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Abstract
Biomass-fired boilers are widely used in agro-industrial steam
generation, yet their efficiency remains sensitive to fuel quality,
boiler configuration, and the calorific value basis. This study
developed a predictive thermal-efficiency assessment of four
industrial biomass boilers, namely ZUG, Djaja Teknik, Vickers,
and Isgec, by integrating biomass fuel characterisation, field
operating data, and Hugot’s direct-efficiency model. Its novelty lies
in linking calorific-value changes in torrefied tropical fruit residues
and distilled water-washed wood waste to boiler-specific operating
parameters, rather than treating fuel upgrading as laboratory fuel
improvement alone. Gross Calorific Value (GCV) was used as the
primary basis for modelling, while NCV efficiency was calculated
only when supporting fuel data were available. Baseline results
showed GCV-based efficiencies of 77.12% for ZUG and 80.63-
81.05% for Djaja Teknik, whereas Vickers and Isgec corresponded
more closely to NCV-based efficiencies of 72.24% and
68.71–70.34%, respectively. Distilled water washing changed
wood-waste GCV from 3,891-4,812 to 4,343-5,323 kcal/kg, with
champaca increasing by approximately 21.6%. Torrefaction yielded
higher GCV values of 6,519.28, 6,661.58, and 6,875.60 kcal/kg for
coffee husk, cocoa shell, and mangosteen shell, respectively. Under
fixed-flow Hugot assumptions, higher GCV increased fuel-energy
input and could reduce numerical ηGCV, indicating model sensitivity
rather than poorer fuel performance. The findings support SDGs 7,
12, and 13 through renewable heat assessment, biomass residue
valorisation, and low-carbon energy pathways, while remaining
limited to predictive boiler thermal efficiency.
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1 Introduction
Biomass-fired boilers are widely used in agro-industrial steam

generation because they enable the utilisation of locally available
residues such as palm kernel shell, bagasse, fibre, rubber wood, and
wood waste. In these systems, thermal efficiency is strongly
influenced by fuel quality, particularly calorific value, moisture
content, fuel consistency, fuel consumption rate, and boiler operating
conditions [1], [2]. Low and variable biomass fuel quality reduces
the effective heat input supplied to the boiler, increases fuel
consumption per unit of steam produced, and lowers overall thermal
performance [3], [4]. Therefore, evaluating the relationship between
biomass fuel quality and boiler efficiency is essential for improving
the performance of existing agro-industrial steam generation systems
[5], [6].

Industrial boiler efficiency is not determined solely by calorific
value, but by the interaction among fuel properties, steam generation
rate, steam condition, feedwater condition, fuel flow rate, and boiler
configuration. Fire-tube and water-tube boilers may exhibit different
efficiency responses because they differ in heat-transfer
characteristics, operating pressure, capacity, and combustion
arrangement [7], [8]. For this reason, the present study evaluates
four industrial boiler systems as baseline references, namely the
ZUG fire-tube boiler, the Djaja Teknik fire-tube boiler, the Vickers
water-tube boiler, and the Isgec water-tube boiler [9], [10]. These
four boilers provide a comparative basis for assessing biomass boiler
thermal efficiency across different industrial configurations and fuel
types.

Fuel upgrading has been widely investigated as a practical
strategy for improving the energy quality of biomass fuels.
Torrefaction can increase biomass calorific value and energy density
through controlled thermal treatment under oxygen-limited
conditions, whereas distilled water washing can modify fuel quality
by removing part of the water-soluble constituents and improving
the relative contribution of combustible material [11], [12]. Previous
studies have reported that torrefied biomass and washed biomass
may exhibit improved fuel characteristics, particularly in terms of
calorific value, fixed carbon content, and combustion-related fuel
properties [13-19]. However, many of these studies remain focused
on laboratory-scale fuel characterisation, pretreatment optimisation,
reactor development, or simulation-based analysis, rather than
linking experimentally measured fuel improvement with field-based
boiler efficiency data [20], [21].

This limitation forms the specific research gap addressed in the
present study. Although previous works have demonstrated that
torrefaction and washing can improve biomass fuel properties,
limited evidence exists on how these improvements affect predicted
thermal efficiency in actual industrial boiler systems. In particular,
few studies have integrated measured calorific value data with
operational parameters from multiple industrial boilers, including
steam flow rate, steam enthalpy, feedwater enthalpy, fuel
consumption rate, boiler capacity, and recorded baseline efficiency.
This integration is necessary because boiler efficiency is a system-
level performance indicator and cannot be inferred solely from
calorific-value improvements.

The novelty of this study lies in the integration of experimental
characterisation of fuel calorific value, field-based operational data
from four industrial boilers, and Hugot’s direct efficiency model for
predictive boiler efficiency analysis. Unlike previous studies that
mainly examined torrefaction or washing as separate fuel-treatment
processes, this study evaluates upgraded biomass fuels within an
industrial boiler performance framework. The Gross Calorific Value
(GCV) obtained from bomb calorimetry was used as the primary
basis for efficiency prediction because it is directly measured and is
commonly used in industrial boiler performance reporting. Net
calorific value was additionally calculated and used as a
supplementary sensitivity basis to examine the influence of calorific
value basis on predicted boiler efficiency [22], [23].

Accordingly, this study aims to evaluate the thermal efficiency
of biomass-fired industrial boilers using measured fuel calorific
value data and field-based boiler operating parameters. The analysis
covers four boiler systems: the ZUG fire-tube boiler fuelled by palm
kernel shell, the Djaja Teknik fire-tube boiler fuelled by rubber
wood, the Vickers water-tube boiler fuelled by fibre and shell, and
the Isgec water-tube boiler fuelled by bagasse. The study further
examines the predicted efficiency effect of substituting selected
biomass fuels with torrefied tropical fruit residues and distilled
water-washed wood waste. By integrating experimental fuel
calorific value data with operational parameters from four industrial
boilers, this study provides a focused and methodologically bounded
assessment of biomass boiler thermal efficiency under industrially
relevant conditions. Its contribution lies in clarifying how upgraded
biomass fuels may affect predicted boiler performance, while
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explicitly limiting the interpretation to thermal efficiency rather than
emissions, slagging, fouling, corrosion, maintenance behaviour, or
economic feasibility.

2 Research methodology
2.1Research design

This study adopted an experimental fuel characterisation and
predictive boiler performance modelling approach to evaluate the
effect of biomass fuel upgrading on the thermal efficiency of
industrial boilers. The experimental stage quantified changes in
calorific value resulting from torrefaction of tropical fruit residues
and distilled water washing of wood waste, while the modelling
stage incorporated these calorific value data with field-based boiler
operating parameters, including steam flow rate, steam enthalpy,
feedwater enthalpy, fuel consumption rate, and boiler configuration,
into the Hugot direct efficiency model. Four industrial boilers were
used as baseline references, namely ZUG, Djaja Teknik, Vickers,
and Isgec. The predictive substitution analysis was conducted across
all four boiler operating frameworks. The GCV obtained from bomb
calorimetry was used as the primary basis for efficiency prediction
because it is directly measured and commonly applied in industrial
boiler performance reporting. In contrast, net calorific value was
calculated as a supplementary sensitivity basis to represent usable
thermal energy under non-condensing boiler operation [6], [8], [23],
[24].
2.2 Biomass selection and sampling

The biomass materials consisted of tropical fruit residues and
wood waste. The tropical fruit residues comprised coffee husk,
cocoa shell, and mangosteen shell, selected for their regional
availability and potential as upgraded solid biofuels. The wood
waste samples consisted of eleven locally available species: white
wood, mahogany, teak, champaca, bayur, sandalwood, acacia,
kenam, alaban, damar, and merbau. All samples were obtained from
local producers and wood-processing sources in the Bandar
Lampung area [6].

Before treatment, the samples were air-dried to reduce initial
moisture content and improve handling stability. The dried biomass
was then cut, crushed, or milled to obtain a more uniform particle
size, thereby reducing sample heterogeneity and improving the
reproducibility of calorific value measurement. The tropical fruit
residues were subsequently subjected to torrefaction, whereas the

wood waste samples were treated using distilled water washing. The
treated and untreated samples were then analysed by bomb
calorimetry, and the resulting calorific value data were used as
inputs for boiler efficiency prediction [25], [26].
2.3 Biomass Washing Procedure

Distilled water washing was applied to the wood waste samples
to reduce water-soluble inorganic constituents and improve fuel
quality. This treatment was selected because alkali and alkaline
earth metals, particularly potassium and sodium, may promote ash-
related operational problems during biomass combustion, including
fouling, slagging, and deposit formation [27], [28]. Previous studies
have shown that washing or leaching can reduce soluble inorganic
fractions and suppress ash-related risks in biomass combustion
systems [29].

The washing procedure was performed by immersing the wood
waste samples in distilled water at a biomass-to-water ratio of 1:10
for 4 h at approximately 27°C under continuous stirring [6], [30].
The samples were then filtered and oven-dried at 50°C until constant
mass was achieved. Calorific value testing was conducted before
and after washing to determine the effect of distilled water washing
on fuel energy quality. The resulting GCV values were incorporated
into the main Hugot efficiency model because HHV/GCV is
commonly used in industrial boiler performance reporting and was
the most consistently available basis in the baseline datasets. NCV-
based efficiency was not estimated for the wood-waste substitution
scenarios because complete hydrogen and moisture data were
unavailable, thereby avoiding unsupported NCV conversion.
2.4 Biomass torrefaction procedure

Torrefaction was applied to coffee husk, cocoa shell, and
mangosteen shell to enhance their quality as solid biomass fuels.
The process was conducted under oxygen-limited conditions to
prevent direct combustion while enabling controlled thermal
decomposition, partial devolatilisation, moisture reduction, and
carbon enrichment [13], [31]. Torrefaction is widely recognised as
an effective biomass pretreatment method for increasing energy
density, improving hydrophobicity and grindability, and enhancing
the stability of solid biofuels [12], [32].

The torrefaction process was carried out using a temperature-
controlled tubular reactor. The installation used in this study is
shown in Fig. 1.

Fig. 1. (a) Schematic representation of the tubular-type oil-jacket-heated torrefaction reactor; (b) photograph of the tubular-type oil-jacket-
heated torrefaction reactor [13], [14]
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Coffee husk and cocoa shell were torrefied at 275°C, whereas
mangosteen shell was torrefied at 300°C. These conditions were
selected based on previous findings indicating that coffee and cocoa
residues achieve favourable fuel characteristics at approximately
275°C. At the same time, mangosteen shells require higher
temperatures to improve thermal stability and reduce moisture-
related limitations [13], [14]. After torrefaction, the samples were
cooled, sealed, and prepared for calorific value testing. Their
measured GCV values were used as the primary model inputs to
ensure a consistent calorific-value basis across the predictive
efficiency scenarios. This approach also aligns with industrial boiler
performance reporting, in which GCV is commonly used for
datasheet comparison and performance assessment, while NCV-
based interpretation is retained as a supplementary net-energy
perspective where applicable.
2.5Determination of gross and net calorific values

The GCV of the biomass samples was determined using an
Oxygen Bomb Calorimeter BK-1A+, as shown in Fig. 2, in
accordance with ASTM D5865. The tested samples included
untreated and distilled water-washed wood waste, as well as torrefied
coffee husk, cocoa shell, and mangosteen shell. Prior to calorimetric
testing, the samples were dried and pelletised to improve uniformity
in mass, shape, and combustion behaviour. Each sample was tested
in triplicate to improve data reliability and minimise experimental
variation [14].

Fig. 2. Oxygen bomb calorimeter BK-1A+ [14]
The measured GCV values were used as the primary basis for

calorific value in the Hugot direct efficiency model because GCV is
directly obtained from bomb calorimetry and is widely used in fuel
characterisation, boiler datasheets, industrial performance
assessment, and guarantee testing. However, because most industrial
biomass boilers operate under non-condensing conditions, NCV
was also calculated to estimate the practically usable heat after
excluding the latent heat associated with water vapour formed
during combustion.

The NCV is estimated as Eq. (1), where NCV and GCV are
expressed in MJ/kg, H is the hydrogen mass fraction of the fuel, M
is the moisture mass fraction, and 2.442 MJ/kg is the latent heat of
water evaporation under standard conditions [23].

𝑁𝐶𝑉 = 𝐻𝐻𝑉 − 2.442(9𝐻 + 𝑀) (1)
For fuel scenarios in which hydrogen and moisture data were
unavailable or incomplete, the efficiency calculation was retained
on a GCV basis to avoid unsupported NCV assumptions.
Accordingly, NCV-based efficiency was treated as a supplementary
sensitivity indicator rather than as the principal basis for comparing
all biomass substitution scenarios. All calorific values were
converted to a consistent energy unit before being used in the
efficiency equations. The GCV values were used to calculate ηGCV,
whereas the NCV values were used to calculate ηNCV.

2.6 Boiler performance prediction using the hugot direct
efficiency method
Boiler efficiency was predicted using the Hugot direct efficiency

method, which compares the useful heat absorbed by steam with the
thermal energy supplied by fuel. The method is suitable for biomass-
fired boiler analysis because it uses operational variables commonly
available in industrial systems, including steam flow rate, steam
condition, feedwater condition, fuel consumption rate, and fuel
calorific value [8]. Although originally developed for bagasse-fired
boilers, the method was adapted in this study for palm kernel shell,
torrefied tropical fruit residues, and distilled water-washed wood
waste by substituting the calorific value of each fuel scenario while
maintaining the same boiler operating framework [23].

The general direct efficiency is expressed as Eq. (2), where the
heat absorbed by the steam is expressed as Eq. (3).

ƞ =
𝑄𝑠𝑡𝑒𝑎𝑚
𝑄𝑓𝑢𝑒𝑙

 × 100% (2)

𝑄𝑠𝑡𝑒𝑎𝑚 = 𝑚̇𝑠𝑡𝑒𝑎𝑚 ℎ𝑔 −  ℎ𝑓  (3)

For the primary GCV-based model, Eqs. (4) and (5) can be used.
𝑄𝑓𝑢𝑒𝑙,   𝐺𝐶𝑉 = 𝑚̇𝑓𝑢𝑒𝑙 ×  𝐺𝐶𝑉 (4)

ƞ𝐺𝐶𝑉 =
𝑚̇𝑠𝑡𝑒𝑎𝑚 × ℎ𝑔 −  ℎ𝑓

𝑚̇𝑓𝑢𝑒𝑙 × 𝐺𝐶𝑉 × 100% (5)

For the supplementary NCV-based sensitivity analysis, Eqs. (6) and
(7) can be used.

𝑄𝑓𝑢𝑒𝑙,   𝑁𝐶𝑉 = 𝑚̇𝑓𝑢𝑒𝑙 × 𝑁𝐶𝑉 (6)

ƞ𝑁𝐶𝑉 =
𝑚̇𝑠𝑡𝑒𝑎𝑚 × ℎ𝑔 −  ℎ𝑓

𝑚̇𝑓𝑢𝑒𝑙 × 𝑁𝐶𝑉 × 100% (7)

whereȠ is boiler efficiency (%), 𝑄𝑠𝑡𝑒𝑎𝑚 is total heat energy absorbed
by water vapour, 𝑄𝑓𝑢𝑒𝑙 is heat energy of combustion products, ℎ𝑔 is
enthalpy of steam leaving the boiler (kJ/kg), ℎ𝑓 is enthalpy of water
entering the boiler (kJ/kg), 𝑚̇ is mass flow rate (kg/hour), GCV is
gross calorific value of fuel (kJ/kg), and NCV is net calorific value
of fuel (kJ/kg).

The GCV-based efficiency was used as the primary performance
indicator because it aligns with bomb calorimetric testing and
industrial boiler performance reporting. The NCV-based efficiency
was used only as a supplementary sensitivity indicator because it
reflects net usable heat during non-condensing boiler operation.
Since NCV is lower than GCV, ηNCV is generally higher than ηGCV.
Therefore, both values were reported separately to avoid ambiguity
in interpretation.
2.7 Boiler baseline cases and data analysis

The boiler operational data comprised steam flow rate, steam
pressure and temperature, feedwater temperature, fuel consumption
rate, fuel type, boiler capacity, and recorded baseline efficiency.
Four industrial biomass-fired boilers were used as baseline cases:
the ZUG fire-tube boiler fuelled by palm kernel shell, the Djaja
Teknik fire-tube boiler fuelled by rubber wood, the Vickers water-
tube boiler fuelled by fibre and shell, and the Isgec water-tube boiler
fuelled by bagasse. These four boilers were selected to provide
comparative operating contexts across different boiler
configurations, capacities, and biomass fuel types. The inclusion of
both fire-tube and water-tube systems enabled the analysis to
evaluate how boiler thermal efficiency varied under distinct
industrial operating conditions.

The data analysis was conducted in four stages. First, the GCV
values of the biomass samples were obtained from bomb
calorimetry, and the corresponding NCV values were calculated for
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supplementary sensitivity analysis. Second, the baseline efficiency
of each boiler was calculated using the Hugot direct-efficiency
method and compared with the recorded field efficiency to assess
the suitability of the model under actual operating conditions. Third,
the baseline fuel calorific values were replaced with the GCV values
of torrefied tropical fruit residues and distilled water-washed wood
waste to predict the effect of fuel upgrading on boiler thermal
efficiency. Fourth, where NCV data or sufficient hydrogen and
moisture data were available, NCV-based efficiency was calculated
as a supplementary sensitivity indicator. For substitution scenarios
with incomplete fuel-composition data, the analysis was retained on
a GCV basis. This modelling strategy enabled a systematic
comparison between GCV-based efficiency as the main industrially
relevant indicator and NCV-based efficiency as a supplementary
usable-energy interpretation [33].

In all predictive scenarios, the boiler operating parameters were
held constant to isolate the effect of fuel calorific value. Thus, the
model was not intended to simulate complete combustion dynamics,
transient load variation, air–fuel ratio adjustment, heat-loss
distribution, or operational degradation. Rather, it provided a
comparative thermodynamic assessment of how improved biomass
calorific value may influence predicted boiler efficiency under
defined baseline operating conditions.

The analytical scope was deliberately confined to boiler thermal
efficiency. The study did not include direct measurement or
modelling of flue gas composition, exhaust emissions, ash
deposition, slagging, fouling, corrosion, maintenance frequency, or
economic feasibility. Accordingly, the results should be interpreted
as a predictive efficiency assessment based on fuel calorific value
and boiler operating data, rather than as a comprehensive
combustion, environmental, maintenance, or techno-economic
evaluation.
3 Results and discussion
3.1GCV of untreated and pretreated biomass fuels

The GCV analysis provided the primary fuel-quality basis for
the subsequent boiler efficiency prediction. The investigated
biomass fuels were grouped into two pretreatment categories:
distilled water-washed wood waste and torrefied tropical fruit
residues. For the wood waste samples, distilled water washing
generally increased the GCV relative to the untreated condition,
although the magnitude of improvement varied among species. The
untreated wood waste samples exhibited GCV values ranging from

3,891 to 4,812 kcal/kg, whereas the distilled water-washed samples
ranged from 4,343 to 5,323 kcal/kg. The highest post-washing GCV
was observed for champaca wood, increasing from 4,377 to 5,323
kcal/kg. By contrast, sandalwood decreased from 4,759 to 4,511
kcal/kg after washing, indicating that the calorific response to
distilled water washing was species-specific rather than uniform
across all wood biomass types. This species-dependent response is
consistent with previous findings that water-based pretreatment may
alter biomass fuel quality by removing soluble inorganic
constituents. However, the final effect depends on the initial
composition of each biomass material [27], [28].

The torrefied tropical fruit residues exhibited substantially higher
GCV values than the wood waste samples. Coffee husk and cocoa
shell torrefied at 275°C reached 6,519.28 and 6,661.58 kcal/kg,
respectively, while mangosteen shell torrefied at 300°C reached
6,875.60 kcal/kg [6], [13]. These values were adopted as the GCV
inputs for the torrefied biomass scenarios in the boiler efficiency
model. The higher calorific values of the torrefied residues are
consistent with the thermal upgrading effect of torrefaction, in which
controlled heating promotes moisture reduction, partial
devolatilisation, hemicellulose decomposition, and carbon
enrichment of the biomass matrix [12], [14].

In the present analysis, the terms “untreated” and “pretreated”
were used to distinguish the treatment condition of each biomass
fuel. For wood waste, the pretreated condition refers to distilled
water washing, whereas for tropical fruit residues it refers to
torrefaction at the selected operating temperature. This classification
ensures that the calorific value data are interpreted as treatment-
based fuel-quality parameters rather than as moisture-basis
categories.

The GCV data in Table 1 show two distinct fuel-quality
responses. Distilled water washing produced moderate and species-
dependent changes in the calorific value of wood waste, while
torrefaction produced substantially higher GCV values in tropical
fruit residues.
These measured GCV values were subsequently used as the main
calorific value inputs in the Hugot direct efficiency model. For the
wood waste scenarios, untreated and distilled water-washed GCV
values were compared across the four boiler models. For the tropical
fruit residue scenarios, the torrefied GCV values were applied to
evaluate the effect of thermally upgraded biomass on predicted
boiler efficiency [6], [34].

Table 1. GCV of untreated and pretreated biomass fuels [6], [13]
No. Biomass type Untreated GCV (kcal/kg) Pretreated GCV (kcal/kg) Pretreatment condition
1 White wood 3,891 4,343 Distilled water washing
2 Mahogany 4,313 4,362 Distilled water washing
3 Teak 4,654 4,959 Distilled water washing
4 Champaca 4,377 5,323 Distilled water washing
5 Bayur 4,353 4,403 Distilled water washing
6 Sandalwood 4,759 4,511 Distilled water washing
7 Acacia 4,039 4,490 Distilled water washing
8 Kenam 4,721 4,751 Distilled water washing
9 Alaban 4,369 4,511 Distilled water washing
10 Damar 4,369 4,467 Distilled water washing
11 Merbau 4,812 4,888 Distilled water washing
12 Coffee husk 4,495 6,519 Torrefaction
13 Cocoa shell 4,236 6,661 Torrefaction
14 Mangosteen shell 5,656 6,875 Torrefaction

3.2 Baseline boiler efficiency using existing fuels
Baseline boiler efficiency was calculated using the existing fuel

for each industrial boiler to establish the thermodynamic reference
for the subsequent biomass substitution scenarios, as summarised in
Fig. 3. The assessment covered the ZUG fire-tube boiler fuelled by
palm kernel shell, the Djaja Teknik fire-tube boiler fuelled by rubber
wood, the Vickers water-tube boiler fuelled by a 70% fibre and 30%
shell mixture, and the Isgec water-tube boiler fuelled by bagasse.
The calculation was primarily performed on a GCV basis because
GCVwas the most consistently available calorific-value basis across
the datasets and was adopted as the principal input in the Hugot

direct efficiency model. NCV-based efficiency was calculated only
when NCV data, or sufficient hydrogen and moisture data for NCV
estimation, were available; accordingly, no NCV-based efficiency
was reported for Djaja Teknik because the available dataset lacked
complete supporting fuel-composition data. For Vickers, the
available fuel data included both GCV and NCV, allowing both
ηGCV and ηNCV to be calculated.

The baseline results in Fig. 3 show that the reported field
efficiency was not always expressed on the same calorific-value
basis. For ZUG, the calculated ηGCV was 77.12%, closely matching
the reported field efficiency of 77.00%, whereas recalculation on an
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NCV basis increased the value to 91.98%. For Djaja Teknik, the
GCV-based efficiency ranged from 80.63% to 81.05%, consistent
with the reported operating range of approximately 80.00–81.00%.
For Vickers, the GCV-based calculation yielded 60.70%, while the
NCV-based calculation yielded 72.24%, closely corresponding to
the reported value of 72.20%. A similar pattern was observed for
Isgec, with ηGCV ranging from 54.91% to 55.92%, whereas ηNCV
ranged from 68.71% to 70.34%. The Vickers dataset explicitly
reports the 70% fibre and 30% shell fuel mixture and its NCV basis,
supporting the inclusion of ηNCV for this boiler.

Fig. 3. Baseline efficiencies of the investigated industrial boilers
using existing fuels on GCV and NCV bases

These findings indicate that boiler efficiency is not a single
transferable value, but a thermodynamic outcome shaped by
calorific-value basis, fuel consumption rate, steam production rate,
enthalpy rise, and boiler configuration. The distinction between
ηGCV and ηNCV is therefore essential: ηGCV provides the main
comparable basis for predictive modelling, while ηNCV is reported
only when the available fuel data support its calculation. Fig. 3
consequently provides the baseline framework for evaluating
distilled water-washed wood waste and torrefied tropical fruit
residues under boiler-specific operating conditions, without
imposing unsupported NCV assumptions on fuels for which
hydrogen, moisture, or NCV data are unavailable.
3.3 Predicted effect of distilled water-washed wood waste on

boiler efficiency
The effect of distilled water-washed wood waste on boiler

efficiency was evaluated by applying the GCV values of untreated
and washed wood samples to the Hugot direct efficiency model
under the operating conditions of the four baseline boilers. Because
complete hydrogen and moisture data were not consistently available
for all wood species, the analysis was restricted to GCV-based
efficiency, ηGCV. As shown in Figs. 4 to 7, the paired
untreated–washed comparison was performed for eleven wood
species in the ZUG, Djaja Teknik, Vickers, and Isgec boilers. This
structure enabled the treatment effect to be interpreted within each
boiler-specific operating framework while avoiding unsupported
NCV assumptions.

Across the four boilers, the calculated efficiency varied markedly
with boiler configuration and operating condition. For untreated
wood waste, the predicted ηGCV ranged from 65.66–81.20% in the
ZUG boiler, 70.78–87.54% in the Djaja Teknik boiler,
61.10–75.56% in the Vickers boiler, and 26.81–33.16% in the Isgec
boiler. After distilled water washing, the corresponding ranges
became 59.36–72.75%, 63.99–78.43%, 55.23–67.70%, and
24.24–29.71%, respectively. The highest calculated efficiency
across the entire wood-waste scenario was obtained in the Djaja
Teknik boiler using untreated white wood, at 87.54%, while the
highest value after washing was also found in the Djaja Teknik
boiler using washed white wood, at 78.43%. The lowest values were
consistently produced by the Isgec model, with washed champaca
giving the minimum predicted efficiency of 24.24%.

Averaged across all eleven wood species, distilled water washing
changed the predicted ηGCV from 71.73% to 68.40% in ZUG, from
77.32% to 73.73% in Djaja Teknik, from 66.74% to 63.64% in
Vickers, and from 29.29% to 27.93% in Isgec. These correspond to
average reductions of 3.33, 3.59, 3.10, and 1.36 percentage points,
or approximately 4.42–4.43% relative to the untreated condition.
The largest decrease occurred for champaca wood, whose substantial
GCV increase after washing produced the greatest change in the
efficiency denominator, reducing the predicted ηGCV by 12.83
percentage points in ZUG, 13.83 percentage points in Djaja Teknik,
11.94 percentage points in Vickers, and 5.24 percentage points in
Isgec. Conversely, sandalwood showed an opposite trend: its GCV
decreased after washing, and the calculated ηGCV ​increased by
3.65, 3.94, 3.39, and 1.49 percentage points in the ZUG, Djaja
Teknik, Vickers, and Isgec boilers, respectively.

Fig. 4. Predicted GCV-based boiler efficiencies of untreated and
distilled water-washed wood waste in the ZUG fire-tube boiler

Fig. 5. Predicted GCV-based boiler efficiencies of untreated and
distilled water-washed wood waste in the Djaja Teknik fire-tube
boiler

The species-specific response suggests that distilled water
washing modifies wood waste as a fuel through competing
physicochemical mechanisms. In most wood species, washing likely
removed part of the water-soluble inorganic fraction, including
alkali and alkaline earth metals such as potassium and sodium, as
well as soluble ash-forming compounds. The removal of these non-
combustible mineral constituents can increase the relative proportion
of combustible organic matter and improve the measured calorific
value of the fuel. Similar effects have been reported in biomass
washing and leaching studies, where water-based pretreatment
reduced soluble inorganic fractions and improved selected
combustion-related fuel characteristics [35], [36]. In practical boiler
operation, such an improvement may be beneficial because cleaner,
higher-quality fuel can reduce inert mineral loading, support more
stable heat release, and potentially lower the fuel mass required to
maintain a given steam duty.
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However, the calculated efficiency trend in Figs. 4 to 7 must be
interpreted within the mathematical structure of the Hugot direct
method. In this predictive scenario, steam output, fuel flow rate, and
enthalpy rise were held within the baseline operating framework,
while only the fuel GCV was substituted. Under this fixed-flow
assumption, an increase in GCV raises the calculated fuel-energy
input in the denominator; consequently, the numerical ηGCV may
decrease even though the washed biomass has a higher fuel quality.
Therefore, the apparent reduction in ηGCV for most washed samples
does not imply that distilled water washing is detrimental to boiler
operation. Rather, it indicates that the present calculation isolates
the sensitivity of boiler efficiency to calorific-value substitution.
Operational efficiency gains would be expected only if the boiler
responds to the higher-quality washed fuel by reducing fuel
consumption, improving combustion stability, or increasing useful
steam output. Thus, the primary effect of distilled water washing in
this study is best understood as a fuel-quality modification, with
boiler-level implications that depend on how the operating system
adjusts to the upgraded biomass.

Fig. 6. Predicted GCV-based boiler efficiencies of untreated and
distilled water-washed wood waste in the Vickers water-tube boiler

Fig. 7. Predicted GCV-based boiler efficiencies of untreated and
distilled water-washed wood waste in the Isgec water-tube boiler

3.4 Predicted effect of torrefaction of tropical fruit residues on
boiler efficiency
The effect of torrefaction on boiler efficiency was evaluated by

substituting the GCV of raw tropical fruit residues with that of their
torrefied counterparts in the Hugot direct-efficiency model under
the fixed operating conditions of the four baseline boilers. Because
complete hydrogen and moisture data were not available for all
torrefaction cases, the analysis was confined to the GCV basis. The
torrefied GCV values of coffee husk, cocoa shell, and mangosteen
shell were taken from [6]. In contrast, the corresponding raw values
were inferred from the same study using the reported calorific-value
profile and energy-density ratios. As presented in Figs. 8 to 11, this
framework isolates the effect of calorific-value upgrading on the

calculated ηGCV while preserving boiler-specific steam duty, fuel-
flow structure, enthalpy rise, and configuration.

Fig. 8. Predicted GCV-based boiler efficiencies of raw and torrefied
tropical fruit residues in the ZUG fire-tube boiler

Fig. 9. Predicted GCV-based boiler efficiencies of raw and torrefied
tropical fruit residues in the Djaja Teknik fire-tube boiler

Fig. 10. Predicted GCV-based boiler efficiencies of raw and torrefied
tropical fruit residues in the Vickers water-tube boiler

Fig. 11. Predicted GCV-based boiler efficiencies of raw and torrefied
tropical fruit residues in the Isgec water-tube boiler
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A clear and consistent pattern emerged across all four boilers.
For the raw residues, the ηGCV ranged from 58.82–74.94% in ZUG,
63.41–80.79% in Djaja Teknik, 54.73–69.73% in Vickers, and
24.02–30.60% in Isgec. After torrefaction, these ranges decreased
to 45.95–48.46%, 49.54–52.25%, 42.76–45.10%, and
18.77–19.79%, respectively. The highest calculated efficiency in
the raw-biomass scenario was obtained in the Djaja Teknik boiler
with raw cocoa shell (80.79%). In contrast, the highest value after
torrefaction was observed in the Djaja Teknik boiler with torrefied
coffee husk (52.25%). At the opposite end, the lowest values were
consistently produced by the Isgec boiler, with torrefied mangosteen
shell giving the minimum predicted efficiency of 18.77%. In relative
terms, torrefaction reduced the calculated ηGCV by approximately
31.03% for coffee husk, 36.71% for cocoa shell, and 21.88% for
mangosteen shell across all four boilers, indicating that cocoa shell
exhibited the largest numerical sensitivity to torrefaction, whereas
mangosteen shell exhibited the smallest.

This apparently counter-intuitive decline in calculated efficiency
does not indicate that torrefaction worsens fuel quality; rather, it
reflects the mathematical structure of the GCV-based Hugot model.
Under the fixed-flow assumption adopted here, a higher GCV
enlarges the denominator of the efficiency equation and therefore
lowers the numerical ηGCV, even though the fuel itself has been
upgraded. In practical terms, torrefaction is well known to improve
biomass as a fuel by reducing moisture, increasing carbon
concentration and energy density, lowering the O/C ratio, improving
hydrophobicity and grindability, and often promoting a more stable
combustion behaviour [6], [14]. Hence, the lower ηGCV values in
Figs. 8 to 11 should be interpreted as a controlled thermodynamic
sensitivity to calorific-value substitution, not as evidence of poorer
operational performance. In an actual boiler, the upgraded torrefied
fuel could instead reduce fuel consumption, improve combustion
stability, or sustain steam production more effectively; such dynamic
operational adjustments, however, were beyond the scope of the
present predictive model.
3.5Comparative interpretation of fuel-quality scenarios

The results from Sections 3.1–3.4 show that biomass
pretreatment influences predicted boiler efficiency through its effect
on fuel calorific value, although the numerical response depends on
the structure of the Hugot direct-efficiency model. Under the fixed
operating assumptions used in this study, steam output, fuel flow
rate, and enthalpy rise were held constant. In contrast, the GCV of
each fuel scenario was substituted into the model. Consequently, an
increase in GCV enlarges the fuel-energy denominator and may
reduce the calculated ηGCV, even when the fuel itself has been
upgraded. This explains why several distilled water-washed and
torrefied biomass scenarios produced lower numerical efficiencies
despite showing improved fuel quality. The result should therefore
be interpreted as a controlled thermodynamic sensitivity to calorific-
value substitution, rather than as evidence that fuel upgrading
reduces practical boiler performance.

The distilled water-washing results confirm that water-based
pretreatment produces species-dependent changes in the quality of
wood-waste fuel. This agrees with previous studies showing that
biomass washing or leaching can remove soluble inorganic
constituents, particularly alkali and alkaline earth metals such as K,
Na, Ca, and Mg, as well as other ash-forming compounds [15], [27].
By reducing part of the inert mineral fraction, washing may increase
the relative contribution of combustible organic matter and improve
selected fuel characteristics. Torrefaction produced a stronger fuel-
quality modification, consistent with studies reporting that
controlled thermal treatment decomposes hemicellulose, reduces
moisture and oxygenated volatiles, increases carbon concentration,
and improves energy density [19], [37]. In practical boiler operation,
these upgraded fuel properties may be expressed not simply as a
higher calculated efficiency at constant fuel flow, but as lower fuel
consumption, more stable heat release, or improved fuel handling
under adjusted operating conditions.

From a broader sustainability perspective, the use of distilled
water-washed wood waste and torrefied tropical fruit residues
supports the valorisation of underutilised biomass streams within
existing agro-industrial energy systems. This is closely aligned with
SDG 7 by contributing to renewable and locally available bioenergy
options, SDG 12 by promoting the responsible use of agricultural
and wood-processing residues, and SDG 13 by strengthening
biomass-based pathways that may reduce dependence on fossil-
derived heat, although direct emission reductions were not quantified
in this study. It also relates to SDG 2 because the approach improves
the circular use of residues from food and agro-industrial value
chains without relying on edible biomass fractions [13]. Within this
boundary, the study demonstrates that fuel upgrading should be
understood as both a material-level improvement and a boiler-
specific thermodynamic scenario, whose efficiency implications
depend on the interactions among calorific value, fuel consumption
rate, steam generation, enthalpy rise, and boiler configuration [38].

4 Conclusions
This study confirms that biomass boiler efficiency is determined

by the interactions among calorific value, fuel flow rate, steam
generation, enthalpy rise, calorific-value basis, and boiler
configuration. GCV provided the most consistent basis for
comparative prediction across the four boilers, while NCV was
applied only where supporting fuel data were available. Distilled
water washing modified the wood-waste fuel quality in a species-
dependent manner; for example, champaca wood increased from
4,377 to 5,323 kcal/kg after washing, equivalent to approximately
21.6%, although under the fixed-flow Hugot model, this higher
GCV reduced the calculated ηGCV because the fuel-energy input
denominator increased. Torrefaction produced a stronger fuel-
upgrading effect, with cocoa shell reaching 6,661.58 kcal/kg at
275°C, and showing the largest model sensitivity, with an average
predicted ηGCV reduction of approximately 36.71% under constant
steam output and fuel flow assumptions. These reductions therefore
indicate thermodynamic sensitivity to calorific-value substitution,
rather than poorer fuel performance. The findings support SDG 7
through biomass-based renewable thermal energy, SDG 12 through
residue valorisation, and SDG 13 through pathways that may reduce
dependence on fossil-derived heat, although emissions were not
directly assessed. Future studies should incorporate adjusted fuel
feed rates, combustion trials, flue gas analysis, ash chemistry,
slagging–fouling assessment, long-term boiler operation, and
techno-economic evaluation to verify the practical performance of
washed and torrefied biomass under industrial conditions.
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