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A B S T R A C T

The ceramic tile industry is highly energy-intensive, presenting significant opportunities for waste heat recovery. 
This study investigates the use of high-temperature heat pump (HTHP) technology to enhance energy efficiency 
by upgrading waste heat into process heat, reducing natural gas consumption and CO2 emissions. A compre
hensive methodology combining thermodynamic modelling, working fluid selection, and system design is 
applied. An innovative waste heat recovery system leveraging HTHP technology to preheat air for the drying and 
firing stages, recovering waste heat in two configurations, is proposed. Cyclopentane, identified as the optimal 
working fluid, enables the HTHP to achieve a coefficient of performance (COP) of 2.0 while preheating air to 
173 ◦C, recovering waste heat from drying, firing, and cooling stages. In an alternative configuration recovering 
heat only from drying and cooling, the HTHP reaches a COP of 2.4 with air preheated at 119 ◦C. The designed 
system recovers up to 75 % of total waste heat in the first configuration, and 48 % in the second. Fuel savings are 
estimated at 13.6 kg/h per tonne of tiles (18.6 % of the energy demand) and 8.89 kg/h per tonne of tiles (14.7 %) 
for the two configurations, respectively, with corresponding CO2 emission reduction of 37.5 kg/h and 24.4 kg/h 
per tonne of tiles. Economic analysis confirms HTHP implementation can achieve a return on investment within 
three years, aligning with current industrial HTHP costs. Results highlight HTHP technology as promising for 
energy efficiency and decarbonization in ceramic tile manufacturing, supporting sustainable solutions in energy- 
intensive industries.

1. Introduction

In March 2020, the European Commission highlighted the crucial 
role of the industrial sector in advancing toward a carbon–neutral 
economy through its publication “A New Industrial Strategy for Europe” 
[1]. This document underscores the importance of reducing the carbon 
footprint of industries while accelerating the adoption of cost-effective 
and clean technologies. Special focus is given to energy-intensive in
dustries (EIIs) due to their considerable greenhouse gas emissions. While 
EIIs achieved a significant 30 % reduction in CO2 emissions between 
1990 and 2018, the ongoing reliance on fossil fuel combustion for high- 
temperature processes remains a major source of emissions, accounting 
for roughly half of their total output [2].

Technologies for reducing CO2 emissions are generally categorized 
into four main groups based on their approach [3]: (i) enhancing energy 
efficiency, (ii) electrification, (iii) substituting fossil fuels with renew
able energy sources (RES) or low-carbon hydrogen (or other synthetic 

fuels), and (iv) carbon capture and storage. Among these strategies, 
improving energy efficiency by optimizing processes and technology 
offers the most immediate benefits. Natural gas will remain a key energy 
source for the industrial sector during the ongoing transition, given its 
critical short-term role. However, the adoption of alternative measures, 
such as fuel switching, electrification, and carbon capture, faces signif
icant barriers due to the lack of required infrastructure. Energy effi
ciency involves reducing primary energy consumption without altering 
the production process. Estimates suggest that, with current technolo
gies, the potential for energy savings in industrial processes by 2050 
ranges between 15 % and 25 % [3]. In addition to process optimization, 
minimizing energy losses to the environment is another effective 
approach. More than half of the heat generated in industrial processes is 
released as low-grade waste heat [4], including heat from combustion, 
drying, heating, cooling, chemical processes, and wastewater [5]. Waste 
heat is classified as low-, medium-, or high-grade, with higher temper
atures being more economically viable for recovery [6]. Notably, about 
50 % of thermal energy is emitted as sensible heat at temperatures below 
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230 ◦C [7]. Discharging this heat into the environment contributes to 
ecological imbalances and biodiversity loss in aquatic ecosystems [8]. 
Consequently, recovering low-grade waste heat offers dual benefits: (i) 
reducing thermal impacts on the environment and (ii) lowering primary 
energy consumption along with related CO2 and pollutant emissions.

1.1. High-temperature heat pump potential for waste heat upgrade

Currently, industries such as ceramics, cement, lime, and glass (non- 
metallic mineral sectors) produce the highest levels of waste heat, fol
lowed by the iron and steel sectors, along with the paper and pulp in
dustries. A significant portion of this waste heat is available at 
temperatures between 100 ◦C and 200 ◦C [9]. There are three primary 
methods for waste heat recovering: (i) direct heat recovery, where the 
heat is reused in another process operating at a lower temperature; (ii) 
waste heat-to-power, which involves converting the heat into electricity 
using thermal cycles like Rankine or Brayton cycles; (iii) waste heat 
upgrading, which raises the temperature of the heat using high- 
temperature heat pumps (HTHPs) to supply higher-temperature pro
cesses. Among these, direct heat recovery transfers the largest amount of 

heat to secondary processes and results in the highest CO2 savings. 
Conversely, waste heat-to-power solutions utilize the greatest quantity 
of waste heat but offer lower equivalent CO2 reductions [9].

Beyond heating and hot water, industrial operations require process 
heat at various temperature levels (Fig. 1(a)). Process heat accounts for 
approximately 19 % of global energy consumption and contributes to 
36.8 % of energy-related emissions [10], since industrial processes 
heavily depend on fossil fuel-based boilers for energy generation (Fig. 1
(b)). Achieving the International Energy Agency’s net-zero emissions 
target by 2050 [11] necessitates a transition away from fossil fuels to
ward RES and more sustainable alternatives. Despite significant poten
tial, a large amount of low-grade waste heat (< 250 ◦C) [10] generated 
by industrial processes remains unused (recovery rate below 30 % [12]). 
While, high-temperature waste heat is often reused directly to meet 
lower-temperature energy demands, medium- and low-temperature 
waste heat flows are less frequently recovered [12]. To address this, it 
is imperative to develop efficient, environmentally friendly methods to 
upgrade and utilize this underused energy in industrial applications.

Heat pumps (HPs) can recover waste heat from various industrial 
processes [12], reducing dependence on fossil fuel boilers and lowering 

Nomenclature

Acronyms
EII Energy Intensive Industry
GWP Global Warming Potential
HGS Heat Generation System
HP Heat Pump
HTHP High-Temperature Heat Pump
HX Heat Exchanger
IHX Internal Heat Exchanger
ODP Ozone Depletion Potential
RES Renewable Energy Source
RH Recovery Heat Exchanger
WH Waste Heat
WHR Waste Heat Recovery

Chemical Symbols
CH4 Methane
CO2 Carbon Dioxide

Symbols
C Cold side
CF Cash flow (€/ttiles)
CF Fuel cost (€/kWh)
CI Investment cost (€/ttiles)
COP Coefficient Of Performance (− )
cp Specific heat at constant pressure (kJ/kg/K)
cp Average specific heat at constant pressure (kJ/kg/K)
d Small increment
ETS Emissions Trading System (€/tCO2)
h Enthalpy (kJ/kg)
heq Equivalent working hours (h/y)
H Hot side
LHV Lower Heating Value (kJ/kg)
ṁ Mass flow rate (kg/s)
NPV Net Present Value (€/ttiles)
p Pressure (bar)
PR Pressure ratio (− )
q Specific thermal energy (kJ/kg)
Q̇ Thermal power (kW)
r discount rate (− )
s Entropy (kJ/kg/K)

T Temperature (◦C)
x Vapour quality (− )
UA Global heat transfer coefficient (kW/K)
Ẇ Electric power (kW)

Greek Symbols
Δ difference (− )
ε effectiveness (− )
η efficiency (%)
τ return of the investment time (y)

Subscripts
amb ambient
comb combustion
comp compressor
cooler cooling stage
crit critical
dryer drying stage
el electric
em electromechanical
F fuel
i i-th stage/year
is isentropic
in inlet
j j-th heat exchanger
k condensation
kiln firing stage
lim limit
loss losses
max maximum
out outlet
pp pinch point
SC subcooling
sfC cold secondary fluid
sfH hot secondary fluid
SH superheating
sink thermal sink
source thermal source
tile tiles production process
tot total
v evaporation
wf working fluid
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emissions, when powered by renewable energy. While conventional HP 
technology is well established for heating applications below 100 ◦C in 
residential, commercial, and district heating sectors, HTHP systems 
(sink temperatures above 80–100 ◦C) are less mature, with limited 
commercially available options [13]. Although HTHPs industrial ap
plications offer opportunities for cost efficiency and emissions re
ductions, their integration depends on factors such as the required 
temperature ranges, the process type (batch or continuous), the annual 
operating hours, the energy carrier (electricity or fuel) used in the 
process, and the presence of a proper heat source [14]. Challenges in 
implementing HTHPs include limited awareness among stakeholders, 

long payback periods, technical constraints such as a lack of suitable 
refrigerants with low global warming potential (GWP), and limited pilot 
systems demonstrating the technology’s potential.

These integration challenges have limited the HTHP industrial 
implementations so far. Nonetheless, there is a growing trend of 
emerging new applications. Market availability of HTHPs with higher 
heat sink temperatures and capacities has grown steadily in recent years 
[14]. Current systems can achieve sink temperatures of 90–280 ◦C and 
heating capacities ranging from 30 kW to 100 MW [15]. For lower sink 
temperatures (< 90 ◦C), ammonia and hydrofluorocarbons are 
commonly used as refrigerants. For temperatures of 90–165 ◦C, 

Fig. 1. Worldwide industrial processes heat demand: (a) temperature levels distribution, and (b) primary energy []
Source (data from 10).

Fig. 2. Industrial HTHPs available on the market sorted by their maximum heat sink temperature, heating capacity, and working fluid family (data from [14;15]).
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hydrofluoroolefins and CO2 are also employed, while water is preferred 
for temperatures above 165 ◦C (Fig. 2). The efficiency of industrial 
HTHPs, measured by the coefficient of performance (COP), varies with 
temperature lift (the difference between heat source and sink tempera
tures). According to HTHPs’ state-of-art depicted in a recent perfor
mance review by Arpagaus et al. [15], the COP values typically range 
from 1.7 to 5.8 for lifts between 100 K and 25 K, with an average COP of 
3.3 at a 62 K lift. Using internal heat exchangers allows the achievement 
of higher sink temperatures (Fig. 3). Ongoing experimental projects 
worldwide have achieved a maximum COP of 7.2 with a temperature lift 
of 30 K (Fig. 3). Investment costs for HTHPs, including installation, 
depend heavily on the specific process and site requirements. However, 
costs are expected to decrease as the technology matures and scales up 
[14].

HTHP technology offers significant potential to reduce greenhouse 
gas emissions and enhance energy efficiency in industrial processes. 
However, addressing technical, economic, and regulatory challenges is 
critical for unlocking their full potential, especially in new EIIs, such as 
in the proposed ceramic industrial application.

1.2. Ceramic tiles manufacturing sector

Within the EIIs, which depend heavily on fossil fuels to support high- 
temperature processes, the ceramic sector is selected as relevant case 
study for this work, due to its reliance on heat at varying temperature 
levels. As a major energy-consuming manufacturing industry, the 
ceramic manufacturing accounts for 28 % of industrial energy usage and 
emit 19 million tons of CO2 annually [2]. Of these emissions, 66 % re
sults from fossil fuel combustion, while electricity consumption and 
process-related activities contribute 18 % and 16 %, respectively. Efforts 
to reduce carbon emissions in ceramic manufacturing have been 
explored through European initiatives [16], UK Roadmaps [17], and a 
joint industry-government action plan [18].

1.2.1. Ceramic tiles manufacturing process description
The ceramics industry encompasses the production of various goods 

such as ceramic tiles, sanitary ware, tableware, and refractories. Among 
these, the largest segment is “ceramic tiles for flooring and cladding”, 
which includes a broad range of products differing in size, aesthetics, 

mechanical properties, and manufacturing techniques. Despite the di
versity in end-products, the ceramic tile manufacturing process follows 
eight fundamental stages common to all the end-goods and the plants’ 
size [19], as shown in Fig. 4: 

(1) Grinding. The raw materials used in the mixture are measured 
and directed to the grinding phase. Wet grinding, the most 
common method, produces a powder with specific particle sizes 
and moisture content suitable for the product. This results in a 
“slip” containing about 30–40 % water.

(2) Spray drying. The slip is then sent to a spray dryer, where a 
stream of hot air (500–600 ◦C) rapidly lowers the moisture con
tent to approximately 6–7 %. This stage is primarily reliant on 
thermal energy.

(3) Pressing. The prepared mixture is compacted through extrusion 
or pressing. Continuous pressing is the dominant method, 
enabling the production of large-format ceramic slabs with var
iable thicknesses.

(4) Drying. During this phase, hot air (160–200 ◦C) is used to remove 
excess water from the product. Drying enhances the product’s 
strength for easier handling and reduces the time required in the 
firing stage. This phase accounts for 9 % of the total thermal 
energy used in the process.

(5) Glazing. Glazes are created by wet grinding specific materials to 
form an aqueous suspension. This suspension is applied to the 
raw ceramic surface, giving the final product its aesthetic features 
and low water absorption.

(6) Firing. Both the tiles and applied glazes are fired in roller kilns at 
temperatures of up to 1200 ◦C. This critical stage provides the 
product with its required mechanical strength. Firing is the most 
energy-intensive step, consuming 55 % of the total thermal en
ergy in the production process, which is predominantly supplied 
by natural gas combustion.

(7) Cooling. After the firing stage, the tiles are cooled down before 
any additional operations, which may include rectification, cut
ting, lapping, or chamfering.

(8) Packaging. The tiles are then sorted by quality, packaged, and 
prepared for shipment.

Fig. 3. Commercial and research project HTHPs’ (a) COP and (b) heat sink temperature, and second low efficiency as functions of the temperature lift and of the 
internal arrangement (data from [14;15]).
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1.2.2. Energy efficiency solutions: State of the art
Energy efficiency seeks to produce the same output while reducing 

energy consumption, without altering the fundamental production 
process. Projections suggest that current technologies could enable an 
additional 15–25 % reduction in energy use by 2050 [3]. In the ceramic 
sector, efforts to enhance energy efficiency have primarily targeted 
improving kiln performance, recovering waste heat from kiln flue gases 
and cooling air, upgrading thermal insulation, employing high-speed 
flame burners, and implementing continuous monitoring of operating 
conditions and process parameters [20]. Since the 1990 s, combined 
heat and power systems have been widely used to address the simulta
neous need for electricity and heat in ceramic tile manufacturing [19], 
with even combined cooling, heating, and power systems explored 
through simulations [21]. Despite these advancements, energy costs still 
constitute about 30 % of total production expenses [22], significantly 
influencing related emissions.

To further enhance energy efficiency in the ceramics industry, 
Mezquita et al. [23] proposed a methodology to calculate potential en
ergy savings by recovering a portion of cooling gases in the firing 
chamber instead of venting them outside. This approach showed po
tential energy savings of up to 17 % in the analysed case. Delpech et al. 
[24] explored integrating a heat-pipe-based heat exchanger (HX) into a 
ceramic kiln’s cooling stack, demonstrating the recovery of over 863 
MWh of thermal energy annually. This solution saved approximately 
110,600 Sm3 of natural gas, reduced CO2 emissions by 164 tons, and 
resulted in annual cost savings exceeding € 22,000. Another study [25] 
investigated waste heat recovery (WHR) during the cooling phase using 
a system combining a radiative heat-pipe, kiln, and ceramic heater. This 
system was able to recover heat through radiation and natural convec
tion in an enclosed kiln. Brough et al. [26] applied a multi-pass heat-pipe 
HX to a laboratory-scale kiln, transferring heat from exhaust gases to 
water. This setup achieved a recovery rate of up to 63 kW, with a pre
dicted payback period of 33 months for a full-scale unit designed to 
preheat water for space heating. Jouhara et al. [27] demonstrated that 
placing a 100 kW-sized heat-pipe HX near the cooling section’s exhaust 
stack could recover up to 876 MWh per year. This system avoided cross- 
contamination and fouling, provided a return on investment within 16 
months, and achieved annual savings of £ 30,000. Milani et al. [28] 
developed a lumped-parameter model to simulate kiln performance 
under real-world conditions, examining alternative designs and control 
strategies. Their work included evaluating a novel burner with built-in 
heat recovery, achieving fuel savings of about 10 % and reducing CO2 
emissions compared to conventional burners. In a later study [29], 
Milani et al. refined the model to optimize kiln operations, minimizing 
residual stresses in tiles and enhancing product quality. Venturelli et al. 
[30] conducted numerical simulations using a 0D/1D model to study 
energy efficiency improvements from heat-pipe-based HX systems in 
ceramic manufacturing. Their results, validated by experimental data 
from a real facility, highlighted the model’s capability to assess effi
ciency gains and explore design configurations. Peris et al. [31] took a 
different approach by focusing on using waste heat to power an organic 
Rankine cycle. Through experimental characterization, they developed 
a system model to estimate net electricity generation over a typical year. 
Their findings showed annual energy production exceeding 115 MWh 
with 18.5 kW-sized organic Rankine cycle. This generation provides 

primary energy savings of approximately 237 MWh and CO2 emissions 
reductions of around 31 tons, with a payback period of less than 5 years.

1.2.3. Contribution
The push towards the energy sector decarbonization is accelerating 

the integration of RES and the electrification of energy systems. This 
shift underscores the need to explore innovative synergies between 
renewable electricity production and industrial processes requiring high 
amounts of heat. HTHP technology has been emerging as a promising 
solution within this framework. HTHPs facilitate the electrification of 
thermal energy demands while harnessing process waste heat as a 
“renewable energy” source, often achieving superior efficiency 
compared to systems that rely primarily on outdoor air, geothermal 
energy, or groundwater.

HTHPs offer a practical pathway to decarbonize hard-to-abate in
dustries traditionally reliant on fossil fuel combustion-based systems. In 
this context, the present study investigates the potential application of 
HTHP technology in the ceramic industry to improve energy efficiency. 
To the Author’s best knowledge, there is a noticeable gap in existing 
research regarding the feasibility of utilizing HTHPs to upgrade process 
waste heat and supply thermal energy to the most heat-intensive stages 
of ceramic tiles production. To address this gap, the study proposes the 
design of an HTHP system tailored to match the waste heat temperatures 
from the tile manufacturing process, thereby providing the necessary 
thermal energy for the most energy-demanding phases. The design 
process includes determining the energy recovery system layout, 
selecting a suitable working fluid for the HTHP, sizing the compressor 
and heat exchangers, estimating both primary energy savings and CO2 
emissions savings, and providing a preliminary estimation of the 
maximum investment cost that would make the investigated applica
tions economically viable.

2. Ceramic tiles manufacturing energy recovery configurations

According to Fig. 4, thermal energy is required during the spray 
drying, drying, and firing stages of the ceramic manufacturing process. 
Simultaneously, waste heat is produced in these stages, including the 
cooling step.

2.1. Ceramic tiles manufacturing process temperature levels and waste 
heat

The temperature levels at which thermal energy is both required 
(Tin,i) and released (Tout,i) differ from one stage to the others. These 
values, along with the thermal consumption ratios (Q̇in,i/Q̇in,tot) and 

Fig. 4. Ceramic tiles manufacturing process line with highlighted energy vectors.

Table 1 
Temperature levels and required/released thermal power ratios in the most 
energy-intensive stages [32].

Spray dryer Dryer Kiln Cooler

Tin,i(◦C) 500 200 1200 15
Tout,i(◦C) 100 130 250 70
Q̇in,i/Q̇in,tot(− ) 0.35 0.10 0.53 0

Q̇out,i/Q̇out,tot(− ) 0.50 0.12 0.21 0.17
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waste heat ratios (Q̇out,i/Q̇out,tot), are summarized in Table 1 [32]. Based 
on the data in Table 1, over 50 % of the total thermal demand originates 
from the firing stage (kiln), while the spray drying stage accounts for the 
largest share of waste heat release (50 % of the total).

Assuming a typical production rate (ṁtile) of 5 t/h [28], a specific kiln 
consumption (qin,kiln) of 2300 kJ/kg [20], and an ambient temperature of 
15 ◦C, the thermal power required (Q̇in,i) and released (Q̇out,i) at each 
stage are calculated using Eqs. (1)–(4) and presented in Table 2. Addi
tionally, the mass flow rate (ṁi) of the hot air or exhaust gases involved 
in the heat exchange in each stage is determined through the energy 
balance (Eq. (5)). 

Q̇in,kiln = qin,kiln • ṁtile (1) 

Q̇in,i =
Q̇in,i/Q̇in,tot

Q̇in,kiln/Q̇in,tot
• Q̇in,kiln (2) 

Q̇out,kiln =
cp,out,kiln •

(
Tout,kiln − Tamb

)

cp,in,kiln •
(
Tin,kiln − Tamb

) (3) 

Q̇out,i =
Q̇out,i/Q̇out,tot

Q̇out,kiln/Q̇out,tot
• Q̇out,kiln (4) 

ṁi =
Q̇in,i − Q̇out,i

cp
(
Tin,i − Tout,i

) (5) 

2.2. Energy recovery system with HTHP

The energy recovery configurations applied to the ceramic tiles 
production process are depicted in Figs. 5 and 6 (in which the main 
thermal streams of the process are highlighted), showcasing two WHR 
scenarios: considering that heat recovery technologies for the kiln waste 
stream are still under ongoing research [32], the system is investigated 
both including and excluding direct heat recovery from the firing stage. 
The cooling air flow rate (ṁcooler) enters the system cooling section at 
ambient temperature and exits the same cooling stage at approximately 
70 ◦C (see Table 1). This flow rate is then divided into two streams. One 
stream is used to supply hot air to the dryer and kiln (ṁdryer + ṁkiln). This 
stream is preheated in recovery heat exchangers (RH1 and RH2 in the 
first case, RH1 only in the second case) using waste heat from the drying 
and firing stages. The remaining cooling air’s enthalpy is utilized by the 
HTHP to further raise the temperature of the hot air for the drying and 
firing stages, when surplus renewable electricity is available to run the 
HTHP.

The purpose of this analysis is to evaluate the feasibility of imple
menting a HTHP to preheat the air required for the process’ energy- 
intensive stages by harnessing the process waste heat. The HTHP hot 
side flow rate (ṁsfH) is defined as the combined flow rate of the dryer and 
kiln (Eq. (6)). The HTHP cold side flow rate (ṁsfC) is determined by 
subtracting the hot sink flow rate from the cooler flow rate (Eq. (7)). 

ṁsfH = ṁdryer + ṁkiln (6) 

ṁsfC = ṁcooler −

(

ṁdryer + ṁkiln

)

= ṁcooler − ṁsfH (7) 

The waste heat generated by the spray drying stage is excluded from 
the energy recovery system for these reasons: (i) the exhaust air from 
this stage is highly contaminated and saturated with moisture, necessi
tating extensive filtration before it could pass through a heat exchanger; 
(ii) the temperature of this waste heat is not significantly higher than the 
air temperature exiting the cooling stage; (iii) the spray drying process 
operates intermittently, unlike the dryers, kilns, and coolers, which 
work continuously. Moreover, smaller companies often outsource slip 
production rather than operating their own spray dryers.

In order to design the HTHP, a proper plant layout is considered for 
each heat recovery setup. The first proposed energy recovery configu
ration, which includes the HTHP and two heat exchangers (RH1 and 
RH2), is illustrated in Fig. 7, where the RH2 outlet stream ṁsfH is heated 
via the HTHP fluid at the condenser (Cond) to provide the process heat 
demand, while the HTHP evaporator (Eva) is fed by the residual cooler 
air outflow (ṁsfC), working as cold source. The second configuration 
including RH1 and the HTHP is depicted in Fig. 8. In both cases, a single- 
stage HTHP cycle design is selected, with an internal heat exchanger 
(IHX), fluid receiver (Rec), evaporation valve (EV) and compressor 
(Comp), aligning with the design arrangement of most high-performing 
cycles capable of achieving high sink temperatures [15].

3. HTHP working fluid selection

RH1 and RH2 are modelled using a general HX component from the 
built-in library of THERMOFLEX, a dedicated energy systems modelling 
software [33]. These heat exchangers are designed as air-to-air cross- 
flow systems, with a thermal effectiveness of 75 % [34]. Assumptions 
include 1 % heat losses (Δqloss), 2 % pressure losses (Δploss), and a 
minimum pinch point (ΔTpp) of 3 ◦C (according to the reference default 
values set in THERMOFLEX). Based on these specifications, RH1 allows 
to heat up the recovered air to a temperature of 95 ◦C (point 9 in Fig. 7), 
while RH2 raises the temperature further, reaching nearly 150 ◦C.

The first step in designing the HTHP involves selecting an appro
priate working fluid. To achieve this, a comparative analysis of the 
thermodynamic performance of various fluids is carried out using a 
lumped-parameters thermodynamic model implemented in MATLAB 
[35]. The model evaluates fluids sourced from CoolProp library [36], 
selected based on their critical temperatures, which must align with the 
temperature range of the application. Specifically, the critical temper
atures of the candidate fluids span from the outlet temperatures of RH1 
and RH2 (depending on whether RH2 is included or not) up to 300 ◦C. 
Fluids with critical temperatures above 165 ◦C are deemed suitable for 
scenarios involving both RH1 alone and the combination of RH1 and 
RH2. In contrast, fluids with critical temperatures between 120 ◦C and 
165 ◦C are applicable only to the RH1-only configuration. Additionally, 
fluids with high critical pressures (> 50 bar), significant GWP (GWP >
150), or non-zero ozone depletion potential (ODP) are excluded from the 
analysis. Table 3 provides an overview of the selected fluids, along with 
their critical temperatures, pressures, GWP, and their suitability for the 
RH1-only and combined RH1 and RH2 configurations.

3.1. Modelling approach

The cycle model calculates the evaporation pressure (pv) and 
condensation pressure (pk) for each working fluid, using key input pa
rameters. These include the flow rates of the cold and hot sink secondary 
fluids (ṁsfC and ṁsfH), the cold source inlet temperature (TCin), and the 
hot sink inlet and outlet temperatures (THin and THout). Other inputs 
encompass the minimum temperature difference at the pinch point 
(ΔTpp), the degree of superheating at the compressor inlet (ΔTSH), the 
degree of subcooling at the condenser outlet (ΔTSC), and the tempera
ture difference in the internal heat exchanger (ΔTIHX). These parameters 
enable the calculation of thermal energy production.

The thermodynamic relationships governing the HTHP cycle are 

Table 2 
Required and released thermal power, and mass flow rate in the most energy- 
intensive stages of the process for a facility with a tiles production capacity of 
5 t/h.

Spray dryer Dryer Kiln Cooler

Q̇in,i(kW) 2111 603 3196 0

Q̇out,i(kW) 1638 393 688 557
ṁi(kg/s) 1.12 2.94 2.36 10.1
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outlined in Table 4, where dTv and dTk represent the iterative variable 
increments, and the state points correspond to those shown in Fig. 7. The 
input values are presented in Table 5. Additional assumptions include 
constant isentropic efficiency for the compressor, fixed electromechan
ical efficiency, and negligible pressure losses within the heat ex
changers. Thermodynamic properties of the working fluids are obtained 
from CoolProp library [36].

3.2. Fluid performance comparison

The model evaluates the thermodynamic performance of the candi
date fluids and identifies the one with the highest COP for the given 
application. The COP values are calculated using Eq. (23) and are used 
to determine the optimal working fluid for both configurations, namely 
with and without direct waste heat recovery from the kiln stream. The 
results, presented in Figs. 9 and 10, illustrate the achievable COP values 
for each fluid under the same input conditions (Table 5). COP values are 
higher for the configuration involving RH1 only (waste heat recovery 
from the drying stage alone, Fig. 10) compared to the configuration that 
includes both RH1 and RH2 (direct waste heat recovery from both the 
drying and firing stages, Fig. 9). This difference arises from the reduced 

temperature lift between the cold source and hot sink in the RH1-only 
configuration, which lowers the compressor’s pressure ratio, PR (as 
visible comparing Figs. 9 and 10), and consequently its electrical energy 
consumption.

Based on this analysis, cyclopentane emerges as the most suitable 
working fluid for both configurations. It achieves a COP of 2.1 in the 
RH1 and RH2 case (Fig. 9) and 3.4 in the RH1-only case (Fig. 10). 
Therefore, cyclopentane is selected as the working fluid for the reference 
application in both configurations.

3.3. Sensitivity analysis

The selected working fluid is employed to perform a sensitivity 
analysis varying key parameters such as the temperature lift, ΔTlift , be
tween the heat source and sink, and the compressor isentropic effi
ciency, ηis,comp. Fig. 11 shows that the COP decreases with the 
temperature lift from 45 to 95 K (range in line with the HTHPs’ state-of- 
the-art [15]) and increases with the compressor efficiency, which ranges 
between 50 and 90 % in the sensitivity analysis. Fig. 12 illustrates the 
variation of the IHX global heat transfer coefficient, UAIHX, which in
creases with both the temperature lift and the compressor efficiency.

Fig. 5. WHR setup applied to the ceramic tiles manufacturing – case with both RH1 and RH2.

Fig. 6. WHR setup applied to the ceramic tiles manufacturing – case with RH1 only.
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4. HTHP components design and performance assessment

The selected working fluid is integrated into a more accurate and 
detailed model developed in THERMOFLEX, in order to design the 
compressor and the heat exchangers (HXs) within the HTHP, and the 
components RH1 and RH2. Key performance indicators, including the 
COP, the low-temperature waste heat recovered (Q̇source), the high- 
temperature heat introduced into the heat generation system (HGS) by 
the HTHP (Q̇sink), and the compressor electrical consumption (Ẇel), are 
used to evaluate the HTHP performance. Additionally, the temperature 

of the hot air supplied to the HGS (state point 11 in Figs. 7 and 8) is 
analysed as an indicator of the HTHP thermal contribution. The per
formance assessment and the design of the HXs and compressor are 
presented for the reference application in both analysed cases, namely 
with both RH1 and RH2 (Fig. 7) and with RH1 only (Fig. 8).

4.1. Components design

For the heat exchangers, the overall heat transfer coefficients (UA) 
are determined using Eq. (24). The compressor design is outlined 
providing the size (Ẇcomp), calculated using Eq. (25), and the pressure 

Fig. 7. HTHP setup layout – WHR case with both RH1 and RH2.

Fig. 8. HTHP setup layout – WHR case with RH1 only.
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ratio (PR): 

UAHXj =
Q̇HXj

ΔTHXj
(24) 

Ẇcomp = ṁwf • (h2 − h1) (25) 

where Q̇HXj represents the thermal power exchanged in the j-th HX, 
ΔTHXj is the inlet–outlet temperature difference of the secondary fluid 
across the j-th HX, and (h2 − h1) is the enthalpy rise across the 
compressor.

For RH1 and RH2, a general HX component available in the THER
MOFLEX built-in library is employed to model the HTHP heat ex
changers. These HXs are set up as counter-flow systems with a thermal 
effectiveness of 80 % [34]. Additional general design assumptions for 
HXs include: 1 % heat losses; 2 % pressure losses; and a minimum pinch 
point of 3 ◦C. The HTHP compressor isentropic efficiency is set to 70 %, 
the mechanical efficiency is set to 99 %, and the electric motor name
plate efficiency is imposed to 94 %. A pressure ratio of 12 is applied for 
the case involving both RH1 and RH2, while a pressure ratio of 9.5 is 
used for the RH1-only case. These pressure ratios align with values 

derived from the lumped-parameters thermodynamic model, aiming to 
achieve optimal HTHP performance.

The characteristics of the WHR system and the design of its main 
components are key results derived from THERMOFLEX modelling. The 
HTHP working fluid conditions at each state point in the energy re
covery configuration (Fig. 7 and Fig. 8), including mass flow rate (ṁ), 
pressure (p), and temperature (T) are detailed in Table 6 for both sce
narios (with both RH1 and RH2 and with RH1 only). The cycle highest 
temperature values reached at the compressor outlet (T2 = 190 ◦C and 
T2 = 210 ◦C in the two reference cases respectively) are in line with the 
HTHPs’ manufacturers data [14] illustrated in Fig. 2. The heat ex
changers design, expressed through the overall heat transfer coefficient 
(UA), and the compressor size (Ẇcomp) are outlined in Table 7.

4.2. HTHP performance

Table 8 provides a summary of the overall system performance for 
both scenarios, assuming a tiles production capacity of 5 t/h. Scaling the 
results with reference to the line capacity, a thermal production of 29.2 
kWh per tonne of tiles produced is provided by the HTHP with an 
electrical expense of 14.7 kWh in the first case. Conversely, a thermal 
production of 25.6 kWh and an electrical expense of 10.7 kWh per tonne 
of tiles produced result in the second case. In each scenario, the COP 
value is slightly lower than those obtained with the thermodynamic 
analysis due to the inclusion of pressure and heat losses, heat exchanger 
efficiencies, and technical constraints of the components in the THER
MOFLEX model. Furthermore, despite the MATLAB model maintains a 
fixed thermal production (Q̇sink) to facilitate performance comparisons 
between different working fluids, the THERMOFLEX model treats Q̇sink 
as a variable output.

4.3. Waste heat recovery rate

The effectiveness of the WHR system in capturing thermal waste is 
evaluated by comparing the actual amount of heat recovered to the total 

Table 3 
HTHP working fluids selected set.

Fluid Name Tcrit (◦C) pcrit (bar) GWP (¡) Case

1-Butene 146.14 40.051 − RH1
cis-2-Butene 162.60 42.255 − RH1
Cyclopentane 238.57 45.712 − RH1 and RH2
Isobutane 134.67 36.290 − RH1
Isobutene 144.94 40.098 − RH1
Isohexane 224.55 30.400 − RH1 and RH2
Isopentane 187.20 33.780 − RH1 and RH2
n-Butane 151.98 37.960 3 RH1
n-Hexane 234.67 30.340 3.1 RH1 and RH2
n-Pentane 196.55 33.700 − RH1 and RH2
Neopentane 160.59 31.960 − RH1
R123 183.68 36.720 77 RH1 and RH2
R1233zd(E) 166.45 36.236 0 RH1 and RH2
R1234ze(Z) 150.12 35.330 0 RH1
trans-2-Butene 155.46 40.273 − RH1

Table 4 
HTHP lumped-parameters thermodynamic model equations.

Inputs ηis,comp , ηem, ΔTpp, ΔTSH, ΔTSC, ΔTIHX, THin, THout , 
TCin, ṁsfH, ṁsfC

Pressures (iterative) pv = p(Tv = TCin − ΔTpp − dTv,x = 1) (8)
​ pk = p(Tk = THout + ΔTpp ∓ dTk,x = 0) (9)
State point 1 h1 = h(pv,Tv + ΔTSH) (10)
​ s1 = h(pv,h1) (11)
State point 2 h2,is = h(pk, s1) (12)
​ h2 = h1 + (h2,is − h1)/ηis,comp (13)
State point 3 h3 = h(pk,Tk − ΔTSC) (14)
State point 4 h4 = h(pk,Tv + ΔTIHX) (15)
State point 5 h5 = h4 (16)
State point 6 h6 = h1 − (h3 − h4) (17)
Hot sink Q̇sink = ṁsfH • cpH • (THout − THin) (18)
Working fluid ṁwf = Q̇sink/(h2 − h3) (19)
Cold source Q̇source = ṁwf•(h6 − h5) (20)
​ TCout = TCin − Q̇source/ṁsfC/cpC (21)
Electric consumption Ẇel = ṁwf • (h2 − h1)/ηem (22)
Coefficient Of Performance COP = Q̇sink/Ẇel (23)

Table 5 
HTHP lumped-parameters thermodynamic model inputs.

ηis,comp(¡) ηem(¡) ΔTpp(K) ΔTSH(K) ΔTSC(K) ΔTIHX(K) THin(◦C) THout(◦C) TCin(◦C) ṁsfH(kg/s) ṁsfC(kg/s)

0.70 0.90 3 10 20 5 95/145 
(RH1/RH2)

120/165 
(RH1/RH2)

70 5.3 4.8

Fig. 9. HTHP COP results with the working fluids set for the case with WHR 
from both the drying stage (RH1) and the firing stage (RH2).
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recoverable waste heat. Emission temperature limits for each waste 
stream are determined based on its composition. Consequently, the 
WHR effectiveness (εWHR) for the two configurations is defined as the 
ratio of recovered waste heat in the analysed scenario (Q̇WH,max − Q̇WH) to 
the total waste heat generated during the ceramic tiles production 
process (Q̇WH,max), as expressed in Eq. (26): 

εWHR =
Q̇WH,max − Q̇WH

Q̇WH,max
=

∑
Q̇WH,max,i −

∑
Q̇WH, i

∑
Q̇WH,max,i

(26) 

The total process-generated waste heat (Q̇WH,max) corresponds to the 
sum of waste heat emitted by each manufacturing stage (Q̇WH,max,i) in the 
absence of an energy recovery system, as illustrated in Fig. 13. The 
calculation for Q̇WH,max,i is given by Eq. (27): 

Q̇WH,max,i = ṁi •
(
hout,i − hout,lim,i

)
(27) 

Here, ṁi represents the mass flow rate of hot air or fumes in the i-th 
stage, hout,i is the enthalpy of the stream at the stage outlet, and hout,lim,i 

denotes the enthalpy associated with the minimum allowable (limit) 

temperature for atmospheric release of the stream.
These temperature limits vary depending on the waste stream’s 

composition and are summarized in Table 9. For instance, the cooler 
outlet air, being nearly clean, has a temperature limit equal to the 
ambient air temperature assumed at 15 ◦C. Conversely, the kiln outlet 
fumes, being combustion exhaust gases, are restricted to a minimum 
release temperature of 120 ◦C [37]. Meanwhile, the dryer outlet air, 
containing a moisture level of 0.1 kgwater/kgair [38], has its temperature 
limit calculated based on a maximum relative humidity of 60 %.

The recirculation of hot air from the cooler outlet back into the HGS 
(as shown in Fig. 14) enables the recovery of 26.5 % of the process waste 
heat.

Incorporating direct heat recovery from the dryer waste stream via 
RH1 (as illustrated in Fig. 15) improves εWHR to 40.9 %. By integrating 
an HTHP into the system (following the configuration in Fig. 6), the 
recovered waste heat fraction further increases to 47.9 %.

Additionally, implementing direct heat recovery from both the dry
ing (RH1) and kiln (RH2) waste streams, as depicted in Fig. 16, allows 
for a recovery of 67.8 % of the process waste heat. When the HTHP is 
added to this setup (as shown in the layout of Fig. 5), the waste heat 

Fig. 10. HTHP COP results with the working fluids set for the WHR case with RH1 only.

Fig. 11. COP sensitivity analysis when varying the temperature lift and the 
compressor isentropic efficiency.

Fig. 12. IHX global heat transfer coefficient sensitivity analysis when varying 
the temperature lift and the compressor isentropic efficiency.
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recovery fraction reaches 74.8 %.

5. Fuel consumption and CO2 emissions savings

From an environmental perspective, the benefits of WHR configu
rations on thermal production are evaluated by quantifying the re

ductions in fuel consumption and CO2 emissions. The fuel savings (ṁF) 
are calculated under the assumption that the thermal power (Q̇sink) 
delivered by the HTHP to the hot air directed into the HGS (state point 
11 in Figs. 7 and 8) eliminates the need for its generation via boiler 
combustion. Methane (CH4) is assumed as the fuel used for thermal 
power generation, with a lower heating value of 50 MJ/kg and a molar 
mass ratio of 2.75. The combustion efficiency is set at 90 %, in line with 
[21]. The reduction in CO2 emissions (ṁCO2) is determined based on the 
molar mass ratio of CO2 to the fuel, reflecting the amount of CO2 emitted 

Table 6 
Thermodynamic conditions of the state points in the two HTHP setups.

RH1 and RH2 RH1 only
fluid ṁ(kg/s) p(bar) T(◦C) fluid ṁ(kg/s) p(bar) T(◦C)

1 cyclopentane 0.41 0.965 68.0 cyclopentane 0.28 0.965 95.9
2 17.7 190 15.6 210
3 17.3 149 15.3 130
4 17.0 51.2 15.0 51.2
5 1.00 49.0 1.00 49.0
6 0.985 48.4 0.984 48.4
7 air 10.0 1.08 70.0 air 10.0 1.05 70.0
8 5.35 1.08 70.0 5.35 1.05 70.0
9 1.05 94.8 1.03 95.3
10 1.03 147
11 1.01 173 1.01 119
12 4.65 1.08 70.0 4.65 1.05 70.0
13 1.05 53.2 1.03 53.2
A low wet air 3.00 1.03 130 low wet air 3.00 1.03 130
B 1.01 85.0 1.01 85.0
A’ fumes 2.40 1.03 250 − − − −

B’ ​ ​ 1.01 134 ​ ​ − −

Table 7 
Energy recovery components size for a facility with a tiles production capacity of 5 t/h.

RH1 and RH2 RH1 only
UA(kW/K) RH1 

5.62
RH2 
4.22

Cond 
16.0

IHX 
3.23

Eva 
7.46

RH1 
5.78

Cond 
2.19

IHX 
2.19

Eva 
7.46

Ẇcomp(kW)
69.0 49.9

PR(¡)
18.3 16.2

Table 8 
HTHP performance outcomes for a facility with a tiles production capacity of 5 
t/h.

RH1 and RH2 RH1 only

Coefficient of performance, COP (¡) 2.0 2.4
Thermal power recovered, Q̇source (kW) 79.4 79.4

Thermal production, Q̇sink (kW) 146 128
Electric consumption, Ẇel (kW) 73.4 53.3
Hot air temperature, T11 (◦C) 173 119

Fig. 13. Ceramic tiles manufacturing process without any WHR application.

Table 9 
Limits for atmospheric emission of ceramic tiles waste streams.

Dryer Kiln Cooler

Temperature limits for atmospheric emission (◦C) 65 120 15
Absolute humidity (kgwater/kgair) 0.1 − −
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per kilogram of fuel burned during stoichiometric combustion.
Two scenarios are considered for the electricity powering the HTHP: 

(i) when it is sourced from renewable energy and (ii) when it is supplied 
from the grid. In the first scenario, the electric power consumption of the 
HTHP compressor is not considered because coming from free renew
able electric energy. Conversely, in the second scenario when the elec
tricity consumed by the compressor is supplied from the grid, a reference 

electric conversion efficiency of 46 % is assumed to account for the 
HTHP electric consumption.

The results for fuel savings and the corresponding avoided CO2 
emissions per tonne of ceramic tiles produced are summarized in 
Table 10. These results cover both WHR configurations—one involving 
only RH1 and the other combining RH1 and RH2—and the two elec
tricity sourcing scenarios, namely renewable energy or grid electricity. 

Fig. 14. Ceramic tiles manufacturing process with cooler hot air recirculation.

Fig. 15. Ceramic tiles manufacturing process with cooler hot air recirculation and direct heat recovery from the dryer waste stream.

Fig. 16. Ceramic tiles manufacturing process with cooler hot air recirculation and direct heat recovery from the dryer and the kiln waste streams.
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In the table, three terms are indicated in brackets: the first term corre
sponds to the HTHP’s contribution to thermal production, the second 
term represents the direct heat recovery contribution from RH1 and 
RH2, and the third term (negative) accounts for the HTHP’s electricity 
consumption when powered by grid electricity (this term is null if 
renewable electricity is used).

The findings reveal that implementing the HTHP is advantageous 
just in the scenario when renewable energy is available. Additionally, 
the results highlight that, although the HTHP’s performance is lower 
when recovering waste heat from both the dryer and the kiln (RH1 and 
RH2 configuration), the total primary energy savings and avoided CO2 
emissions are higher. This is due to the larger fraction of waste heat 
being recovered and the HTHP delivering higher thermal power, as 
detailed in Table 8.

Compared to the thermal demand of the drying and firing stages 
(Table 2), the WHR configuration incorporating RH1, RH2, and the 
HTHP achieves fuel savings of 18.6 %, whereas the configuration with 
RH1 and the HTHP alone ensures fuel savings of 14.7 %.

6. Economic analysis

The economic feasibility of the system is evaluated by determining 
the HTHP maximum investment cost per tonne of tiles produced that 
guarantees a return on investment within a reasonable timeframe, set at 
3 years. This maximum investment cost (CI) is derived by setting the net 
present value (NPV) to zero: 

NPV =
∑τ

i=1

CFi

(1 + r)i − CI (28) 

where CFi represents the cash flow in the i-th year, r is the discount rate 
set at 0.08 [39], and τ denotes the 3-year investment period. CFi is 
calculated based on the assumption that the HTHP operates when 
renewable electricity is available since it is not advantageous to buy and 
supply electricity from the grid, as resulted in the previous section. In 
light of this, 1100 equivalent working hours (heq) are considered for the 
renewable energy source, aligning with the average annual operating 
hours of photovoltaic plants in Italy [40]. CFi is calculated using the 
following equation: 

CFi = (Q̇sink • CF + ṁCO2,HTHP • ETS) • heq (29) 

where Q̇sink is the HTHP thermal production, CF is the fuel price, 
ṁCO2,HTHP is the amount of CO2 avoided emissions associated with the 
HTHP contribution, and ETS denotes the European Emissions Trading 
System (ETS), set at 92.48 €/tCO2, according to the forecast for 2026 

[41]. The fuel price is varied between 0.5 and 1.5 % of its reference 
value (0.05 €/kWh [42]).

Fig. 17 shows the HTHP maximum investment cost (CI) per tonne of 
tiles in the two analysed configurations, i.e., with both RH1 and RH2, 
and with RH1 only. The red arrows indicate the maximum investment 
cost that would make the HTHP feasible considering the current gas 
price, showing that it is almost in line with the current industrial HTHPs’ 
investment costs, which are in the range between 200 and 500 €/kW for 
the reference capacities, temperature levels and temperature lifts [14]. 
In the perspectives of rising gas prices, the investment margin for HTHP 
deployment appears significantly more secure compared to current 
production costs (green arrows in Fig. 17).

7. Conclusions

This study demonstrates the potential of HTHPs to enhance energy 
efficiency and reduce emissions in ceramic tile manufacturing by 
recovering waste heat from energy-intensive stages. The research adopts 
a comprehensive method, integrating thermodynamic modelling, fluid 
selection, and detailed system design. Unlike prior studies focused on 
kiln efficiency, this work explores a broader energy recovery approach 
using HTHP technology to preheat air in the drying and firing stages, 
leveraging waste heat from multiple sources. Two WHR configurations 
are analysed, with cyclopentane identified as the optimal working fluid. 
The robustness of the results is confirmed through a sensitivity analysis 
on key parameters, including temperature lift and compressor effi
ciency. In the first configuration, recovering waste heat from drying, 
firing, and cooling stages, the HTHP achieved a COP of 2.0, preheating 
air to 173 ◦C, recovering 75 % of the total waste heat, and reducing fuel 
consumption by 13.6 kg/h per tonne of tiles (18.6 % of energy demand), 
leading to CO2 emission reductions of 37.5 kg/h per tonne of tiles. The 
second configuration, recovering waste heat from drying and cooling 
stages only, resulted in a COP of 2.4, an air preheat temperature of 
119 ◦C, 48 % heat recovery, fuel savings of 8.89 kg/h per tonne of tiles 
(14.7 %), and CO2 reductions of 24.4 kg/h per tonne of tiles. Further
more, heat exchangers and compressor dimension parameters for a 
reference production rate of 5 t/h of tiles are identified. Eventually, a 
preliminary economic analysis is performed to assess the economic 
viability of HTHP implementation, evaluating the maximum investment 
cost per tonne of tiles produced that guarantees a return on investment 
within 3 years, when varying the fuel cost. Economic results are in line 
with current industrial HTHPs’ investment costs.

Future research will explore alternative WHR configurations 

Table 10 
Fuel consumption and CO2 emissions savings per tonne of tiles produced.

HTHP, RH1 
and RH2 
(case with 
both RH1 and 
RH2)

HTHP and 
RH1 
(case with 
RH1 only)

Fuel consumption 
savings, ṁF (kgfuel/h/ 
ttiles)

Scenario 1: 
electricity from 
renewables

13.6 
(2.34 + 11.3)

8.89 
(2.05 +
6.84)

Scenario 2: 
electricity provided 
by the grid

11.3 
(2.34 + 11.3 – 
2.30)

7.22 
(2.05 +
6.84 – 
1.67)

CO2 avoided emissions, 
ṁCO2 (kgCO2/h/ttiles)

Scenario 1: 
electricity from 
renewables

37.5 
(6.42 + 31.1)

24.4 
(5.63 +
18.8)

Scenario 2: 
electricity provided 
by the grid

31.2 
(6.42 + 31.1 – 
6.33)

19.8 
(5.63 +
18.8 – 
4.59)

Fig. 17. HTHP maximum investment cost per tonne of tiles when varying the 
fuel cost in the analysed configurations.
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integrating organic Rankine cycle technology and thermal energy stor
age to assess Power-To-Heat, Heat-To-Power, and hybrid Power-To- 
Heat-To-Power systems. A multi-objective optimization approach will 
identify optimal system configurations and operational strategies that 
balance cost-effectiveness and emission reductions, enabling the devel
opment of flexible, renewable-based solutions. These findings contribute 
to advancing energy recovery technologies in energy-intensive in
dustries, supporting the EU’s climate targets.
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