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Abstract

This study evaluated the technical viability and thermodynamic performance of an open-
loop upcycled heat pump dryer, repurposed from a decommissioned window-type air
conditioner, for thin-layer red dragon fruit (Selenicereus costaricensis) drying. Experiments
were executed at 50 ◦C under controlled air velocities (0.5, 1.0, and 1.5 m/s), using open-
sun drying as a control. Mathematical modeling revealed that the Wang and Singh model
best described the drying process (R2: 0.996368–0.999539). Accounting for volumetric
shrinkage via equivalent average thickness (Leq = 0.75 L0), corrected effective moisture
diffusivity (Deff) ranged from 1.194 × 10−9 to 3.138 × 10−9 m2/s, while convective mass
transfer coefficients (hm) ranged from 5.241 × 10−7 to 1.880 × 10−6 m/s, both peaking
at 1.5 m/s due to thinned concentration boundary layers. Thermodynamic assessments
showed a maximum COPhp of 3.41 at 1.0 m/s and a maximum SMER of 0.231 kg/kWh at
1.5 m/s. Individual statistical analysis of L*, a*, and b* parameters confirmed no statistically
significant differences (p > 0.05) between heat-pump-dried and fresh samples. Concurrently,
a remarkably low descriptive total color difference (∆E = 1.24) was obtained, compared to
open-sun drying (∆E = 16.22), confirming high color retention. These findings highlight
e-waste upcycling as an efficient and sustainable agricultural solution.

Keywords: e-waste; upcycling; heat pump dryer; red dragon fruit; mathematical modeling;
kinetics of heat and mass transfer

1. Introduction
Developing tropical countries across Southeast Asia experience warm, humid climates

year-round, driving a sustained demand for residential and commercial air conditioning
systems. However, the rapid technological shift from legacy window-type units to energy-
efficient split-type systems has resulted in the premature decommissioning of vast window-
unit fleets, generating a substantial volume of electronic waste (e-waste) [1–3]. Managing
this growing e-waste stream demands sustainable recycling and circular economy strategies
to achieve effective resource valorization [2,4,5]. However, these decommissioned units
still possess fully functional refrigeration loops and primary mechanisms with significant
residual operational potential. In accordance with the vapor-compression refrigeration
cycle, the thermal energy normally rejected by the condenser to the environment can be
recovered to generate drying air with suitable psychrometric conditions and high moisture-
extraction potential—a process fundamental to heat pump drying [6,7]. While advanced
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automated sorting and machine-learning-assisted spectroscopic classification (e.g., FTIR)
are increasingly deployed in municipal facilities to recover raw materials [1,4], reclaiming
functional mechanical assemblies for agricultural applications directly embodies the prin-
ciples of appropriate technology [8–11]. By utilizing accessible, off-the-shelf components,
this decentralized approach offers low-cost, durable, and locally repairable solutions that
reduce both capital expenditure and technological dependence for smallholder farmers in
developing agrarian regions.

Red dragon fruit (Selenicereus costaricensis) is a high-value commercial crop widely
cultivated across tropical and subtropical regions. However, it exhibits extreme postharvest
perishability owing to its elevated initial moisture content (typically ~500% on a dry basis),
rendering it highly susceptible to rapid microbial spoilage and enzymatic browning. To
mitigate market oversupply and extend shelf life, dehydration is essential. While tradi-
tional open-sun drying is widely practiced by smallholder farmers, it suffers from severe
operational constraints, including a lack of process control, prolonged drying durations,
vulnerability to weather fluctuations, and high contamination risks. Conversely, standard
hot-air drying often exacerbates quality degradation; elevated temperatures break down
heat-sensitive betalains—the key pigments responsible for the fruit’s vibrant red color and
a primary determinant of consumer preference [12–14]. Moreover, during thermal dehy-
dration, tropical fruits with such high initial moisture levels experience severe volumetric
shrinkage and structural tissue collapse. Neglecting these dynamic physical alterations
when evaluating mass transport kinetics introduces substantial calculation errors, thereby
obscuring the true intrinsic moisture diffusion capacity.

Heat pump drying has emerged as a promising alternative for heat-sensitive agricul-
tural products because it generates low-temperature drying air (typically 25 ◦C to 70 ◦C),
resulting in superior product quality in terms of color, aroma, and texture [7]. From an
energy standpoint, heat pumps exhibit high thermal efficiency, often achieving a coefficient
of performance (COP) where 1 unit of electrical energy yields at least 3 units of thermal
energy [15,16]. Furthermore, they can lower the relative humidity of the drying air more
effectively than hot-air dryers at identical temperatures. Despite these advantages, the
adoption of commercial heat pump dryers by small-scale enterprises is severely restricted
by their high initial capital costs and complex maintenance requirements. To address
these cost-related and practical barriers, this upcycling framework embodies the core
tenets of appropriate technology. By reclaiming fully functional mechanical components
(e.g., compressor and heat exchangers) from decommissioned window-type residential
units and integrating them with robust, standardized HVAC hardware (such as a me-
chanical thermostatic expansion valve, TXV), this approach drastically reduces capital
expenditure while eliminating dependence on specialized technical support or propri-
etary supply chains. Consequently, this upcycled system offers a low-cost, durable, and
locally repairable solution that fosters technical self-reliance among smallholder farmers in
developing agrarian regions.

To bridge this gap, an upcycled window-type air conditioner was engineered into a
low-cost, dehumidification heat pump dryer specifically for red dragon fruit. While several
studies have investigated heat pump drying for various products—such as Spirulina sp.,
mint leaves, ginger, tomato slices, banana slices, and kiwifruit slices [17–22]—there is a
critical knowledge gap regarding the thin-layer drying kinetics, mass transfer behavior,
and systematic energy performance of upcycled refrigeration systems when applied to
highly perishable, pigment-rich fruits like red dragon fruit.

Consequently, the explicit novelty of this study lies in the technical and thermody-
namic upcycling of e-waste (a decommissioned window-type air conditioner) integrated
with a thermostatic expansion valve (TXV) into a functional agricultural implement, char-
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acterized by low-cost local maintenance accessibility using off-the-shelf, standard HVAC
components to foster self-reliance among smallholder farmers. Combined with a com-
prehensive mathematical, thermodynamic, and instrumental validation, this study aims
to investigate the drying kinetics of red dragon fruit (Selenicereus costaricensis), establish
the best-fitted empirical model, and determine the shrinkage-corrected effective moisture
diffusivity (Deff) via an equivalent average thickness (Leq) framework to isolate intrin-
sic moisture diffusion capacity from physical tissue collapse, alongside convective mass
transfer coefficients (hm). Additionally, the system’s energy efficiency and thermody-
namic worthiness are evaluated using the specific moisture extraction rate (SMER) and
coefficient of performance (COPhp), together with an instrumental color analysis (L*, a*,
b*, and ∆E) of the dried product. Ultimately, these empirical insights demonstrate the
practical and technical viability of reclaiming e-waste to support sustainable, grassroots
agrarian self-reliance.

2. Results and Discussion
2.1. Thermal Profiles of the Upcycled Heat Pump Dryer

In this drying experiment, three operating conditions were investigated by adjusting
the drying air velocity to 0.5, 1.0, and 1.5 m/s, with each condition executed in triplicate to
ensure reproducibility. Figures 1 and 2 illustrate the transient profiles of relative humidity
and air temperature monitored simultaneously at the environment inlet (dryer inlet) and
the drying chamber inlet.

0

10

20

30

40

50

60

70

9:
00

9:
10

9:
20

9:
30

9:
40

9:
50

10
:0

0
10

:1
0

10
:2

0
10

:3
0

10
:4

0
10

:5
0

11
:0

0
11

:1
0

11
:2

0
11

:3
0

11
:4

0
11

:5
0

12
:0

0
12

:1
0

12
:2

0
12

:3
0

12
:4

0
12

:5
0

13
:0

0
13

:1
0

13
:2

0
13

:3
0

13
:4

0
13

:5
0

14
:0

0
14

:1
0

14
:2

0
14

:3
0

14
:4

0
14

:5
0

15
:0

0
15

:1
0

15
:2

0
15

:3
0

15
:4

0
15

:5
0

16
:0

0
16

:1
0

16
:2

0
16

:3
0

R
el

at
iv

e 
hu

m
id

ity
 (%

)

Local time

Drying chamber inlet (v=1.5m/s) Drying chamber inlet (v=1m/s)
Drying Chamber inlet (v=0.5m/s) Environment inlet (v=1.5m/s)
Environment inlet (v=1m/s) Environment inlet (v=0.5m/s)

Figure 1. Relative humidity of air before (or dryer inlet) and after (or drying chamber inlet) passing
through the dryer.

As the fresh ambient air progressed sequentially through the evaporator dehumidifi-
cation stage and the condenser heating stage of the open-loop upcycled heat pump system,
a significant decrease in relative humidity was observed alongside a concurrent increase in
air temperature. This thermal behavior successfully demonstrates the high efficiency of the
open-loop configuration: the atmospheric air is first stripped of its moisture content at the
evaporator via water vapor condensation and is subsequently heated by the sensible heat
rejected at the condenser. This integrated process yields a low-humidity, high-temperature
air matrix, thereby significantly enhancing the driving force for convective mass transfer
before the air stream contacts the dragon fruit slices and exits into the environment.
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Figure 2. Temperature of air before (or dryer inlet) and after (or drying chamber inlet) passing
through the dryer.

2.2. Open Sun Drying

Meteorological conditions during the natural open-sun drying of dragon fruit slices
were continuously monitored, capturing ambient temperature, relative humidity, and solar
radiation intensity at 5 min intervals. During the first half of the experimental diurnal cycle,
clear sky conditions prevailed with negligible cloud cover, leading to a steady, progressive
increase in solar irradiance. The solar intensity reached a peak value of approximately
817.93 W/m2 before gradually declining toward the end of the monitoring period at 17:00.
Concurrently, the ambient air temperature fluctuated between 32.68 ◦C and 41.58 ◦C. As
expected, the ambient relative humidity exhibited an inverse relationship with temperature,
decreasing dynamically as the thermal energy input increased. This behavior aligns with
psychrometric principles, where elevated ambient temperatures expand the moisture-
holding capacity of the air matrix. Throughout the experimental period, the ambient
relative humidity ranged from 36.73% to 57.82%, as illustrated in Figure 3a,b.
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Figure 3. Variations in solar radiation, relative humidity (a) and ambient temperature (b) with
drying time.

2.3. Evaluation and Fitting of Mathematical Modes for Drying Curves

Fresh dragon fruit slices were dried under specific experimental conditions to examine
their moisture reduction behavior. After the drying process, the moisture content of the
fruit slices was significantly reduced from an initial value of 498.54% d.b. to approximately
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30.12% d.b. under the maximum air velocity condition, as illustrated by the drying curves
in Figure 4. As the convective drying air velocity increases, the boundary layer thickness
of the air film on the surface of the dragon fruit flesh diminishes. This reduction in
boundary layer thickness effectively lowers the resistance to both heat and mass transfer
between the drying medium and the product surface. The thermal energy supplied by
the convective air stream delivers sufficient kinetic energy to the water molecules within
the fruit matrix, enabling them to overcome internal cohesive forces and migrate toward
the surface for evaporation. Operating the upcycled heat pump dryer at a controlled air
velocity of 1.5 m/s required a total drying time of only 330 min, whereas the traditional
open sun drying process extended up to 480 min. Throughout all configurations, the
drying progression occurred entirely within a falling rate period, with no constant-rate
period observed. This kinetic trend is in excellent agreement with previously documented
investigations regarding the thin-layer drying of biological materials [23,24].
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Figure 4. The correlation between moisture content and air velocity at drying conditions.

To standardize the kinetic profiles, the experimental moisture content data over time
were transformed into moisture ratio (MR) values, as plotted in Figure 5. The continuous
decline of the MR curves over the drying timeline reflects the overall moisture reduction
profile of the lumped material during the falling rate phase. The variation in MR was com-
prehensively evaluated across drying air velocities of 0.5, 1.0, and 1.5 m/s at a steady drying
temperature of 50 ◦C, and directly compared with the open sun drying treatment. Every
experimental curve demonstrated a steep, rapid moisture declines during the initial drying
stages, signifying that a substantial volume of unbound water was swiftly transferred
before the drying rate systematically tapered off over time. While the overall moisture
reduction trends remained fundamentally similar across all treatments, increasing the air
velocity from 0.5 to 1.5 m/s significantly accelerated the moisture removal rate, thereby
shortening the total drying duration by enhancing the convective heat and mass transfer
coefficients. This behavior strongly concurs with the reported literature on the thin-layer
drying of dragon fruit slices [25], red dragon fruit [26], and apricots [27]. These empirical
kinetic data subsequently formed the mathematical foundation for empirical modeling
based on the correlation between the moisture ratio and drying time.

The five empirical models listed in Table 1 were employed to describe the thin-layer
drying kinetics of sliced dragon fruit. These models inherently assume that the drying
air continuously removes evaporated moisture from the material’s surface until it reaches
an equilibrium state. In this study, the moisture ratio (MR) equation was simplified to
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MR = Mt/M0 by omitting the equilibrium moisture content (Me). Based on the experimental
evaluation of moisture content profiles, it was observed that Me under the specific heat
pump drying and open sun drying conditions was negligibly small compared to both the
initial moisture content (M0) and the moisture content at any given time (Mt), satisfying
the condition Me ≪ Mt < Mo during extended drying periods. Consequently, Me can be
mathematically neglected from the model without introducing significant error, serving as
a justified modeling assumption for these experimental regimes.
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Figure 5. Variation in dragon fruit moisture ratio using the best-fitted model under different dry-
ing conditions.

Table 1. Thin-layer drying models applied to the experimental data.

No. Models Name Equation References

1 Page MR =exp(− ktn) [28]
2 Modified Page MR =exp(− (kt)n) [29]
3 Henderson and Pabis MR = a · exp(− kt) [30]
4 Wang and Singh MR =1+at + bt2 [31]
5 Two-term exponential MR = a · exp(− kt)+(1 − a) · exp(− kat) [32]

To evaluate the adequacy, reliability, and consistency of the empirical models against
the experimental data, a rigorous statistical assessment was conducted. The coefficient of
determination (R2), root mean square error (RMSE), and sum of squared errors (SSE) were
calculated, as tabulated in Table 2. In thin-layer drying analysis, the optimal mathematical
model is conventionally identified by the maximum R2 value coupled with the minimum
RMSE and SSE values. The statistical indicators clearly reveal that the best-fit model is
environment-dependent, reflecting the distinct drying mechanisms involved. For the open
sun drying treatment, the Two-term exponential model provided the most superior fit,
exhibiting the highest R2 of 0.998218 and the lowest RMSE of 0.029139.

Conversely, for all upcycled open-loop heat pump drying treatments, the Wang and
Singh model consistently outperformed the other candidate models across all tested air
velocities (0.5, 1.0, and 1.5 m/s). The Wang and Singh model yielded high R2 values ranging
from 0.996368 to 0.999539, while maintaining the lowest RMSE (0.014936 to 0.041531) and
SSE (3.489 × 10−5 to 2.805 × 10−4). The quadratic polynomial form of the Wang and Singh
model demonstrates high robustness in predicting steady-state, forced convective drying
dynamics under controlled thermal conditions. This strong mathematical agreement under
controlled regimes is in excellent conformance with the thin-layer drying behavior reported
by Khatun et al. [32].
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Table 2. Parameters of the models under different drying conditions.

Models Temperature (◦C) Velocity Constant R2 RMSE SSE

Page
MR = exp(− ktn)

Open sun
drying Natural k = 0.035407

n = 1.231158 0.997218 0.038015 1.782 × 10−4

Upcycled
heat pump dryer

at
T = 50 ◦C

0.5 m/s k = 0.046901
n = 1.186823 0.998085 0.031236 1.577 × 10−4

1.0 m/s k = 0.063094
n = 1.141968 0.998453 0.028095 1.211 × 10−4

1.5 m/s k = 0.074349
n = 1.132077 0.993875 0.053932 4.732 × 10−4

Modified Page
MR = exp(− (kt)n)

Open sun
drying Natural k = 0.277520

n = 0.24609 0.983325 0.095696 1.589 × 10−3

Upcycled
heat pump dryer

at
T = 50 ◦C

0.5 m/s k = 0.299892
n = 0.254363 0.990093 0.077288 9.343 × 10−4

1.0 m/s k = 0.151531
n = 0.591249 0.993281 0.081999 5.898 × 10−4

1.5 m/s k = 0.407930
n = 0.249316 0.988718 0.073196 8.714 × 10−4

Henderson and Pabis
MR = a · exp(− kt)

Open sun
drying Natural k = 0.071529

a = 1.066016 0.989723 0.075853 9.989 × 10−4

Upcycled
heat pump dryer

at
T = 50 ◦C

0.5 m/s k = 0.079820
a = 1.043069 0.992784 0.081530 6.865 × 10−4

1.0 m/s k = 0.092713
a = 1.032412 0.994845 0.073010 4.532 × 10−4

1.5 m/s k = 0.103900
a = 1.020047 0.989363 0.071065 8.215 × 10−4

Wang and Singh
MR =1+ at + bt2

Open sun
drying Natural a = −0.053673

b = 0.000794 0.997380 0.037481 2.439 × 10−4

Upcycled
heat pump dryer

at
T = 50 ◦C

0.5 m/s a = −0.060697
b = 0.001009 0.999539 0.014936 3.489 × 10−5

1.0 m/s a = −0.070870
b = 0.001373 0.999245 0.019150 5.627 × 10−5

1.5 m/s a = −0.078781
b = 0.001664 0.996368 0.041531 2.805 × 10−4

Two-term exponential
MR = a · exp(− kt )+
(1 − a )· exp (− kat)

Open sun
drying Natural a = 1.794959

k = 0.095330 0.998218 0.029139 1.470 × 10−4

Upcycled
heat pump dryer

at
T = 50 ◦C

0.5 m/s a = 1.700191
k = 0.102427 0.998440 0.029543 1.365 × 10−4

1.0 m/s a = 1.642835
k = 0.116148 0.998806 0.024924 9.533 × 10−5

1.5 m/s a = 1.632082
k = 0.130945 0.994648 0.053671 4.685 × 10−4

The drying kinetics of sliced dragon fruit under the tested conditions were evaluated
using their respective optimal models, where the Wang and Singh model was applied for
the upcycled heat pump dryer treatments (at air velocities of 0.5, 1.0, and 1.5 m/s) and
the Two-term exponential model was implemented for the open sun drying process. To
rigorously verify the adequacy of these mathematical predictions, the correlation between

https://doi.org/10.3390/recycling11080141

https://doi.org/10.3390/recycling11080141


Recycling 2026, 11, 141 8 of 26

the experimental and predicted moisture ratio (MR) data was established. As illustrated
in Figure 6, the models precisely forecast the drying kinetics across all treatments, dis-
playing highly linear relationships with data points closely aligned along the 45◦ diagonal
reference line.
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Figure 6. The correlation of the experimental and predicted data of the models under different
drying conditions.

Furthermore, the accuracy and reliability of these simulations were verified through a
comprehensive residual analysis, as depicted in Figure 7. The calculated residuals exhibit
a bounded, highly consistent fluctuating distribution closely distributed around the zero-
centerline. Although minor cyclical variations are inherently observable due to the highly
non-linear nature of thin-layer biological moisture tracking and quadratic formulations,
the tightly constrained residual magnitudes—falling strictly within ±0.025 for the heat
pump configurations and within ±0.05 for the open sun drying baseline—demonstrate
that the selected models operate with negligible systematic divergence. This confirms that
the analyzed datasets are accurate, reliable, and mathematically robust for engineering
scale-up applications. These validation results closely align with established thin-layer
drying literature for biological products [33,34].

Convective heat transfer drying inherently utilizes the thermal gradient between the
forced convective air stream and the moist material to drive heat transfer internally. Figure 8
illustrates the dynamic variation of the drying rate as a function of local drying time for
the dragon fruit samples processed under different air velocities and open sun drying
regimes. As observed from the kinetic profiles, the drying rate experienced a sharp, initial
increase within the first 15 min (from 9:00 to 9:15), representing a brief warm-up period as
the product surface absorbed thermal energy. Subsequently, the drying rate continuously
declined over time without exhibiting any constant drying rate period, thereby confirming
that the entire process was governed exclusively by a falling rate drying mechanism.
During the initial phase of the falling rate period, moisture evaporated rapidly from the
material surface, causing a swift depletion of unbound surface water. As drying progressed,
the process transitioned into a diffusion-controlled regime, where the drying rate was
restricted by the internal moisture diffusion mechanism driven by the moisture gradient
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from areas of higher water molecular density within the core to lower density areas at the
product surface. Notably, higher air velocities (specifically at 1.5 m/s) yielded substantially
higher peak drying rates (approximately 3.5 g water/(g dry solid·min)) compared to lower
velocities and open sun drying, owing to the enhanced convective heat transfer rate that
augmented the kinetic energy of the water molecules. These experimental observations
align closely with established literature regarding the forced convective thin-layer drying
dynamics of various biological products [35–37].
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Figure 7. Residual plot of the experimental and predicted data of the models under different
drying conditions.
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Figure 8. Drying rate curves for various drying conditions.

2.4. Heat and Mass Transfer Kinetics

Heat transfer from the drying air to the dragon fruit slices is primarily governed by a
forced convection mechanism, given that the latent heat of vaporization is predominantly
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exchanged at the product’s surface. This surface convective heat transfer concurrently
drives conductive heat transfer into the internal flesh of the material. Governed by the
moisture gradient between the core and the surface, internal water—in both liquid and
vapor states—migrates outward to replenish the evaporated surface moisture before being
swept into the ambient air stream.

In this study, drying experiments were evaluated using dragon fruit slices character-
ized by an initial thickness (L0) of 5.0 ± 0.2 mm (giving an initial half-thickness of 2.5 mm)
and a diameter of 80.0 ± 2.0 mm, yielding an initial volume (V0) of 2.513 × 10−5 m3 and
an initial surface area (A0) of 0.01131 m2, which were subsequently utilized to evaluate
the convective mass transfer coefficient (hm). Given the exceptionally high initial moisture
content (approximately 500% d.b.) of dragon fruit slices, they are highly susceptible to
macrostructural shrinkage and physical collapse during dehydration [25,26,32]. To ensure
that the evaluated effective moisture diffusivity (Deff) accurately reflects the actual dimen-
sional shrinkage occurring during dehydration, the mathematical modeling incorporated
an equivalent average slice thickness approach (Leq = 0.75L0) [38,39].

The drying air velocity exhibited a profound impact on the convective mass trans-
fer coefficient (hm). As summarized in Table 3, the estimated hm values ranged from
5.241 × 10−7 m/s to 1.880 × 10−6 m/s, reaching a maximum at the highest air velocity
of 1.5 m/s. This behavior aligns closely with established boundary layer theories and
conforms with existing literature [40,41]. From a transport phenomenon perspective, es-
calating the air velocity from 0.5 m/s to 1.5 m/s reduces the thickness of the stagnant air
boundary layer enveloping the dragon fruit slices. A thinner boundary layer substantially
minimizes resistance to heat and mass transfer, thereby accelerating convective heat input
and surface evaporation. Consequently, the high-velocity working fluid rapidly removes
vaporized moisture from the surface until it equilibrates with the surrounding drying
conditions. Notably, the hm values yielded by the developed dryer outperformed those
from conventional hot air dryers operating at identical temperatures. This enhancement
is attributed to the developed system’s superior capacity to dehumidify the drying air,
maintaining a higher vapor pressure deficit (driving force) that accelerates evaporation.

Table 3. The convective mass transfer coefficients, effective moisture diffusion coefficients, and
coefficients of determination (R2) under different drying conditions.

Temperature
(◦C)

Velocity
(m/s)

Convective Mass
TransferCoefficient, hm(m/s)

Effective Moisture Diffusion
Coefficients, Deff (m2/s) R2

Open sun drying Natural 5.241 × 10−7 1.194 × 10−9 0.9902

Upcycled
heat pump dryer

at T = 50 ◦C

0.5 8.412 × 10−7 1.961 × 10−9 0.9923
1.0 1.027 × 10−6 2.550 × 10−9 0.9947
1.5 1.880 × 10−6 3.138 × 10−9 0.9809

Note: Corrected for thickness shrinkage using an equivalent average slice thickness (Leq = 0.75L0), accounting for
an empirical 50% thickness reduction during drying based on Ref. [38] and Ref. [39].

Regarding the effective moisture diffusivity (Deff), to maintain rigorous compliance
with Crank’s theoretical framework [37], only data points falling strictly within the falling
rate drying period were selected for least-squares linear regression of ln(MR) against
drying time (t). As summarized in Table 3, the resulting high coefficients of determination
(R2 = 0.9809–0.9947) validate the exceptional goodness-of-fit of the first-term mathematical
approximation. The shrinkage-corrected Deff values for the dragon fruit slices ranged from
1.194 × 10−9 m2/s for open-sun drying to 1.961 × 10−9–3.138 × 10−9 m2/s for upcycled
heat pump drying across air velocities of 0.5–1.5 m/s at 50 ◦C. These values fall well within
the characteristic range of 10−11–10−6 m2/s reported for agricultural products [41].
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The moderate and synchronized rise of corrected Deff alongside air velocity highlights
an indirect mechanism rather than a direct alteration of internal diffusivity properties.
Specifically, elevated air velocity enhances boundary-layer convective heat transfer, which
accelerates the internal temperature rise within the fruit matrix. This thermal boost di-
minishes liquid water viscosity while augmenting the kinetic energy of water molecules,
thereby facilitating internal moisture migration toward the evaporating surface. To contex-
tualize these refined findings, the obtained Deff values were benchmarked against various
dried agricultural products in the literature, as presented in Table 4 (including lemon
slices [42], pineapple [43], sweet potato [44], and banana [21]). The higher moisture dif-
fusivity observed in dragon fruit slices is attributed to their unique physico-chemical
characteristics and exceptionally high initial moisture content, alongside variations in the
specific configurations of the drying technologies employed.

Table 4. Comparison of effective moisture diffusivities (Deff) of dried dragon fruit slices with various
agricultural products.

Product Drying Method/Conditions Effective Moisture Diffusivities
(Deff, m2/s) Reference

Dragon fruit slices Upcycled heat pump dryer,
50 ◦C (0.5–1.5 m/s) 1.961 × 10−9–3.138 × 10−9 [Present study]

Lemon slices Air-ventilated oven,
50–70 ◦C 8.11 × 10−11–1.62 × 10−11 [42]

Pineapple Microwave,
385–700 W 6.89 × 10−10–5.1 × 10−8 [43]

Sweet potato Hot air dryer,
50–70 ◦C, 2 m/s 9.32 × 10−11–1.76 × 10−11 [44]

Banana Heat pump dryer,
37–43 ◦C 1.12 × 10−10–1.64 × 10−10 [21]

Note: The discrepancies in moisture diffusivity across these studies can be fundamentally ascribed to variations
in physico-chemical properties, initial and final moisture loads, and the specific configurations of the drying
technologies employed.

2.5. Performance of Upcycled Heat Pump Drying System

The overall performance metrics of the upcycled heat pump dryer evaluated at 50 ◦C
across air velocities of 0.5, 1.0, and 1.5 m/s are summarized in Table 5. As the drying air
velocity increased from 0.5 to 1.5 m/s, the thickness of the boundary layer adjacent to
the surface area of the product was reduced. This reduction lowered the mass transfer
resistance, resulting in a corresponding increase in the moisture evaporation rate from the
product. Although higher air velocities increased the continuous system power demand
(

.
Wsys) from 1.685 to 1.787 kW, the dramatic 26.7% reduction in total drying duration (from

7.5 to 5.5 h) outweighed the power increment. Consequently, the cumulative electrical
energy consumption (E) dropped substantially from 12.637 to 9.830 kWh, directly driving
the continuous improvement in SMER from 0.194 to 0.231 kg/kWh.

Simultaneously, the thermodynamic performance of the upcycled module was main-
tained at high operating efficiency across all testing conditions (COPhp = 3.24–3.41). Higher
drying air velocity enhanced convective heat transfer from the air stream to the evaporator,
causing the compressor to draw more electrical power, which reached 1.687 kW at 1.5 m/s.
This increased power demand resulted in a minor attenuation in COPhp (3.37 at 1.5 m/s
compared to 3.41 at 1.0 m/s). Nevertheless, maintaining COPhp > 3.20 across all air velocity
settings confirms that the upcycled air-conditioning system operates within an optimal
thermodynamic regime with strong technical viability of this technology for agricultural
drying, as detailed in Table 5.
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Table 5. Performance results of the heat pump drying system at 50 ◦C.

Parameters
Air Velocity

0.5 m/s 1.0 m/s 1.5 m/s

Drying time (t, h) 7.5 6.5 5.5
COPhp 3.24 3.41 3.37

SMER (kg/kWh) 0.194 0.206 0.231
Energy consumption (E, kWh) 12.637 11.225 9.830

System power (
.

Wsys, kW) 1.685 1.727 1.787

Compressor power (
.

Wcomp, kW) 1.585 1.627 1.687

To validate the thermodynamic efficiency and technical viability of this open-loop
upcycled heat pump system, its performance indicators were compared with those of
conventional drying technologies, commercial heat pump systems, and alternative low-
cost setups:

• Comparison with Conventional Hot-Air Dryers: Conventional electric hot-air dryers
operate through direct electrical resistance heating, which inherently introduces severe
thermodynamic irreversibility (exergy destruction) due to the massive temperature
gradient between the heating element and the drying air [44,45]. Although both
the conventional dryer and this upcycled heat pump dryer operate in an open-loop
configuration—meaning neither system recaptures the latent heat of vaporization from
the exhaust air—the upcycled heat pump dryer functions with significantly lower
system irreversibility during the air-heating phase. By utilizing a vapor-compression
refrigeration cycle to upgrade ambient thermal energy across much smaller tempera-
ture differences at the heat exchangers, it achieves a heating coefficient of performance
(COPhp > 3.20) and a superior SMER of up to 0.231 kg/kWh, significantly reducing
overall electrical energy consumption compared to conventional resistance heaters.

• Comparison with Commercial Heat Pump Dryers: Standard commercial heat pump
dryers available in the market typically exhibit a COPhp range of 3.1 to 4.2 [46,47].
Despite being fabricated from a decommissioned 18,000 Btu/h window-type air con-
ditioner, the upcycled heat pump system developed in this work maintains a COPhp

within the same operating range as commercial heat pump dryers (3.24–3.41). This
proves that replacing the original capillary tube with a mechanical thermostatic ex-
pansion valve (TXV) successfully allowed the system to adapt to shifting thermal
loads without severe degradation of vapor-compression cycle efficiency. Beyond
thermodynamic parity, this upcycled configuration delivers distinct practical and oper-
ational advantages. While commercial systems heavily rely on proprietary electronic
expansion valves (EEVs), specialized microcontrollers, and custom replacement parts
that demand factory-trained service support, the system presented herein utilizes
off-the-shelf, standardized HVAC components. The purely mechanical operation of
the TXV enables self-regulating refrigerant flow under variable thermal loads without
requiring electronic sensors or digital controllers. Consequently, routine maintenance,
troubleshooting, and component servicing can be readily performed by local refrigera-
tion technicians using accessible, standard commercial spare parts, thereby providing
a durable, low-capital alternative for rural agricultural communities.

• Comparison with Other Low-Cost Dryers: Traditional low-cost alternatives, such
as open sun drying or basic direct solar dryers, are highly dependent on fluctuat-
ing weather conditions, solar intensity, and ambient relative humidity, leading to
prolonged drying times, unpredictable product quality, and risk of contamination.
While this upcycled system requires electrical power input, it guarantees a stable,
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controlled drying environment (50 ◦C) and continuous dehumidification through the
single-direction airflow mechanism (evaporator cooling followed by sensible con-
denser heating), bypassing the ambient limitations faced by basic low-cost solar setups
while preserving agricultural product quality.

To evaluate the precision, accuracy, and physical reliability of the evaluated operational
data, overall measurement uncertainties and propagated errors for the primary and derived
performance metrics were verified according to Kline and McClintock’s methodology [48]
(Equation (23)). Based on the individual instrument accuracies detailed in Section 3.7
and the error propagation formulations expressed in Equations (26)–(28), the maximum
propagated relative uncertainties for the derived performance parameters were determined
as follows:

• Indirect Compressor Power (ω .
Wcomp

): Propagated from total system power demand

(ω .
Wsys

) and fan power (ω .
Wfan

) via Equation (28), yielding a relative uncertainty of

approximately ±2.25%.
• Specific Moisture Extraction Rate (ωSMER): Propagated from sample masses (mw,i

and mw, f ) and total electrical energy consumption (E) via Equation (26), yielding a
maximum relative uncertainty of ±2.30%.

• Heat Pump Coefficient of Performance (ωCOP): Propagated from air mass flow rate

(
.

ma), enthalpy differences (∆h), and indirect compressor power consumption (
.

Wcomp)
via Equation (27), resulting in a maximum relative uncertainty of ±4.38%.

All calculated maximum propagated relative uncertainties (≤4.38%) strictly conform
to the acceptable engineering tolerance threshold of ≤5.0%. This confirms that the ex-
perimental apparatus, sensory instrumentation, and derived thermodynamic calculations
exhibit high precision, physical validity, and statistical repeatability across all testing con-
ditions. The evaluated operating ranges and propagated uncertainties of the derived
performance metrics are summarized in Table 6.

Table 6. Operating ranges and propagated uncertainties of derived performance metrics.

Derived Parameter Physical Quantity Evaluated Operating
Range

Primary Uncertainty
Formulation

Propagated Relative
Uncertainty

Compressor Power
(

.
Wcomp)

Compressor Power
Consumption 1.585–1.687 kW

ω .
Wcomp

=√(
ω .

Wsys

)2
+
(

ω .
Wfan

)2 ±2.25%

Specific Moisture
Extraction Rate (SMER)

Moisture Removal
Efficiency 0.194–0.231 kg/kWh Calculated via

Equation (24) ±2.30%

Coefficient of
Performance (COPhp)

Heat Pump Thermal
Efficiency 3.24–3.41 Calculated via

Equation (25) ±4.38%

2.6. Color of Dried Dragon Fruit

The color of a dried food product is a critical quality attribute influencing consumer
acceptance. Therefore, the color parameters of the dried dragon fruit samples were eval-
uated and compared with fresh and open sun-dried samples, as summarized in Table 7.
Statistical analysis demonstrates that the different drying methods significantly influenced
(p ≤ 0.05) lightness (L*) and yellowness (b*), whereas no statistically significant differences
(p > 0.05) were observed for redness (a*). Visual variations in color among the treatments
can be observed in Figure 9. However, these photographic images are intended strictly
for qualitative illustration due to minor ambient lighting variations, with final quality
assessments relying on instrumental color measurements.
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Table 7. Color parameters of dried dragon fruit slices.

Method L* a* b* ∆E

Fresh 45.87 ± 0.68 a 12.12 ± 1.17 a −4.41 ± 0.53 b -
Upcycled heat pump dryer 44.69 ± 1.33 a 12.10 ± 1.02 a −4.00 ± 0.57 b 1.24

Open sun 30.59 ± 2.29 b 10.92 ± 2.51 a 0.71 ± 1.08 a 16.22
Note: Data are expressed as mean ± standard deviation (SD) of five measurements (n = 5). Different superscript
letters (a, b) within the same column indicate statistically significant differences (p ≤ 0.05) analyzed by one-way
ANOVA and Tukey’s HSD test. ∆E values were calculated using fresh dragon fruit (Fresh) as the control reference.

   
(a) (b) (c)  

Figure 9. Fresh and dried dragon fruit slice sample using different drying methods: (a) Fresh.
(b) Upcycled heat pump dryer. (c) Open sun. Note: These images are for illustrative purposes only;
please refer to instrumental data for precise color evaluation.

The samples dried using the upcycled heat pump dryer exhibited an L* value of
44.69 ± 1.33, a* value of 12.10 ± 1.02, and b* value of −4.00 ± 0.57. Based on individual
analysis of variance (ANOVA) for each color parameter, these values showed no statistically
significant differences (p > 0.05) when compared to fresh dragon fruit (L* = 45.87 ± 0.68,
a* = 12.12 ± 1.17, b* value of −4.41 ± 0.53). Furthermore, the calculated total color difference
(∆E = 1.24), which serves as a descriptive indicator rather than a parameter subjected to
ANOVA, remained well below the threshold of 2.0. This confirms that the color alteration
was visually imperceptible to the human eye, maintaining a purplish-red hue very close to
that of the fresh fruit (Figure 9a,b).

Consequently, drying dragon fruit with the upcycled heat pump dryer at 50 ◦C with an
air velocity of 1.5 m/s proved to be the most effective method for preserving natural color.
This process successfully minimized the thermal degradation of heat-sensitive pigments
(specifically betacyanins) and suppressed enzyme-catalyzed browning reactions. Similar
color retention trends have been reported by Mahayothee et al. [36] for red-fleshed dragon
fruit, Saniso et al. [49] for Garcinia, and Mella et al. [50] for beetroot.

In contrast, the samples dried by open-sun exposure showed a significant decrease
(p ≤ 0.05) in lightness (L*) to 30.59 ± 2.29, representing a 33.31% reduction in brightness
compared to the fresh counterpart. Concurrently, the yellowness (b∗) shifted significantly
from a negative value to a positive value of 0.71 ± 1.08. This chromatic shift signifies a
transition from the natural purplish-red hue toward a dull yellowish-brown tone (Figure 9c),
resulting in a high ∆E value of 16.22. This severe discoloration indicates significant pigment
degradation and non-enzymatic browning caused by prolonged exposure to high solar
radiation and atmospheric oxygen [51].

3. Materials and Methods
3.1. Sample Preparation

Fresh red dragon fruits (Selenicereus costaricensis, 300–400 g/fruit) at commercial ma-
turity were sourced from a local market in Nonthaburi, Thailand. Fruits of uniform size,
shape, and color without visual defects were selected, stored at 5 ◦C for 16 h, and equi-
librated at ambient temperature (25 ± 2 ◦C) for 3 h prior to processing. The fruits were
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washed, peeled, and mechanically cut into uniform slices with a thickness of 5 ± 0.2 mm
(Lo) and a diameter of 80 ± 2 mm. To minimize enzymatic browning and thermal pig-
ment degradation, sliced samples were loaded onto drying trays and transferred to the
drying chamber within 10 min. Each experimental run utilized 6 ± 0.05 kg of fruit slices
randomly allocated across treatments to eliminate systemic bias and maintain uniform
bed-loading conditions for drying kinetics evaluation. The initial moisture content was
determined in triplicate (n = 3) using the standard oven-drying method (105 ◦C for 24 h)
in accordance with AOAC Official Method 934.01 [52], yielding an average value of
498.54% ± 8.65% (dry basis).

3.2. Upcycled Heat Pump Dryer Design and Modification

The experimental heat pump dryer, with overall dimensions of 0.6 m × 1.5 m × 0.9 m,
features a drying chamber measuring 0.6 m × 0.8 m × 0.4 m (effective volume of 0.192 m3).
The system was upcycled from a decommissioned 18,000 Btu/h residential window-type
air conditioner utilizing R-410A refrigerant (Figure 10a,b). Detailed technical characteristics
of the primary components are summarized in Table 8.

(a) 

  
(b) (c)  

Figure 10. The upcycled heat pump dryer: (a) Schematic diagram of the laboratory dryer. (b) Pictorial
of the laboratory dryer. (c) Thermostatic expansion valve (TXV).
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Table 8. Technical specifications of the upcycled heat pump drying system components.

Equipment Technical Characteristics

Compressor 1.64 kW, 220–240 V
Refrigerant R-410A
Evaporator 5.125 kW
Condenser 6.406 kW

Expansion valve Thermostatic (TXV)
Fan 100 W, 0.85 A

To enhance thermodynamic stability and effectively manage variable thermal loads,
the original capillary tube was replaced with a thermostatic expansion valve (TXV,
Figure 10c) paired with a variable-speed fan controller. Operating in an open-loop flow
configuration, ambient air is drawn through an air filter, passes through the evaporator for
condensation dehumidification, and is subsequently sensibly heated by the compressor
and condenser to reduce its relative humidity prior to entering the drying chamber. Process
temperatures and relative humidity levels were continuously monitored at key locations
throughout the system.

3.3. Drying Procedure

Thin-layer drying experiments were conducted using the upcycled heat pump dryer
operating without auxiliary heating, which was operated for 1 h prior to each run to
establish steady-state thermal conditions. Drying experiments were performed at a constant
drying temperature of 50 ◦C—representing the optimal steady-state operating temperature
achieved by the upcycled heat pump system without auxiliary heat—under three drying air
velocities (0.5, 1.0, and 1.5 m/s) in a parallel-flow configuration. For each trial, 6 ± 0.05 kg
of dragon fruit slices were distributed uniformly in a single layer on the trays, while open
sun drying was conducted simultaneously for comparison.

To evaluate system thermal performance and drying kinetics, environmental and
process parameters were monitored continuously at 10 s intervals using a data acquisition
system (Graphtec GL820, Graphtec Corp., Yokohama, Japan). Air temperature and relative
humidity were measured using K-type thermocouples (Graphtec Corp., Yokohama, Japan;
accuracy ± 0.5 ◦C) and hygrometers (B-530-UM-152, Graphtec Corp., Yokohama, Japan;
accuracy ± 2%RH), respectively. Air velocity was monitored using a hot-wire anemometer
(Model 45158, Extech Instruments, Nashua, NH, USA; accuracy ± 3%), and solar radiation
was recorded via a pyranometer (CMP6, Kipp & Zonen, Delft, The Netherlands; sensitivity
1.795 × 10−6 V/(W·m2)). Cumulative electrical energy consumption was recorded using a
calibrated electromechanical kilowatt-hour meter (Class 2.0 accuracy, Holley Group Electric,
Bangkok, Thailand), logged manually at 15 min intervals concurrently with sample mass
measurements, which were taken using a digital balance (Model 474-42, KERN & SOHN
GmbH, Balingen, Germany; accuracy ± 0.01 g) until constant mass was reached (defined as
a minimal mass change of approximately 0.01 g between successive mass measurements).
Final dry matter content was determined according to AOAC Official Method 934.01, and
all experimental runs were conducted in triplicate (n = 3) with average values reported.

3.4. Mathematical Modeling of Drying Curves

Moisture content, which indicates the quantity of water present within the material,
is expressed on either a wet basis (Mwet) or a dry basis (Mdry). Mwet represents the mass
of water per total mass of the sample, whereas Mdry relates the mass of water to the bone-
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dry mass of the material. These parameters are calculated using Equations (1) and (2),
respectively [53–55]:

Mwet =
mi − md

mi
(1)

Mdry =
mi − md

md
(2)

where mi is the mass of the sample at a specific drying time t (kg), and md is the mass of the
completely dried sample determined after oven drying (kg).

The moisture ratio (MR) of dragon fruit slices during the heat pump drying process
represents the remaining moisture relative to the total initial moisture content, expressed
as follows:

MR =
Mt − Me

Mo − Me
(3)

where Mt is the dry-basis moisture content at any time t, M0 is the initial dry-basis mois-
ture content, and Me is the equilibrium moisture content. Under the specific operating
conditions of the heat pump dryer, the value of Me was found to be negligible compared
to both Mo and Mt (Me ≪ Mt < Mo) over extended drying periods. Therefore, Me can be
mathematically omitted without introducing significant error, simplifying Equation (3) into
Equation (4) [56]:

MR =
Mt

Mo
(4)

The drying rate (DR, g water/g dry matter · min) of dragon fruits slice was evaluated
using Equation (5) [57–59]:

DR =
Mdi − Mdi+dt

dt
(5)

where Mdi and Mdi+dt represent the dry-basis moisture contents at drying times t and t + dt,
respectively (g water/g dry matter), and dt denotes the specific drying time interval (min).

To establish the most suitable thin-layer mathematical model, the experimental drying
curves were fitted against five widely implemented empirical models for organic and
biological materials—namely Page, Modified Page, Henderson and Pabis, Wang and Singh,
and Two-term exponential—as summarized in Table 1.

Model coefficients were estimated by non-linear regression analysis using Statistica
software (version 13.5.0.017) utilizing the Levenberg–Marquardt optimization algorithm.
The primary criterion for evaluating the goodness-of-fit and identifying the best-fit model
was the coefficient of determination (R2). Additionally, the root mean square error (RMSE)
and the sum of squared errors (SSE) were calculated as supplementary statistical indicators
to assess fitting quality [60–62]. Higher values of R2 coupled with lower values of RMSE
and SSE indicated a superior model fit. These criteria were defined by Equations (6)–(8):

R2 = 1 −
∑N

i=1
(
MRexp,i − MRpre,i

)2

∑N
i=1
(
MRexp,i − MRexp

)2 (6)

RMSE

√
∑N

i=1
(
MRexp,i − MRpre,i

)2

N
(7)

SSE
∑N

i=1
(
MRpre,i − MRexp,i

)2

N
(8)

where MRexp,i is the ith experimentally observed moisture ratio, MRpre,i is the ith pre-
dicted moisture ratio, MRexp is the mean experimental moisture ratio, N is the number of
experimental data, and i is an integer equal to 1, 2, 3, . . ., N.
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3.5. Determination of Effective Moisture Diffusivity

The phenomenon of liquid diffusion during the drying of biological products, par-
ticularly within the falling rate period, is commonly described by Fick’s second law of
diffusion [40,63], which is expressed as follows:

∂M
∂t

= ∇
(

Deff∇M
)

(9)

where M is moisture content on a dry basis (% d.b.), Deff is the effective moisture diffusivity
(m2/s), and t is drying time (s).

The analytical solution to Equation (9) was developed by Crank [37,64] for a slab ge-
ometry based on the following assumptions: one-dimensional moisture diffusion, uniform
initial moisture distribution, a constant effective moisture diffusivity, and non-shrinking
of the dragon fruit slice. Although dragon fruit slices possess a soft tissue structure and
high initial moisture content-making volumetric shrinkage highly likely during the drying
process-shrinkage was not dynamically measured due to experimental constraints. Conse-
quently, the non-shrinking behavior was adopted as a simplified modeling assumption.

For a material conforming to an infinite slab geometry with a total thickness of 2L,
where moisture movement occurs exclusively along the thickness direction, the analytical
solution for evaluating the effective moisture diffusivity of the dragon fruit slices is given
by Equation (10):

MR =
8
π2

∞

∑
n=0

1

(2n + 1)2 exp

(
− (2n + 1)2π2Defft

4L2

)
(10)

where L represents the half-thickness of the slab (m), t is drying time (s), and n is a positive
integer (n = 0, 1, 2, . . .). For extended drying periods during the falling rate period for
drying of the food or biological materials, the higher-order terms of the series solution
in Equation (10) become negligible. Thus, limiting the summation to the first term (n = 0)
provides an accurate approximation [20,62,65], allowing Equation (10) to be simplified
as follows:

MR =
8
π2 exp

(
−π2Defft

4L2

)
(11)

By taking the natural logarithm of both sides of Equation (11), the relationship can be
expressed linearly as:

ln(MR) = ln
(

8
π2

)
−
(
π2Defft

4L2

)
(12)

Based on Equation (12), the effective moisture diffusivity (Deff) was determined
from the slope of the linear plot of ln(MR) against drying time (t) via the least-squares
regression method.

To account for the substantial volumetric shrinkage and thickness reduction in the
red dragon fruit slices during drying, an equivalent average thickness approach was
implemented to correct the characteristic half-thickness dimension (L). Due to the high
initial moisture content (approximately 500% d.b.), red dragon fruit slices undergo a
thickness reduction of approximately 50% at the end of drying (Lf ≈ 0.050L0), as reported in
similar dimensional shrinkage kinetics literature [38,39]. Consequently, the representative
half-thickness across the entire drying period was defined using an equivalent average
half-thickness (Leq), calculated as follows:

Leq =
L0 + 0.50L0

2
= 0.75L0 (13)
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where L0 is the initial half-thickness of the fresh slice. By replacing L with Leq in Equation
(12), the shrinkage-corrected effective moisture diffusivity (Deff, corrected) was calculated as:

ln(MR) = ln
(

8
π2

)
−
(

π2Deff, correctedt
4L2

eq

)
(14)

Deff, corrected = Deff, uncorrected ×
(

Leq

L0

)2
= Deff, uncorrected × (0.75)2 (15)

This correction effectively decouples the intrinsic liquid diffusion capacity from geo-
metric alterations induced by physical tissue collapse during thermal dehydration.

3.6. Mass Transfer Coefficients

Hot air drying involves convective mass transfer at the external surface of the material,
driven by the vapor pressure deficit between the product surface and the surrounding
air. Internal mass transfer within the solid matrix is governed by moisture concentration
gradients, which conform to Fick’s laws of diffusion. During the drying process, heat and
mass transfer occur simultaneously as coupled phenomena. In this study, the transient
one-dimensional moisture diffusion within a dragon fruit slice characterized by a constant
effective diffusivity (Deff) is modeled using Equation (16) [63,66]:

∂M
∂t

= Deff

(
∂2M
∂x2

)
(16)

The rate of moisture diffusion from the material’s interior to its surface will equal the
mass transfer rate of moisture from the surface to the drying air. Based on the assumption
that moisture transfer in dragon fruit slices is one-dimensional and symmetrical in the
transverse plane. To solve Equation (16), the initial condition at the start of the drying
process (t = 0) is defined as:

t = 0, M = M0 (17)

where M0 represents the uniform initial moisture content of the sample. The boundary con-
ditions, which account for geometric symmetry at the mid-plane and convective mass trans-
fer at the external drying surface, are expressed by Equations (18) and (19), respectively:

∂M
∂x

∣∣∣∣
x=0

= 0 (18)

−Deff
∂M
∂x

∣∣∣∣
x=L

= hm(Msurf − Me) (19)

where hm is the convective mass transfer coefficient (m/s), x = 0 denotes the center plane
of symmetry, x = L represents the external surface boundary (half-thickness), Msurf is
the instantaneous moisture content at the product surface, and Me is the equilibrium
moisture content.

The convective mass transfer coefficient (hm) as a function of the drying curve was
determined using the analytical procedure described by Kaya et al. [67], which correlates
with the moisture ratio according to Equation (20):

hm = − V
At

ln(MR) (20)

where V is the volume of the material (m3), A is the total mass transfer surface area of
the dragon fruit slice (m2), and t is the drying time (s). The geometric dimensions of
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the slices—having a thickness of 5.0 ± 0.2 mm and a diameter of 80.0 ± 2.0 mm—were
measured using a digital caliper.

Under the simplified assumption of a non-shrinking infinite slab geometry, the total
mass transfer area (A) was calculated as twice the cross-sectional area of the flat faces
(A = 2πr2), neglecting moisture transfer through the thin peripheral edge, while the volume
was determined as V = πr2h (where h is the full thickness of 5.0 mm). These geometric
parameters were maintained constant throughout the drying simulation. While physi-
cal shrinkage inherently occurs during fruit dehydration, utilizing the initial geometric
parameters (A and V) provides a standardized and analytically tractable basis for evaluat-
ing the apparent convective mass transfer coefficient (hm) across experimental conditions,
as supported by conventional drying literature [67]. Importantly, the non-shrinking as-
sumption was restricted solely to the determination of external surface mass transfer (hm),
whereas internal moisture diffusion was treated independently. This approach simplifies
the moving-boundary problem at the external surface; nevertheless, the effect of dimen-
sional shrinkage on internal moisture transport was rigorously compensated for in the
calculation of effective moisture diffusivity (Deff) by adopting an equivalent characteristic
length (Leq).

3.7. Performance Evaluation and Uncertainty Analysis

The energetic performance of the upcycled heat pump drying system was evaluated
by determining two key performance indicators: the Specific Moisture Extraction Rate
(SMER) and the coefficient of performance of the heat pump module (COPhp). The SMER
(kg/kWh) quantifies the mass of moisture extracted from the dragon fruit slices per unit of
total electrical energy consumed by the system, calculated using Equation (21):

SMER =
mw,i − mw, f

E
(21)

where mw,i and mw, f denotes the initial and final wet masses (kg) of the dragon fruit slices,
respectively, recorded at 15 min intervals using a calibrated digital balance until a minimal
mass change was achieved. The term E represents the total cumulative electrical energy
consumed by the system (kWh), measured using an electromechanical energy meter (Class
2.0 accuracy, conforming to IEC 62053-11).

The dimensionless parameter COPhp evaluates the useful thermal energy rate
transferred to the drying air relative to the equivalent electrical power supplied to
the compressor:

COPhp =

.
Qair

.
Wcomp

(22)

The net thermal energy rate accumulated by the drying air stream (
.

Qair, kW) as it
flows through the heat pump heating and dehumidification stages is calculated using
Equation (23):

.
Qair =

.
ma(hch − hin) (23)

where
.

ma is the mass flow rate of the drying air (kg/s), derived from the air velocity
measured by a hot-wire anemometer multiplied by air density and duct cross-sectional
area. The parameters hch and hin denote the specific enthalpies (kJ/kg) of the drying air at
the drying chamber inlet (post-condenser) and dryer inlet (pre-evaporator), respectively.
These enthalpies were determined via standard thermodynamic psychrometric equations
using air temperature and relative humidity continuously logged via K-type thermocouples
and a Graphtec hygrometer (model B-530-UM-152) connected to a Graphtec GL-820 data
acquisition unit.
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To accurately isolate electrical power distribution within the upcycled window-type
air conditioning module, individual power parameters were designated as follows:

• Total System Power (
.

Wsys): Computed as the average electrical power demand (kW)
over the drying period, obtained by dividing the recorded energy consumption (E) by
the corresponding drying duration (t).

• Fan Power (
.

Wfan): Established as a fixed baseline operating power (0.100 kW) cor-
responding to the rated specifications (100 W, 0.85 A) of the circulation fan under
designated speed settings.

• Compressor Power (
.

Wcomp): Due to integrated system circuitry, the net power con-
sumption of the compressor (kW) was derived indirectly by subtracting the fixed fan
power from the total system power:

.
Wcomp =

.
Wsys −

.
Wfan (24)

To verify experimental data reliability, uncertainty propagation was evaluated in
accordance with Kline and McClintock’s methodology. For any calculated parameter
R = f (x1, x2, . . . , xn) derived from n independent measured variables (xi) with individual
instrument uncertainties (ωi), the total propagated uncertainty (ωR) is expressed as:

ωR =

√√√√ n

∑
i=1

(
∂R
∂xi

ωi

)2
(25)

Accordingly, the fractional relative uncertainties for SMER, COPhp, and indirect com-
pressor power (ω .

Wcomp
) are formulated in Equations (26)–(28), respectively:

ωSMER

SMER
=

√(
ωm,i

mw,i − mw,f

)2
+

(
ωm,f

mw,i − mw,f

)2
+
(ωE

E

)2
(26)

ωCOP

COPhp
=

√√√√(ω .
ma

.
ma

)2
+

(
ωh,ch

hch − hin

)2
+

(
ωh,in

hch − hin

)2
+

(
ω .

Wcomp
.

Wcomp

)2

(27)

ω .
Wcomp

=

√(
ω .

Wsys

)2
+
(

ω .
Wfan

)2
(28)

where ωm,i = ωm,f = ωm = ±0.01 g, as both initial and final sample masses were mea-
sured using the same calibrated digital balance. The terms ωh,ch and ωh,in represent the
propagated uncertainties in specific enthalpy evaluation at the drying chamber and system
inlet, respectively. The technical specifications and primary measurement accuracies of all
measuring instruments used in these uncertainty formulations are summarized in Table 9.

Table 9. Specifications and measurement accuracies of experimental instruments.

Parameter/Instrument Physical Quantity Operating Range Instrument Accuracy/
Uncertainty (ω)

Relative
Uncertainty (%)

Digital Balance Mass (m) 0–5000 g ±0.01 g ±0.80%

Electromechanical
Energy Meter Electrical Energy (E) 0–9999 kWh Class 2.0 (IEC

62053-11) ±2.00%

Circulation Fan
Specification Fan Power (

.
Wfan) Rated 100 W Nominal rating

stability ±3.00%
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Table 9. Cont.

Parameter/Instrument Physical Quantity Operating Range Instrument Accuracy/
Uncertainty (ω)

Relative
Uncertainty (%)

Hot-Wire Anemometer
(Emtech 45158) Air Velocity (

.
ma) 0.2–20 m/s ±3.00% of reading ±3.00%

K-Type Thermocouple Air Temperature (T) −20–80 ◦C ±0.5 ◦C ±0.80%

Hygrometer
(Graphtec B-530-UM-152)

Relative Humidity
(RH) 0−100% ±2.0% RH ±2.00%

3.8. Color Measurement

The surface color of the fresh and dried dragon fruit slices was quantified using a
calibrated colorimeter (UltraScan VIS, HunterLab, Reston, VA, USA) based on the CIE
L*a*b* color space. Color measurements for each experimental drying condition were
replicated five times at different positions on the sample surfaces to obtain an average
value. The total color difference (∆E) relative to the fresh reference samples was calculated
using Equation (29) [52,68]:

∆E =

√(
L∗ − L∗

0
)2
+
(
a∗ − a∗0

)2
+
(
b∗ − b∗0

)2 (29)

where L* represents lightness/brightness ranging from 100 (white) to 0 (black); a* denotes
redness when positive and greenness when negative; and b* signifies yellowness when
positive and blueness when negative. The parameters L∗

0 , a∗0 , and b∗0 correspond to the
initial color coordinates of the fresh, un-dried dragon fruit slices used as the baseline refer-
ence. To minimize enzymatic browning before evaluation, the fresh slices were measured
immediately after slicing at ambient temperature (25 ± 1 ◦C). The fresh control samples
exhibited baseline color values of L* = 45.87 ± 0.68, a* = 12.12 ± 1.17, and b* = −4.41 ± 0.53.

4. Conclusions
An open-loop upcycled heat pump dryer was successfully fabricated by upcycling

a decommissioned window-type refrigeration system and evaluated for the thin-layer
drying of red dragon fruit slices. The system demonstrated adequate operational stability,
maintaining a steady thermal driving force of 50 ◦C and an environment that accelerated
the drying process, reducing the total drying duration from 7.5 h at 0.5 m/s to 5.5 h
at 1.5 m/s. The thin-layer drying kinetics exhibited falling rate behavior governed by
internal moisture diffusion, where the Wang and Singh model provided an appropriate
mathematical description for the heat pump drying process (R2 ≥ 0.9963). Elevating the
drying air velocity from 0.5 to 1.5 m/s enhanced the convective mass transfer coefficient
(hm) and consequently raised the shrinkage-corrected effective moisture diffusivity (Deff)
from 1.961 × 10−9 to a maximum value of 3.138 × 10−9 m2/s (incorporating an equivalent
average thickness Leq = 0.75L0. From an energy perspective, the open-loop upcycled
configuration proved highly sustainable, achieving a maximum COPhp of 3.41 at 1.0 m/s.
At 1.5 m/s, the increased air velocity elevated the thermal load on the evaporator, requiring
higher compressor electrical power and consequently reducing the COPhp to 3.37; however,
the system optimized mass transfer, driving the SMER to its peak value of 0.231 kg/kWh.
Regarding product quality, statistical evaluation (ANOVA) of individual color parameters
(L*, a*, and b*) revealed no statistically significant differences (p > 0.05) between the heat
pump-dried samples and fresh fruit slices. This color retention was additionally supported
by a minimal overall color difference (∆E = 1.24), indicating a visually imperceptible change
and effectively mitigating the severe thermal degradation observed in open-sun drying
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(∆E = 16.22). Ultimately, this engineering approach demonstrates the technical viability of
reclaiming functional e-waste to provide an affordable, decentralized post-harvest drying
alternative for small-scale agrarian applications. Furthermore, the repurposed system
enables low-cost local maintenance convenience using standardized, off-the-shelf HVAC
components (including thermostatic expansion valves) available in local markets. While
this study confirms technical, quality, and thermodynamic feasibility, comprehensive
techno-economic evaluations remain a recommended subject for future investigations.
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