation for liquids phases (water, AP and HP)
can be calculated as it follows. Eq. (22) for water fraction and Eq. (23)
for AP and HP.

(21)

T CpHZO(v) (T)

To

Tpyr
€phj = B4 / CPiz2o(T) o dT —To ® odT (22)
100°\ /;,

Toyr

Cpi(T)edT — Ty @

T Cpi(T)
T ° dT) (23)

e E Y
o 100 « ( To
where:

eynj: physical exergy of the compound j, in MJekg ™

For the pyrogases, ey, can be calculated by Eq. (24), which follows
the same procedure that for the calculation of the organic phases of the
bio-oil.

Yi J pyrogases.
100

Zy,(/p Cp(T)edT—Ty e

Cpl( T)
W T odT) (24)

€phl =
where:
epn,: physical exergy of the compound [, in MJekg !

2.6.2. Chemical exergy calculation

Chemical exergy of biomass and products is calculated based on their
elemental composition and standard chemical exergy values of reference
species. If the feedstock and all resulting products are considered to be at
standard reference temperature and pressure, the exergy is reduced to its
chemical component, which represents the exergy of a compound in the
standard reference state. For the liquid fraction (water, AP, and HP) and
the pyrogases, the chemical exergy values (e) of all constituent species
can be obtained from the literature [39]. On the other hand, to estimate
the ey, of the biomass and biochar is challenging since these phases are
composed of multiple compounds. Various correlations exist for esti-
mating the chemical exergy of both liquid and solid fuels. As previously
mentioned, the chemical exergy of bio-oil can be determined based on
its known chemical constituents. In contrast, for fossil fuels (biomass
and biochar) empirical correlations proposed by Szargut et al. [39],
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which are based on the lower heating value (LHV) and specific exergy
coefficients, are commonly used. Other studies propose estimations for
biomass exergy like Hepbasli [40], Shieh and Fan [41] or Rao et al. [42].
Kaushik and Singh proposed a method for the estimation of chemical
exergy for solids fuels with moisture and a negligible content of sulfur
and ash [43]. This last method has been chosen for the e, calculation of
biomass and biochar since their elemental composition is comparable to
that of solid fossil fuels. Therefore, correlations developed for solid fossil
fuels, such as those proposed by Szargut et al. [39],are frequently
applied for estimating their chemical exergy.

Chemical exergy for biomass or biochar can be calculated by Eq.
(25).

1
€chsolid = <(LHVsolid +A '_ymoi.st) ® Pap + 9417 .yS,db> o m (25)
where:
ecnsotia: chemical exergy of the solid (biomass or biochar), in
MJekg L.

LHV,j;4: lower heating value of the solid, in k.]okg_1

A: latent heat of vaporization of water at standard reference state.
2442 kJekg ™

Ymoist: Mass fraction of moisture in the solid, determined by proxi-
mate analysis in wt.%.

@ ratio of standard specific chemical exergy to the net calorific
value. Described by Eq. (26).

Ys.dp: mass fraction of sulfur in dry basis, determined by ultimate
analysis in wt.%.

As can be seen in Table 1 the content in sulfur is negligible in
biomass, and consequently, it is also negligible in the resulting biochar,
therefore the second term on Eq. (25) is considered zero.

0w = 1.0437 +0.1882 o YL 1 0.0610 o222 1 0.0404 o i’“” (26)
C,db

Ycav Yc.db

where:

YVelement.dp: Mass fraction of the element on a dry basis, determined by
ultimate analysis and expressed as wt.%.

Chemical exergy of liquid fraction (water, AP or HP) can be calcu-
lated as it follows. Eq. (27) for water fraction and Eq. (28) for AP and HP.
27)

Yi
€chj = m ® €chwater

echj = % o Zk)'k ® ek (28)
where:

ecnj: chemical exergy of the compound j in MJekg ™!

ecnhwater: Chemical exergy of the water in MJ. okg’1

ecx: chemical exergy of the compound k in MJekg™*

Chemical exergy of the pyrogases, e, can be calculated by Eq. (29).

Zk)’z ® €chl

Vi pyrogasex

T (29)

where:
ecns: chemical exergy of the compound [, in MJekg ™!

3. Results

All experimental cases were performed using the same biomass
feedstock; as a result, variations in feedstock composition do not affect
the comparative analysis between configurations. The elemental
composition and heating value of the biomass mainly affect the calcu-
lated energy input and chemical exergy, influencing the absolute values
of the performance indicators, while the comparative trends between
operating cases remain unaffected.
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3.1. Pyrolysis experimental results

The experimental mass balance results for both outlet configurations
are summarized in Table 3. On average, the char yield was slightly
higher for the bottom outlet (33.7 wt%) compared to the top outlet
(30.5 wt%), whereas the production of liquids showed the opposite
trend, increasing from 27.5 wt% in the bottom configuration to 29.9 wt
% in the top configuration. Gas yields remained similar in both cases,
although a small increase was observed for the top outlet (39.6 wt% vs.
38.8 wt%). These differences can be attributed to the different gas flow
patterns inside the reactor. In the top configuration, vapors and gases are
evacuated more rapidly, which reduces secondary condensation and
repolymerization phenomena on the char surface. Product distribution
results are similar to other studies of biomass pyrolysis [32,44]. As a
consequence, char is obtained with lower volatile content and reduced
moisture retention, while a slightly higher fraction of bio-oil is collected.
Similar effects have been reported in fixed-bed pyrolysis studies, where
vapor residence time plays a critical role in determining the final
product distribution [45-47].

Regarding the gas composition, the top outlet configuration resulted
in a higher fraction of Hy (27.4 vol% vs. 22.8 vol%), as well as increased
C, species, particularly ethylene (1.7 vol% vs. 0.6 vol%). In contrast, CO
content decreased slightly in the top configuration (16.3 vol% vs. 17.5
vol%). These shifts in composition are consistent with enhanced
cracking reactions and reduced secondary condensation when gases are
swiftly removed from the hot char matrix. As a result, the calorific value
of the gas mixture was significantly improved. When expressed per unit
mass of biomass, the LHV of the syngas averaged 4.8 MJ/kgpiomass for the
top outlet and 4.1 MJ/Kkgpiomass for the bottom outlet. In this case, the
difference is moderate, as the error bars partially overlap. However,
when expressed on a volumetric basis, the contrast becomes more pro-
nounced: 12.2 MJ/m3(STP) for the top outlet versus 11.3 MJ/m>(STP)
for the bottom outlet. These results confirm that the top outlet config-
uration favors the production of higher-quality syngas, particularly in
terms of energy density per unit volume. The values observed in this
work (12.2 MJ/m® for the top outlet and 11.3 MJ/m? for the bottom
outlet) fall within the range reported in the literature for pyrolysis and
gasification in fixed-bed systems. For instance, Cong et al. documented
LHVs between 6 and 17 MJ/m? in different slow pyrolysis setups [48],
with significant improvements when oxygen was used as the oxidizing
agent. Moreover, reviews on fixed-bed technology cite a common range
of 4-15 MJ/m®, which is consistent with the results obtained in this
study [49].

These findings are consistent with results reported for biomass py-
rolysis in fixed-bed and downdraft reactors, where gas residence time
has been identified as a crucial factor influencing product distribution
and syngas quality. Vieira et al. showed that shorter vapor residence
times favor the release of lighter gases and increase the heating value of
syngas [47], while Tabal et al. reported that prolonged percolation
through the char layer enhances re-condensation and tar formation,
reducing gas quality [46]. In the present study, the superior perfor-
mance of the top outlet can be attributed to the minimization of these
effects, as volatiles are evacuated more rapidly and avoid re-contact
with the char bed. Consequently, the top outlet not only improved
bio-oil recovery but also enhanced the calorific value of the gas fraction,
making it more suitable for energetic valorization. Although the bottom
outlet produced slightly more char, this fraction was richer in volatiles,
reducing its energy density and stability. Overall, these results empha-
size the importance of reactor design and outlet configuration in opti-
mizing slow pyrolysis, in agreement with previous studies that highlight
the key role of hydrodynamics and vapor residence time [46,47,49].
Similar conclusions were drawn by Bridgwater [50] for fast pyrolysis,
confirming that vapor residence time is a universal factor determining
yields and quality across pyrolysis regimes.

Additionally, in the last column of Table 3 are summarized the re-
sults of the long experiment performed with the top outlet configuration.
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The aim of this experiment is to check the results observed in a longer
experiment. As can be observed all the results of the mass balance and
the gas properties are inside the static deviation presented by the ex-
periments with top outlet configuration. This indicates that the system
exhibits similar behavior over longer periods of operation.

3.1.1. Characterization of biochar

The characterization of the biochar obtained from the two outlet
configurations is summarized in Table 4. Clear differences were
observed between the samples. The biochar from the bottom outlet
showed higher moisture (5.1 wt%) and volatile matter (13.2 wt%)
compared to the top outlet (2.9 wt% and 6.7 wt%, respectively). This
indicates partial condensation of vapors in the char when gases exit
through the lower part of the reactor, as also reflected in the strong odor
of organic compounds detected in these samples.

In contrast, the top-outlet char exhibited a higher fixed carbon
content (91.1 wt%) and a slightly higher lower heating value (33.3 MJ/
kg) than the bottom-outlet char (87.3 wt% C, 32.3 MJ/kg). This
composition is consistent with typical ranges reported for slow pyrolysis
biochar, where carbon contents between 76-90 wt% are common [51],
and also in line with values reported for lignocellulosic chars, which
generally show 80-90 wt% C with BET surface areas below 10 m?%/g
under slow pyrolysis conditions [52].

Regarding textural properties, BET analysis revealed a larger surface
area for the bottom-outlet char (4.10 m?/g) compared to the top-outlet
char (2.85 m?/g), although pore volume and average diameter remained
similar. This suggests that while the top configuration favors the pro-
duction of a more carbon-rich and stable char, the bottom configuration
enhances surface development, which could be relevant for adsorption-
oriented applications.

Overall, the results highlight that the top outlet configuration leads
to a higher-quality char for energy and soil amendment purposes, while
the bottom outlet may be advantageous if surface area is prioritized. In
addition, maintaining biochar as a stable carbon sink links its valori-
zation to the generation of CO, Removal Certificates (CORCs), rein-
forcing both the environmental and economic relevance of this product.

3.1.2. Characterization of pyrolysis liquids

The OAP of the bio-oil was first evaluated in terms of its water
content, and the Karl Fischer titration revealed that the sample con-
tained 84.2 wt% water, confirming the highly aqueous character of this
phase. The compositional analysis by GC-MS allowed the identification
of the main compounds and their relative abundance, which are pre-
sented in Table 5. The most prominent components were acetone, acetic
acid, phenol, and p-cresol, along with minor contributions from 2-buta-
none, 2-methylphenol, and propanoic acid. For subsequent calculations,
the identified compounds were grouped into three main chemical fam-
ilies: carboxylic acids, ketones, and phenolic compounds. To simplify the
analysis and ensure comparability, each family was considered to
contribute equally of the organic fraction (33%).

The elemental composition and energy content of the OHP of bio-oil
are summarized in Table 6, where the results are presented separately
for the bio-oil obtained with the upper gas outlet configuration and with
the lower gas outlet configuration. A marked difference was observed
between the two cases. In the upper gas outlet, the organic fraction
exhibited a high carbon content (73.9 wt%) and a relatively lower
hydrogen content, resulting in a higher lower heating value (LHV) of

Table 6
Elemental composition and LHV of the OHP of bio-oil in both configurations.
C (wt. H (wt. N (wt. LHV [kJ/
%) %) %) kgl
OHP top outlet configuration 73.9 8.1 0.37 31,829
OHP bottom outlet 38.7 14.5 - 21,984

configuration
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approximately 32 MJ/kg. In contrast, the lower gas outlet configuration
led to a significant decrease in carbon content (38.7 wt%) accompanied
by an increase in hydrogen content (14.5 wt%), which was reflected in a
substantially lower LHV of around 22 MJ/kg. These differences high-
light the strong influence of reactor configuration on both the compo-
sition and the energetic quality of the organic fraction. Water content
determined by Karl Fischer revealed a contnen of 8-10 wt% in OHP for
bottom outlet configuration and 4-5 wt% for top outlet configuration.
Additionally, Table 7 shows the compositional analysis by GC-MS which
allowed the identification of the main compounds and their relative
abundance.

3.2. Energy balance results

The energy results for every experiment and case are shown in
Table 8. In all scenarios analyzed, the pyrolysis process exhibited an
endothermic character, although the magnitude of Qprocess Was highly
dependent on the operating configuration and the extent of energy
integration. As part of the energy balance calculations, the standard
formation enthalpy of the biomass feedstock was determined following
the procedure described in Eq. (13), yielding a value of -6.6 MJ/kg. For
biochar, the calculated standard formation enthalpy depends on the
outlet configuration, resulting in values of 0.5 MJ/kg for the top outlet
and 0.2 MJ/kg for the bottom outlet. These values are subsequently used
as input data for the energy and exergy balance results discussed in this
section. When only the pyrolysis process was considered without any
further integration (Case A), the required heat ranged from 1.18 to 1.58
MJ/kg, with efficiencies between 77% and 83%. These values are in
agreement with previous studies of slow pyrolysis of lignocellulosic
biomass, which typically reported heat demands of 1.0 to 1.5 MJ/kg
under similar operating conditions [11,32,45,53]. Within this scenario,
slightly higher efficiencies were observed when the gas outlet was
located at the top of the reactor. This suggests that hydrodynamic con-
ditions play a relevant role in improving heat transfer and reducing
energy demand, consistent with the findings of Peters et al. [54], who
highlighted the influence of flow configuration on thermal gradients and
product distribution in fast pyrolysis reactors. Observed heat demand
aligns well with values reported for slow pyrolysis, over 1.0-1.5 MJ/kg
[11,32].

In contrast, Case B considered that products leave the system at the
pyrolysis temperature (600 °C), with no recovery of sensible or latent
heat. Under these conditions, the process requirements nearly doubled,
reaching values close to 3 MJ/kg, while efficiencies decreased to values
over 60%. This behavior is consistent with the literature [53,55] which
shows that increased reaction severity—associated with enhanced
devolatilization and secondary cracking—leads to higher endo-
thermicity. Such results underline the strong sensitivity of Qprocess t0
energy recovery assumptions: while under mild operation pyrolysis can
be nearly thermoneutral, the process becomes strongly endothermic
when products are not cooled to the reference state.

When the combustion of pyrolysis gases was included (Case C

Table 7

Main compounds identified in the OHP of bio-oil by

GC-MS.
Compound Area (%)
3-Methylphenol 16.0
2-Methylphenol 13.0
Phenol 11.3
3-Ethylphenol 8.0
Naphtalene 7.3
3,5-Dimethylphenol 7.2
Indene 5.7
1,3-Dimethylbenzene 6.7
2-Methylnaphtalene 3.6
1-Propynylbenzene 2.4
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without heat recovery), the external heat requirement decreased to
values comparable to Case A, with Qprocess ranging between 1.0 and
1.6 MJ/kg depending on the outlet configuration. In the top-outlet
configuration, efficiencies above 90% were reached, highlighting the
strong contribution of pyrolysis gas combustion to sustaining the pro-
cess. This strategy is consistent with experiences reported at pilot and
commercial scale: Pilot-scale experience also points in this direction. For
instance, IEA Bioenergy reported in a Task 34 technical note the tran-
sition of pilot units into a second phase where non-condensable gases
were robustly reused as process heat, while their 2022 state-of-the-art
review shows that several commercial pyrolysis plants already
combust both char and non-condensable gases (pyrogases in this work)
to cover the full thermal demand of the process [56]. Autothermal
operation has also been validated experimentally: Polin [57] demon-
strated that replacing N, with air in a fluidized bed enables the oxidation
of internal streams to meet the heat requirements, and Chavando et al.
[58] simulated continuous reactors where char and gases serve as en-
ergy carriers to sustain operation. More recently, Cavalloni et al. [59]
confirmed that oxidative pyrolysis with sub-stoichiometric air can
replace external heat input while simplifying reactor design. Industrial
integration examples also support this concept: Amari et al. [60]
described a sewage sludge carbonization system where pyrolysis gases
are combusted and the resulting heat is recovered to preheat combustion
air and other process streams, thereby reducing fossil energy demand.
Experimental evidence supports that autothermal operation via com-
bustion of pyrolysis vapors—without involving char—can adequately
meet the heat demand. Milhé et al. [61] demonstrated this in a contin-
uous fixed-bed reactor with air injection, where internal oxidation sus-
tains the process while maintaining char yield. This aligns well with the
observations for Case C: high efficiencies achieved in the top-outlet
configuration are consistent with such autothermal behavior.

Nevertheless, in the framework of slow pyrolysis, char is not
considered as a fuel but rather as a value-added product intended for
agricultural use and carbon sequestration. Its valorization as biochar is
directly linked to the generation of COy Removal Certificates (CORCs),
which provide both economic incentives and climate benefits by main-
taining char as a long-term carbon sink [62,63]. For this reason, in the
present study only the combustion of pyrogases gases was considered,
ensuring that biochar remains available for applications that maximize
its agronomic and environmental value.

When both combustion and heat recovery were integrated (Case C
with heat recovery), the external heat demand dropped drastically-
down to as low as 0.10 MJ/kg in the top-outlet configuration. In some
runs, slightly negative values even emerged, indicating that the recov-
ered exhaust-gas energy could exceed the process needs, pushing the
effective efficiency to—or even above—100%, a behavior that mirrors a
quasi-autothermal regime. This level of integration has been validated in
the literature: Polin et al. demonstrated that partial oxidation of volatiles
in a fluidized-bed fast pyrolysis reactor could fully satisfy the thermal
demand, achieving autothermal operation [57]. Similarly, Islam et al.
quantified that heat recovery in integrated biomass-to-syngas systems
reduces external energy input by 30-40% [64]. Brown further empha-
sizes that coupling exothermic and endothermic reactions allows direct
thermal balancing within the process [65], while Huang et al. highlights
how oxidative/autothermal pyrolysis systems can be designed to elim-
inate the need for external heat altogether [66]. These studies provide
solid benchmarks for comparison and contextualize the excellent energy
performance observed under optimal integration in the present work. In
addition, Table 9 shows the energy results for the long experiment
performed. These results fall within the static deviation presented by the
experiments with top outlet configuration, indicating that the system
behavior is the same under longer time ranges, as was the case with mass
balance.

In summary, the comparison between scenarios shows that direct
pyrolysis without energy recovery (Case B) represents the most energy-
demanding configuration, requiring close to 3 MJ/kg. Conventional
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Table 8
Energy balance results of the experiments performed.
Case A
Bot. 1 Bot. 2 Bot. 3 Av. Bot. Top 1 Top 2 Top 3 Av. Top
Qprocess [MJ/kg] 1.58 1.34 1.18 1.37 £0.20 1.30 1.19 1.25 1.25 + 0.06
n [%] 77.34 80.69 83.03 80.35 + 2.86 81.28 82.98 82.08 82.11 + 0.85
Case B
Bot. 1 Bot. 2 Bot. 3 Av. Bot. Top 1 Top 2 Top 3 Av. Top
Qprocess [MJ/kg] 2.97 2.75 2.59 2.77 £0.19 2.76 2.64 2.74 2.71 £ 0.06
n [%] 57.33 60.51 62.74 60.19 + 2.72 60.40 62.13 60.71 61.08 + 0.92
Case C without heat recovery
Bot. 1 Bot. 2 Bot. 3 Av. Bot. Top 1 Top 2 Top 3 Av. Top
Qprocess [MJ/ kgl 1.64 1.84 1.35 1.61 £0.25 1.39 0.60 0.94 0.98 £+ 0.40
n [%] 76.81 73.98 80.95 77.25 £ 3.51 80.33 90.44 86.73 85.83 £ 5.11
Case C with heat recovery
Bot. 1 Bot. 2 Bot. 3 Av. Bot. Top 1 Top 2 Top 3 Av. Top
Qprocess [MJ/ kgl 0.87 1.09 0.51 0.82 + 0.29 0.57 —0.34 0.07 0.10 + 0.46
n [%] 87.75 84.62 92.78 88.38 + 4.12 91.93 104.91 99.08 98.64 + 6.50

Table 9
Energy balance results of the long experiment performed.

Case Case Case C without heat Case C with heat
A B recovery recovery
Qprocess [MJ/ 1.30 2.77 1.05 0.20
kg]
n [%] 81.28 60.24 85.12 97.23

pyrolysis with recovery (Case A) lowers this demand to around 1.3 MJ/
kg, but the integration of combustion and heat recovery (Case C) nearly
eliminates the external heat requirement. This demonstrates the strong
potential of energy integration strategies to enhance the thermal per-
formance of biomass pyrolysis, reducing external energy dependence
and moving the process closer to practical autothermal operation.

3.3. Exergy balance results

Table 10 summarizes the exergy balance results of the experiments
performed. For Case A, no values of eprocess or exergy efficiency () are
reported, since all products were assumed to leave the system at the
reference state (25 °C, 1 atm). Under these conditions, the physical
exergy of the product streams vanishes and only the chemical exergy
remains. This scenario is primarily theoretical and serves as a bench-
mark, as no process exergy demand is explicitly assigned.

In Case B, where products were considered at the pyrolysis temper-
ature (600 °C), the process exergy requirement averaged 3.31 + 0.39
MJ/kg for the bottom outlet and 3.02 + 0.37 MJ/kg for the top outlet.
Corresponding exergy efficiencies were 85.26 + 1.72% and 86.56 +
1.65%, respectively. These values are comparable to literature data.

Greco et al. reported efficiencies of 55-61% for wheat straw slow py-
rolysis [67], noting improvements with higher pressures and shorter
vapor residence times. Similarly, Wang et al. reported syngas exergy
efficiencies of 52.9-60.6% for rice husk pyrolysis at high temperatures
[68]. Atienza-Martinez et al. also documented efficiencies between 72%
and 83% for sewage sludge pyrolysis [53]. No significant differences
were observed between the top and bottom outlet configurations for the
exergy results in this case.

When combustion of pyrogases (Case C) is included, the total exergy
demand increases compared with the non-integrated configuration
(Case B), since the combustion stage itself is strongly exothermic and
involves additional exergy flows and destructions: eyrocess is 5.41 £ 0.43
MJ/kg for the bottom outlet and 5.22 + 0.48 MJ/kg for the top outlet.
The corresponding exergy efficiencies decreased to 75.11 + 2.16% and
75.51 + 2.41%, respectively. The comparison between outlet configu-
rations showed in this case no differences in the exergy balance between
outlet configurations. Despite this higher exergy throughput, the
resulting exergy efficiencies are lower than in Case B because of the
different system boundaries and product definitions. In Case B, the
stream of pyrogases is treated as a useful product —its chemical exergy
can be exploited as fuel or for further upgrading- while in the Case C
configurations, the combustion converts this high-quality gas into
exhaust gases with much lower exergy content. As a consequence, even
though the process becomes more thermally self-sustained, the overall
exergy efficiency decreases to values around 75-78%, as summarized in
Table 10. The observed decrease in exergy efficiency when pyrolysis
gases are combusted is mainly associated with the intrinsic chemical
irreversibility of the combustion process, which converts high-quality
chemical exergy into low-grade thermal exergy of the exhaust gases.
Additional exergy destruction arises from heat transfer across finite

Table 10
Exergy balance results of the experiments performed.
Case A
Bot. 1 Bot. 2 Bot. 3 Av. Bot. Top 1 Top 2 Top 3 Av. Top
€process [MJ/kg] - - - - - - - -
v [%] — — — — — — — —
Case B
Bot. 1 Bot. 2 Bot. 3 Av. Bot. Top 1 Top 2 Top 3 Av. Top
€process [MJ/kg] 3.58 2.86 3.50 3.31 £ 0.39 3.07 3.36 2.63 3.02 + 0.37
v [%] 84.17 87.25 84.37 85.26 + 1.72 86.36 85.02 88.30 86.56 + 1.65
Case C without heat recovery
Bot. 1 Bot. 2 Bot. 3 Av. Bot. Top 1 Top 2 Top 3 Av. Top
€process [MJ/kg] 5.50 4.94 5.78 5.41 + 0.43 5.18 5.71 4.76 5.22 + 0.48
v [%] 74.72 77.44 73.18 75.11 + 2.16 76.00 72.89 77.64 +241
Case C with heat recovery
Bot. 1 Bot. 2 Bot. 3 Av. Bot. Top 1 Top 2 Top 3 Av. Top
€process [MJ/kg] 4.99 4.44 5.23 4.89 £ 0.41 4.64 5.09 4.18 4.64 + 0.46
v [%] 76.51 79.23 75.11 76.95 + 2.09 77.95 75.10 79.79 +2.36




C. Gracia-Monforte et al.

temperature differences during heat recovery; however, this contribu-
tion is secondary compared to the chemical irreversibility of gas com-
bustion. These results are consistent with other integrated approaches.
Campusano et al. reported exergy efficiencies of 90.3% for non-catalytic
auger pyrolysis and 91.6% for catalytic upgrading at 500 °C [15].
Similarly, Milhé et al. demonstrated autothermal operation in a fixed-
bed pyrolysis reactor, validating that partial oxidation of process gases
can sustain the thermal requirements [61]. In the context of fast py-
rolysis, Boateng et al. reported exergy efficiencies of 52-67% experi-
mentally and up to 94% in simulations, highlighting the strong potential
of integration strategies [14]. More recently, exergy analyses of inte-
grated pyrolysis-bioenergy systems have shown that heat recovery can
reduce external energy inputs by more than 30% [64].

When heat recovery is also included (Case C with heat recovery), the
process exergy demand slightly decreases compared with Case C without
heat recovery, since part of the released heat is reused to preheat the
incoming air and biomass. However, the overall exergy efficiency only
increases marginally because the recovered heat is of lower quality
(lower temperature level) and the chemical exergy of the pyrogases is
still lost through combustion. As a result, the Case C with heat recovery
configuration exhibits y values close to 77-78%, slightly higher than
Case C without heat recovery but still clearly below those of Case B. This
outcome highlights that thermal integration mainly benefits the energy
balance rather than the exergy performance.

Overall, the results confirm that Case B is the configuration with the
highest exergy efficiency, since the pyrogases stream is considered as a
useful product with significant chemical exergy. In contrast, the
combustion-based configurations (Cases C), particularly that with heat
recovery, move the process toward quasi-autothermal conditions by
reducing the external heat demand, but the overall exergy efficiency
decreases because the exergy-rich pyrogases are converted into com-
bustion gases with lower quality. These findings are consistent with the
observed trends in the literature, emphasizing the trade-off between
energetic self-sufficiency and exergy performance in integrated pyroly-
sis systems.

Furthermore, Table 11 shows the results of the exergy balance for the
long experiment. As was the case with the mass and energy balance
results, the results agree within the statistical deviation with those ob-
tained in the shorter experiments with the top outlet configuration.

3.4. Reliability and uncertainty considerations

The reliability of the reported energy and exergy balance results is
mainly influenced by uncertainties associated with biomass feeding rate,
product yield measurements, gas composition analysis, and temperature
measurements. While these uncertainties may affect the absolute values
of the calculated energy and exergy efficiencies, the comparative trends
observed between the different operating cases are considered robust, as
all experiments were conducted using the same experimental setup,
measurement devices, and data processing methodology. In addition,
the observed energy distribution among products and the calculated
energy and exergy efficiencies are in line with values reported in the
literature for fixed-bed biomass pyrolysis systems operating under
comparable conditions.

Table 11
Exergy balance results of the long experiment performed.

Case Case Case C without heat Case C with heat
A B recovery recovery
€process [MJ/ - 2.99 5.07 4.51
kgl
v [%] - 86.70 76.23 78.31
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4. Conclusions

The present paper provides the methodology for calculating the en-
ergy and exergy balances of a biomass pyrolysis pilot plant, as well as the
results obtained for different scenarios (pyrolysis without energy re-
covery, pyrolysis with energy recovery from products, and pyrolysis
with combustion of the non-condensable gases coupled with exhaust-gas
heat recovery). The methodology proposed allowed a consistent com-
parison of the results under different operating modes and outlet con-
figurations. The following conclusions can be drawn from the
calculations made:

The results showed that the energy demand of pyrolysis strongly
depended on the assumptions made for heat recovery. When products
were cooled to the reference state, the external heat required was rela-
tively low (=1.3 MJ/kg). When products were considered at the pyrol-
ysis temperature, the process became nearly twice as endothermic, with
heat requirements approaching 3 MJ/kg. Combustion of the pyrolysis
gases substantially decreased the heat demand, while integrating
exhaust-gas recovery further reduced it, leading in some cases to quasi-
autothermal operation.

Exergy analysis showed that although the integration of gas com-
bustion and heat recovery reduces external energy inputs and moves the
system toward autothermal operation, it also decreases the overall
exergy efficiency compared with the non-integrated configuration. In
the base case, where the pyrogases stream is considered a useful prod-
uct, the exergy efficiency reached values around 86%. When the gases
were combusted, the total process exergy demand increased due to the
exothermic nature of the reaction, while efficiencies dropped to
approximately 75-78%. This outcome reflects the loss of high-quality
chemical exergy associated with the conversion of pyrogases into
exhaust gases and highlights the trade-off between energy self-
sufficiency and exergy performance.

The comparison between gas outlet configurations demonstrated
that the top outlet improved product distribution and energy quality.
This configuration increased liquid yields and gas calorific value while
reducing moisture and volatile content in biochar, leading to a more
stable, carbon-rich solid. Consequently, the top outlet combined with
gas combustion and heat recovery proved to be the most efficient
configuration both energetically and exergetically.

For all scenarios studied, the results of the 10 h continuous experi-
ment confirmed the stability of the system, as mass, energy, and exergy
balances remained within the statistical deviation of shorter tests. This
provides evidence of robust operation under the optimized
configuration.

Overall, the integration of pyrolysis gas combustion and exhaust heat
recovery represents a practical strategy to minimize external heat re-
quirements and improve exergy efficiency, while preserving biochar as a
carbon-negative product. These findings reinforce the relevance of
process integration and hydrodynamic design in advancing the energy
and climate performance of biomass pyrolysis systems. From a broader
process and sustainability perspective, the combined energy-exergy
assessment presented in this work provides a useful basis for guiding
energy integration strategies and supporting informed design and
operational decisions in biomass pyrolysis systems.

Future work may extend the present analysis to alternative reactor
scales, oxidative or autothermal pyrolysis configurations, and the
exergy-based evaluation of specific end-use applications of pyrolysis
products.
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