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Abstract: High energy consumption is one of the main problems of drying, a critical process for
many industrial sectors. The optimization of drying energy use results in significant energy saving
and has become a topic of interest in recent decades. We investigate benefits of heat recovery
in a convective drying system by comparing two different scenarios. The Baseline Scenario is a
conventional industrial dryer, and Scenario 1 includes the preheating of drying air by exhausts from
the drying chamber. We show that the energy efficiency of the drying cycle is strictly related to the
properties of the dried material and operative conditions, and performance improves significantly (by
59% to 87%) when installing a heat recovery unit (Scenario 1). Additionally, the temperature of drying
air affects performance. We assess both scenarios by LCA analysis, measuring the environmental
impacts and externalities of four different fuels (natural gas, light fuel oil, biomethane, and hardwood
chips). Our findings indicate that heat recovery reduces environmental impacts, both when fossil and
renewable fuels feed the system, but unexpected impact arises for some categories when renewable
fuels are used.

Keywords: drying; energy analysis; environmental impact; LCA; LCC

1. Introduction

Thermal drying is essential for processing chemicals, pharmaceuticals, and agricultural
products [1]. The process evaporates the moisture of a wet product by thermal energy,
and we can distinguish three main drying setups according to the dominant energy transfer
mechanism: conductive (contact or indirect dryers), convective (direct dryers), and radiative
(radiation dryers) [2,3].

Our study focuses on convective drying operated as a continuous process on a hor-
izontal fluidized bed. The heat transfer fluid of convective dryers can be hot air (most
common), inert gas, direct combustion gases, or super-heated steam [4]. These systems are
widespread in the industry since they guarantee an extended contact surface between the
hot fluid and wet product, resulting in higher drying rates and more uniform temperature
distribution during the process [5] compared to conductive and radiative types. How-
ever, convective drying is very energy-demanding: some studies estimated that drying
processes accounted for at least 7–15% of the industry’s overall energy consumption in
some regions [6], and the fuel supply is the main cost of a drying system. To reduce the
energy use of drying systems, many authors studied strategies to enhance the heat and
mass transfer process into the drying chamber (e.g., flow pulsation [7], acoustic [8], particle
mixing [9], mechanical vibration [10]) or install heat recovery units that preheat the inflow
air by exhausts from the drying chamber.

The energy efficiency of a drying system is a crucial but only a partial requisite
for its sustainability since the latter requires a holistic approach. For instance, previous
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literature studies compared different types of dryers to assess their potential Green Houses
Gases (GHGs) emissions during the drying process [11], including techno-economic and
environmental aspects to evaluate the pros and cons associated with their use [12]. As
a wide-ranging approach, life cycle evaluations, which allows complete and consistent
impact quantification, can be considered particularly strategic to evaluate the performance
of drying processes. In this regard, in particular, Haque et al. [13] identified LCA (life cycle
assessment) as one of the key tools to be used by drying practitioners and R&D personnel
on a regular basis, and some case studies are available in the literature. Kumar et al. [14]
applied the LCA methodology to two systems (a heat pump dryer and a microwave
vacuum dryer) for tomato drying. They showed that the dryer performance should be
evaluated not only on the characteristic parameters (such as drying time, final moisture
content, and final product aesthetics) but also on energy efficiency and environmental
impacts from the sustainability point of view.

In the existing literature, some other authors carried out their studies in line with
this finding. Ciesielski and Zbicinski [15] used LCA to compare two spray dryers, one
at laboratory scale and one at industrial scale, and found that both units generated the
greatest environmental impact during the use phase of the life cycle. De Marco et al. [16]
used LCA to evaluate the environmental impacts of the industrial phases of apple powder
production, which includes a drum drying process that was found to be the one that mainly
affects all of the studied impact categories (essentially due to the high quantity of water
that has to be removed). Prosapio et al. [17], instead, carried out a LCA to optimize the
production of strawberries by freeze-drying, comparing a traditional drying process and a
freeze drying combined with osmotic dehydration on industrial scale. They showed that
the processing steps represent the main contributors to the impacts, while the other steps
(agricultural, packaging, and end of life) only have marginal effects and, moreover, that the
traditional process generated higher emissions in terms of all of the studied environmental
categories. Van Oirschot et al. [18] evaluated the system design of seaweed cultivation and
drying using LCA and found that the drying step, performed in an industrial furnace using
light fuel oil, had the highest contribution to the environmental impacts. Léonard and
Gerbinet [19] applied LCA to assess the environmental impacts associated with a drying
operation, focusing their analysis on the main process parameters influencing them so as to
highlight some potential eco-design strategies for dryers. Romdhana et al. [20], instead,
developed a general eco-design model of biomass drying (focused only on carbon footprint)
with the idea of developing an assessment computer-aided process engineering tool to
compare environmental impacts of different operating conditions and fuel types. All of this
literature puts emphasis on the importance of using life cycle evaluations to assess drying
processes and, in this regard, also the particular relevance of this approach has to be kept in
mind in the design of products. Formalizing the entire product life cycle scenarios during
the design phase helps designers to focus on hotspots [21] and their optimization, and this
applies also to industrial systems/products, such as dryers or similar equipment.

This paper couples the energy Life Cicle Assessment (LCA) and Life Cycle Costing
(LCC) analyses of two fluidized bed drying systems. For each one of them, we considered
both fossil (natural gas and light fuel oil) and renewable (biomethane and hardwood chips)
fuels to supply the drying system. Life Cycle Assessment (LCA) and environmental Life
Cycle Costing (eLCC) methodologies estimate the system’s life cycle environmental and
economic performance. The final goal is to introduce Life Cycle Thinking (LCT) in the
contest of drying systems and propose a different approach to support the process of dryer
design/selection from a sustainable point of view.

2. Materials and Methods

We compare the energy use, environmental impact, and environmental costs of
two convective drying systems: the Baseline Scenario and heat recovery scenario (i.e.,
Scenario 1). We modeled the drying process using the two-phase Euler–Euler model pre-
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sented in [22], which calculates the thermodynamic state of the air and product along the
drying cycle.

2.1. The Drying Cycles

The Baseline Scenario reproduces the industrial dryer presented in [23]. This system
includes three centrifugal fans with a combined maximum capacity of 15 kW, a furnace,
and a fluidized bed drying chamber. The latter presents a horizontal setup, i.e., the wet
product moves on a conveyor belt while it is crossed by the drying air. The bed’s dimensions
are 4.85 m in length and 0.97 m in width, and its thickness is assumed to be 0.1 m according
to the majority of experimental observations [23,24].

We calculated the amount of evaporated moisture using the Page model [25] that
includes the effects of the product nature on heat and mass exchange by two empirical
constants. The values of these constants for rice paddies derive from experimental-based
correlations in [23], and we took the thermophysical properties of rice from [26,27]. We
neglected the heat losses from the wall of the chamber and calculated the pressure losses of
the airflow across the bed using the Ergun equation [28].

In the Baseline Scenario (the red frame in Figure 1), a fan blows the fresh air into the
combustion chamber; this chamber heats the air to a set temperature (TH). Next, the hot air
enters the drying chamber and crosses the bed, and the drying process occurs as a cross-
flow heat and mass transfer. Finally, the exhausts from the drying chamber are released
into the atmosphere. Scenario 1 (the green frame in Figure 1) upgrades the baseline system
by reducing its energy demand and mitigating the environmental impact due to the wasted
heat (one of the first causes of global warming according to [29]). In particular, we install
a heat recovery unit after the drying chamber to recover the waste heat from the drying
exhausts and preheat the outside air before the combustion chamber. This component
is an air–air cross-flow heat exchanger consisting of banks of aluminum tubes with an
inner diameter of 7.55× 10−3 m and a shell diameter of 2× 10−3 m. The distance between
two nearby tubes is 1.25 times the diameter, and the tube length is 3 m. We size the heat
exchanger to produce a ∆T = 10 K between two fluids. Such a value is coherent with works
specifically focused on heat recovery in drying systems [30–32].

We assume the operating conditions of both scenarios to be the same as those presented
in [23]: the initial air temperature and absolute humidity are T0 = 300 K and ω0 = 0.011,
the target temperature of the combustion chamber is TH = 363 K, and the mass flow rate of
the air is ṁa = 10.98 kg/s. The dried product is rice, processed at an operative mass flow
rate of ṁs = 2.36 kg/s and an initial moisture content on a dry basis u0 = 0.3. The drying
efficiency of both scenarios reads:

η =
qev

Eth
(1)

where Eth is the thermal energy needed by the combustion chamber to heat the drying air at
TH , and qev is the heat fraction effectively employed by the evaporation process calculated
as in [22].

2.2. Life Cycle Assessment and Life Cycle Costing

LCA evaluates the potential environmental impacts of products or services along their
whole life cycle and provides a qualitative, quantitative, confirmable, and manageable
environmental performance of production processes or products. As regulation standards,
see the ISO 14040 [33] and 14044 [34] and ILCD Handbook guidelines [35]. The standard
stages of an LCA study are:

1. Goal and scope definition, i.e., the phase during which the LCA study’s objective and
the main parameters, such as functional unit, system boundaries, and data quality,
are defined.

2. Life Cycle Inventory (LCI), i.e., the phase during which an inventory of all in-
put/output flows concerning the analyzed system is carried out.
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3. Life Cycle Impact Assessment (LCIA), i.e., the phase that aims at evaluating the signifi-
cance of potential environmental impacts of the investigated product/process/service
using the LCI results.

4. Interpretation of results, i.e., the phase during which the LCI analysis and the LCIA
are jointly considered to deliver results consistent with the defined goal and scope,
reach conclusions, explain limitations and provide recommendations.

Figure 1. The drying cycles with system boundaries for the life cycle evaluations.

Our LCA study analyzes the environmental impacts of eight different scenarios: the
Baseline Scenario and Scenario 1, each supplied by fossil (natural gas and light fuel oil)
and renewable (biomethane and hardwood chips) fuels to meet their heat demand. The
system boundaries set for the life cycle evaluations are in Figure 1. The functional unit (FU)
chosen for the assessment is 1 kg of dried material. Data resulting from energy modeling
were used as primary inventory data for the use phase of the analyzed system, as well
as to model the production of the components of the heat exchange unit in Scenario 1,
coupled with the background dataset of the Ecoinvent v3.8—[36] included in the SimaPro
v9.3 software [37].

Specific datasets for 1 MJ heat from the different fuels and for 1 kWh medium voltage
electricity from the Italian grid were selected from Ecoinvent (cut-off allocation), as detailed
in the Supplementary Materials. Regarding heat, all of the selected datasets refer to small-
scale generation (50–100 kW) and to specific fuel characteristics, as well as to particular
technologies/locations (generally representative of activities at the European level).

The lifetime of the system was assumed to be equal to 10 years. The EF 3.0 method [38],
which is the impact assessment method of the Environmental Footprint initiative of the
European Commission [39], was selected for the impact assessment.

Life Cycle Costing (LCC) estimates the cost of the system under investigation during
its whole life cycle, focusing on all consumed resources. These latter are quantified as
costs [40], including current costs for investment, operation and maintenance, replacement
and final disposal [41]. We carried out an eLCC, i.e., an analysis that considers the external
costs of environmental impacts (commonly known as “externalities” or “environmental
costs”) [42] that arise from climate change and other changes in air/water/soil quality,
inducing impacts on human health, the developed environment, and ecosystems [43]. The
eLCC was carried out consistently with the LCA analysis following a steady-state modeling
approach, which lacks any temporal specification, assuming all technologies will remain
constant in time. The Environmental Priority Strategies (EPS) method, version 2015dx [44],
was applied to calculate the externalities, thus investigating those impacts from emissions
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and use of resources that cause significant changes in any of the following safeguard
subjects (or areas of protection): ecosystem services, access to water, biodiversity, building
technology, human health, and abiotic resources. The results of the impact assessment are
monetary values of environmental impacts, indicated as damage costs and expressed as
ELU (Environmental Load Units), 1 ELU being the externality corresponding to 1 Euro that
an average OECD inhabitant, having the impacts on her/himself, is willing to pay to avoid
environmental damage.

3. Results and Discussion
3.1. Energy Analysis

We simulated the drying process at different air temperatures TH and initial mois-
ture contents of the product u0, calculating the total moisture evaporated along the bed
(Figure 2a,b), to study how these operating conditions affect the drying performance and
energy use.

Figure 2. Cumulative evaporated water along the bed length at different drying air inlet temperature
(a) and moisture content (b) of the product [23].

In all simulations, the evaporation rate (i.e., curves’ slope) was at maximum at the
beginning of the process. Then, it slowed down since the product’s water activity reduces,
and the humidity of air tends to an equilibrium level [45,46]. A hotter airflow enhances
the evaporation rate: we simulated different processes augmenting the air temperature
by a constant value (15 K), and the total evaporated water increased on average by 9%
between each step. However, the benefits of increasing the air temperature are bounded:
when TH = 363 K→ 378 K, the final mev increased by 16.5% while there was a minimum
of 4.1% when TH = 468 K → 483 K. When the air temperature increases, the system
evaporates a moisture layer, which is more challenging to subtract. The latter is within
the deeper porous network of the material, resulting in a higher heat and mass transfer
resistance, and presents a stronger bond with the solid matrix (i.e., the heat of evaporation
increases) [47,48].

The initial product moisture also has a critical effect on the evaporation rate. We
increased u0 by a constant interval keeping TH = 363 K, and the total evaporated moisture
augmented on average by 5.32% between each step. A more humid product presents a
lower resistance to the evaporation, and the difference between absolute air humidity and
solid moisture content increases evaporating more water. However, the effects of the initial
product moisture on the evaporation rate gradually reduces: when u0 = 0.3→ 0.4, the final
mev increased by 7.14% against a minimum of 3.85% when u0 = 1 increased to 1.1.



Energies 2023, 16, 1523 6 of 12

Since the product’s air temperature and moisture content affect the evaporation rate,
both parameters have critical implications on energy performance. First, we modeled the
drying process according to the operating conditions presented in Section 2.1, obtaining a
drying efficiency of about 19%. Then, we compared this value to the performance obtained
by varying the air temperature and initial product moisture (Figure 3). A hotter TH increases
the evaporation rate and qev, but reduces the energy efficiency of the process since it needs
a higher energy input (Eth). On the contrary, the efficiency increases with a higher initial
moisture content of the wet product, since this results in a higher evaporation rate without
affecting the energy supplied to the system (Eth).

Figure 3. Drying efficiency at different temperatures TH (a) and initial moisture contents u0 (b) com-
pared to the efficiency (ηre f ) of [23].

We sized the heat recovery unit according to the design criteria in Section 2.1 with a
heat exchange surface of 530 m2. This unit boosts the drying efficiency since the electrical
need increases by about ten times for additional pressure losses of the heat exchanger.
However, the thermal energy use per amount of evaporated moisture decreases by 30%,
resulting in a final drying efficiency of about 24% (Figure 4). Exhausts preheat the drying
air, and the heat (i.e., fuel) demand decreases, resulting in higher drying efficiency. We
also calculated the drying efficiency at different TH , enlarging the heat exchange surface to
680 m2 and 940 m2. Results show that the drying efficiency augments to 25% and 26–28%. A
higher TH results in hotter exhausts, and therefore the fraction of recovered heat augments;
such an effect increases by enlarging the heat exchange area (AHE1).

3.2. Life Cycle Analyses Results

We compared the impact categories of Baseline and Scenario 1, simulating both sys-
tems at the operating conditions presented in Section 2.1. Results of the LCA analysis,
based on the use of primary activity data coupled with the background dataset of the
Ecoinvent database and focused on a selection of impact categories of the EF 3.0 method,
are summarized in Figure 5. More detailed results are available in the Supplementary
Materials. As was reasonably expected, due to the addition of the heat exchanger to the
drying cycle, in Scenario 1, an increased impact is evident regarding the use of material
resources for all of the considered fuels. On the other hand, impacts on the use of other
resources (e.g., fossil resources and water) are, in general, reduced in this scenario.
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Figure 4. Drying efficiency for Baseline and Scenario 1 plotted against drying air inlet temperature (TH).

Concerning the shift to renewable fuels to meet the energy demand of the system,
it is worth noting that biomethane is the one that performs better compared to fossil
fuels, both in the Baseline Scenario and Scenario 1. The use of biomethane, in fact, is
characterized by a reduction in most of the impact categories compared to light fuel oil
(the only impacts that increase are those regarding human toxicity, cancer, eutrophication,
freshwater, and land use) and natural gas (an impact increase is also observed in particulate
matter, human toxicity, non-cancer, ecotoxicity, freshwater and resource use, minerals,
and metals). On the other hand, the use of hardwood chips generates an increase in all of
the impact categories compared to fossil fuels, except for climate change, ozone depletion,
eutrophication, freshwater, resource use, fossils (and resource use, minerals, and metals
only compared to light fuel oil).

Focusing on the effects of the heat recovery system (i.e., Baseline vs. Scenario 1),
the use of natural gas is characterized by an increase in all the impact categories, except for
climate change, ozone depletion, water use and resource use, fossils, while the use of
light fuel oil shows a reduction in all these impact categories and in two additional ones,
i.e., photochemical ozone formation and particulate matter. The increase in the mentioned
impact categories that occurred for the renewable fuels shifting to Scenario 1 is essentially
the consequence of the increase in the electricity consumption related to heat exchanger
operation, which increases by about an order of magnitude compared to a heat consumption
reduced by about 30%. Given this picture, since the use of heat from renewable fuels is
much less impacting than the use of electricity from the grid, the overall impact associated
with the use of this fuels is increased in Scenario 1. On the other hand, this trend is not
observed for fossil fuels, the use of which to generate heat has a greater impact compared
to the use of electricity for heat exchanger operation.

The use of hardwood chips shows an intermediate situation, with an increase in
7 categories out of the 16 considered (climate change, ozone depletion, ionising radiation,
acidification, eutrophication, freshwater, resource use, fossils and resource use, minerals,
and metals), while the use of biomethane is characterized by an increase in all the impact
categories. Comparing Scenario 1 using renewable fuels with the Baseline Scenario using
fossil ones, biomethane still represents the best performing solution (in particular in com-
parison with light fuel oil), while the use of hardwood chips shows an increase in most of
the impact categories (both compared to natural gas and light fuel oil) again.
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Figure 5. LCA and eLCC results for Baseline Scenario and Scenario 1 (FU: 1 kg dried material).

As it is possible to observe in Figure 5, the increase in the impact categories occurred
shifting to Scenario 1 are different for the renewable fuels considered. This has to be
intended as a direct consequence of the characteristics of each specific fuel and the specific
Ecoinvent datasets selected to approximate them in building up the LCA model. In fact,
biomethane has specific impacts related to 1 MJ of heat consumed (e.g., kgCO2eq/MJ and
kgSbeq/MJ) that are quite different compared to those characterizing woodchips, and this
sensibly affects the impacts related to the FU.

The eLCC results show in Scenario 1 an increase in terms of damage costs regarding
abiotic resources for all considered fuels (as a consequence of the heat exchanger installa-
tion). The shift to renewable fuels to meet the energy demand of the system is characterized
by significant reductions in all damage categories, both for biomethane and hardwood
chips and both in the Baseline Scenario and Scenario 1. Only the damage cost related to
abiotic resources increases when the use of biomethane and hardwood chips is compared to
natural gas. On the other hand, considering the shift from the Baseline Scenario to Scenario
1, the use of fossil fuels is characterized by a decrease in all damage categories (except
for abiotic resources), while the use of renewable fuels shows an increase in each one of
the categories.

Comparing Scenario 1 using renewable fuels with the Baseline Scenario using fossil
ones, a generalized decrease in the damage categories is observed, with the exception
of the use of biomethane both compared to natural gas and light fuel oil and the use of
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hardwood chips compared to natural gas, that is characterized by an increase in Abiotic
resources damage category. This evidence also has to be regarded as a direct consequence
of the characteristics of each specific fuel and the specific Ecoinvent datasets selected to
approximate them in building up the LCA calculation model.

Since the increase in the electricity consumption related to the heat exchanger operation
came out as significant and appreciably affected the results in Scenario 1, a preliminary
sensitivity analysis was carried out for this specific input. In particular, we considered
that the energy need of the heat exchanger is 100% met through the use of electricity from
hydroelectric sources (a solution actually possible through guarantees of origin) instead
of electricity from the grid. According to this assumption, a decrease of impacts was
observed for all of the considered categories except for the water use. Climate change
impact, for instance, decreased by about 20–22% for the natural gas and light fuel oil
configurations, while its reduction was more evident for the renewable fuel ones, being
about 60% for biomethane and about 80% for hardwood chips. The same applied to the
eLCC results, with appreciable reductions for all of the damage categories, that were in
general particularly relevant for the renewable fuels. Figure 6 shows the effect of using
100% hydroelectric electricity for the same categories considered in previous Figure 5, while
the complete picture of results is reported in the Supplementary Materials.

Figure 6. LCA and eLCC results for Baseline Scenario and Scenario 1 (FU: 1 kg dried material
supplied by hydroelectric energy.

4. Conclusions

We studied the sustainability of a convective drying system and its upgrade (Scenario
1) through energy simulations and life cycle evaluations (LCA and eLCC). For each scenario,
the analysis considered both renewable (biomethane and hardwood chips) and fossil fuels
(natural gas and light fuel oil). The functional unit was 1 kg of dried material.

The findings suggest that renewable fuels lead to an improvement over the classical
fossil fuel configuration for most of the known impact categories (e.g., climate change,
human health) in both drying systems, even if unexpected impacts on other categories can
modify the overall sustainability. The heat recovery strategy decreases all impacts of fossil
fuels, except the abiotic and minerals resource consumption, while impacts unexpectedly
increasing for several categories with the use of renewable fuels.

It appears that the use of renewable sources can represent an effective solution to
generally reduce the impacts of drying systems from an environmental perspective, while
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heat recovery from exhausted air is a great strategy for reducing both energy demand
and the environmental impacts of conventional fossil-fueled plants. The use of renewable
electricity to meet the energy need for the operation of the system also emerged as a
solution that, coupled with the ones above mentioned, is particularly strategic in terms of
overall sustainability.

The present findings encourage a complete strategy in dryer systems’ design that has
to consider the energy and economic performance, but also a comprehensive sustainability
assessment. It is indeed clear that a systematic and comprehensive impact evaluation is
crucial to analyze the sustainability of drying processes and compare the improved system
to existing ones.

Future work could extend our methodology to evaluate more complex drying cycle
configurations (i.e., closed cycles). Furthermore, the Euler–Euler model simulates the
thermodynamic equilibrium of the drying process, but more complex (and computationally
expensive) models can increase the accuracy of the model in describing the drying physics.

Supplementary Materials: The following are available at https://www.mdpi.com/article/10.339
0/en16031523/s1: Table S1: LCA results (FU: 1 kg dried material); Table S2: eLCC results (FU: 1 kg
dried material); Table S3: Contributions to LCA results: natural gas (FU: 1 kg dried material); Table
S4: Contributions to LCA results: light fuel oil (FU: 1 kg dried material); Table S5: Contributions to
LCA results: biomethane (FU: 1 kg dried material); Table S6: Contributions to LCA results: hardwood
chips (FU: 1 kg dried material); Table S7: Contributions to eLCC results: natural gas (FU: 1 kg dried
material); Table S8: Contributions to eLCC results: light fuel oil (FU: 1 kg dried material); Table S9:
Contributions to eLCC results: biomethane (FU: 1 kg dried material); Table S10: Contributions to
eLCC results: hardwood chips (FU: 1 kg dried material); Table S11: LCA results: electricity 100%
hydroelectric (FU: 1 kg dried material); Table S12: eLCC results: electricity 100% hydroelectric (FU:
1 kg dried material); Table S13: Ecoinvent dataset used in the analysis
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