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1. Introduction

The decarbonisation objectives set for 2050 compel us to envisage any effective strategy
in order to reduce the human impact on the planet, drastically reducing greenhouse gas
emissions to reduce the effects of global warming [1]. To keep the latter to no more
than 1.5 ◦C (as stated by the Paris Agreement), emissions need to be reduced by 45% by
2030 and reach net zero by 2050 [2]. In this urgent process, on the one hand, we will
have to rapidly replace fossil energy sources with renewable ones; on the other hand, it
will be essential to improve the efficiency of systems and processes to reduce the energy
consumption required. Energy harvesting and energy saving by means of novel materials
and technologies represent an intriguing challenge for researchers worldwide. In this
roadmap, smart materials may play a pivotal role, providing unprecedented performances
and properties, as well as the chance to enhance design opportunities and energy saving
either in the fabrication process or in operation. Smart materials are defined as highly
engineered materials that respond intelligently to their environment with specialized
performance to meet specific users’ needs in a reversible fashion. Several classes of materials
and devices have been proposed so far, showing highly adaptive properties, such as shape
memory materials; piezoelectric materials; chromogenics; new materials for more efficient
solar energy conversion; electro-active polymers for energy harvesting, to cite some.

2. An Overview of Published Articles

George Syrrokostas et al. proposed the study (contribution 1) of hybrid electrochromic
devices with an iodide/triiodide (I−/I3

−) redox couple. The application of 1 V was
sufficient to achieve a contrast ratio of 8:1 in a time of about 5 min. The authors also
proposed a new method for calculating the loss current and clarified the calculation method
for coloration efficiency.

Minzhi Ye proposed a study (contribution 2) to optimize the design of a suspended
open-type ceiling radiant cooling panel with a curved and segmented structure to enhance
heat transfer. The cooling capacity and heat transfer coefficient of the ceiling radiant cooling
panel were investigated using a three-dimensional CFD model. Eventually, they found
that the cooling capacity and heat transfer coefficient tend to rise with increasing curvature
radius and decreasing curvature width.

Dariusz Obracaj presented a work (contribution 3) dealing with heat stress in deep hot
mines acting as a practical limiting factor in the mining of natural resources. This research
group studied the dewatering system of the mine; they observed that water flow from the
mine dewatering system may be used to effectively reject heat in compressor chillers in
underground refrigeration plants.

Paulo Santos and co-authors (contribution 4) studied thermal break strips for steel
studs’ flanges to mitigate thermal bridges. A validated bidimensional numerical model
was adopted, finding that a key parameter is represented by the thickness of thermal
break strips.

Andrea Rocchetti et al. investigated the use of metal–organic framework materials to
improve the energy efficiency of HVAC systems (contribution 5). In fact, such materials

Energies 2024, 17, 4684. https://doi.org/10.3390/en17184684 https://www.mdpi.com/journal/energies1
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may be exploited to reduce the latent load due to the moisture content in airflows. A
psychrometric transformation consisting of cooling and dehumidification was studied for a
HVAC system embodying metal–organic framework materials; an energy saving of 30–50%
was estimated (in the location of Florence, Italy) compared to a traditional system.

The contribution by Xinhan Qiao and co-authors (contribution 6) deals with the aging
of polymeric insulators under various environmental conditions. Silicone rubber indeed
tends to lose its initial insulation characteristics, affecting the safety and reliability of the
whole power system. In this review paper, several aging and characterization techniques of
the polymeric insulators and their aging performance under the action of multiple factors
are described.

Chenjue Wang et al. (contribution 7) proposed a new design for a sorption-selective
catalytic reduction system to improve ammonia storage density and meet the ammonia
demand for high NOx conversion efficiency at relatively lower temperatures compared to
other existing systems.

Zhuyong Li’s work (contribution 8) investigated superconducting multi-stage cables,
showing higher transmission power and lower energy loss at the same time. In this work,
it was observed that the twisted structure of cables reduces the AC loss by up to 80%,
compared with the thin strip model.

Minseon Kong co-authored a paper (contribution 9) regarding the performance of
dye-sensitized solar cells embodying a solid-state redox mediator based on an ionic liquid
and hole-transporting triphenylamine compound. The resulting mediator was used in
several devices, reporting a short circuit current density of 4.61 mA/cm2 and a photovoltaic
conversion efficiency of 1.80%. A further increase in the electric parameters of these cells
was observed due to the addition of 4-tert butylpyridine.

The paper by Jakub Bernat et al. (contribution 10) deals with the design improvement
of dielectric electroactive polymer actuators by assuming modifications in the shape of
the actuators. Generally, circular shapes are used; however, in this work, the authors
investigated the properties of elliptical shapes in dielectric electroactive polymer actuators.
Finite element modeling of the actuators was carried out and an experimental comparison
validated the results obtained, showing that the elliptical shape of the actuators allows for
a wider range of movement.

Alessandro Cannavale and co-authors reviewed the state of the art of building inte-
grated radiative coolers (contribution 11), with the aim of quantifying the effectiveness of
radiative systems applied to the construction sector, with special reference to their operation
during daytime.

3. Conclusions

This compilation of articles encompasses a diverse range of research, spanning from
innovative photovoltaic cells to electroactive polymer actuators, aging of polymeric in-
sulators, metal–organic framework materials to improve the energy efficiency of HVAC
systems and other topics that elucidate the richness of the research field regarding smart
materials and devices for energy saving and harvesting.
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Limitations Imposed Using an Iodide/Triiodide Redox Couple
in Solar-Powered Electrochromic Devices

George Syrrokostas *, Sarantis Tsamoglou and George Leftheriotis

Renewable Energy Laboratory, Department of Physics, University of Patras, GR-26504 Patra, Greece;
tsamogloys@gmail.com (S.T.); glefther@upatras.gr (G.L.)
* Correspondence: gesirrokos@upatras.gr

Abstract: In the present study, an iodide/triiodide (I−/I3
−) redox couple is used in hybrid elec-

trochromic devices (ECDs), and the effects of the applied bias potential and bias time on device
performance are studied. An applied bias potential of ~1 V is sufficient to achieve an initial contrast
ratio of 8:1 in less than 5 min. Increasing both the bias potential and bias time results in an enhance-
ment in loss reactions at the WO3/electrolyte interface, rather than improving optical performance.
Moreover, long-term performance depends on the testing procedure (regularly cycling or after stor-
age), while the formation of iodine (I2) decreases the initial transparency of the ECDs and affects their
overall performance. However, its formation cannot be avoided, even without cycling the ECDs, and
the restoration of the optical performance can take place only when the electrolyte is replaced with a
fresh one. Finally, a new methodology is applied for calculating the loss current, and a suggestion is
made to avoid a common mistake in calculating the coloration efficiency of these hybrid ECDs.

Keywords: electrochromic; hybrid; redox electrolyte; loss current; stability

1. Introduction

Electrochromic (EC) smart windows are energy-saving devices that can change their
optical properties with the application of an external bias potential. In this regard, they
offer the dynamic control of light and heat passing through them. Their performance
depends on a variety of parameters, ranging from material aspects to installation condi-
tions, such as climate zones, control strategies, and the orientation of the building [1–5].
Thus, it has been estimated that their use can lead to a large building energy-saving value
of up to ~170 kWh m−2 per year, while the energy needed for their operation is only
0.08 kWh m−2 per year [6,7]. Further advantages include occupant visual comfort, reduced
glare, providing an uninterrupted view of the external environment, and a constant con-
nection with nature, which is not always possible using other competing technologies, like
building-integrated photovoltaics (BIPVs). Moreover, the use of EC smart windows can
lead to higher productivity in the workplace and better job satisfaction, as stated by SAGE
Electrochromics [8].

Of the different types of electrochromic devices (ECDs) that have been proposed [9],
the hybrid type consists of two transparent conductive electrodes (e.g., fluorine-doped
tin oxide (FTO)-coated glass or indium tin oxide (ITO)-coated glass), on which usually a
WO3 EC layer and a highly transparent catalytic platinum film are deposited, respectively.
Between them, a liquid or a solid redox electrolyte is introduced. Such an ECD with an
iodide/triiodide (I−/I3

−) redox couple in the electrolyte was first proposed by Georg
et al. [10]. During coloration, the following Reactions (1) and (2) take place at the anode
and at the cathode, respectively, and their direction is reversed during bleaching:

Anode (WO3/FTO) : x Li+ + x e− + WO3(bleached) → LixWO3(colored) (R1)

Energies 2023, 16, 7084. https://doi.org/10.3390/en16207084 https://www.mdpi.com/journal/energies4
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Cathode (Pt/FTO) : 3I− → I−3 + 2e− (R2)

As a result, electrons injected into the WO3 film from the external circuit at the anode
during coloration are balanced by electrons transferred from the cathode to the external
circuit and provided via the oxidation of iodide ions to triiodide. Therefore, the role
of a redox couple is to counterbalance a redox reaction at the EC layer (anode) during
the coloration or bleaching of the ECD (Reaction 1), offering practically an unlimited
charge capacity and diminishing the need for the deposition of an ion storage layer at the
cathode [11]. Thus, the device fabrication process is simplified, coloration proceeds at a
lower bias potential [12,13], and bleaching can proceed even under a short circuit, without
the need to apply an opposite bias potential. Moreover, the catalytic layer minimizes
the charge transfer resistance at the cathode, facilitating Reaction 2, even though its high
transparency is crucial for achieving a highly transparent initial state of the ECD.

However, these “hybrid” or “redox” ECDs have the disadvantage of a permanent
internal short circuit due to the direct contact of the EC layer with the redox electrolyte,
leading to a so-called “loss current” (Iloss), restricting their optical performance. For example,
when the I−/I3

− redox couple is used, the “loss current” is due to Reaction 3, which is the
reduction of I3

− ions at the anode:

Anode : I−3 + 2e− → 3I− (R3)

In other words, electrons that arrive at the anode during the coloration procedure
can cause optical modulation (Reaction 1) or reduce the triiodide ions in the electrolyte
(Reaction 3) at the EC layer/electrolyte interface, even though it is expected that this a
slow process in the case where WO3 is used as the EC layer [10,14]. A high value of “loss
current” increases the amount of energy consumed for the optical modulation of the ECD,
restricts the coloration depth, and increases the coloration time, while the open circuit
memory is also diminished. According to [14], an acceptable value of Iloss should be below
10 μA/cm2. Therefore, the total current passing through the ECD during coloration (Itotal)
can be analyzed as the sum of the coloration current (Icol, Reaction 1) and the “loss current”
(Iloss, Reaction 3). Of course, if the electrolyte is in direct contact with the FTO conductive
substrate, for example, in the case of a porous EC layer, then the reduction of I3

− ions
can also take place at the FTO/electrolyte interface, leading to an extra loss mechanism
(Iloss,FTO), which also contributes to the value of Itotal. As a result, Itotal can be expressed
using Equation (1):

Itotal = Icol + Iloss + Iloss,FTO (1)

Another crucial parameter that affects their performance is the relative position of the
electrochemical potential of the as-prepared WO3 layer and that of the redox electrolyte,
which determines the direction of charge transfer at the WO3/electrolyte interface. If the
electrochemical potential (vs NHE) of the as-prepared WO3 layer is higher (more positive)
than that of the redox electrolyte, then electrons will move to the WO3 layer, inducing
coloration without the need for a bias potential. This phenomenon is called “self-coloration”.
However, during coloration, the electrochemical potential of LixWO3 moves below that of
the redox electrolyte (more negative) [15]. Consequently, due to the interfacial loss reactions
(Reaction 3), self-bleaching occurs. The higher the difference between the electrochemical
potentials, the more intense the above mechanism is. Furthermore, coloration depth
depends on the bias potential with respect to the redox potential of the electrolyte, where
in general a higher redox potential (more positive) demands a higher value of cathodic
potential for the coloration of the device but on the other hand improves charge storage. For
that reason, in [16], the bias potential for coloration of the ECDs was chosen with respect to
the redox potential of the different redox electrolytes used.

Moreover, the value of the charge transfer resistance at both electrodes is of great
importance. A high charge transfer resistance at the EC layer/electrolyte interface and a
low one at the Pt/electrolyte interface are desirable. For example, a high value of the charge

5



Energies 2023, 16, 7084

transfer resistance at the platinized counter electrode may impede both coloration (depth,
time) and bleaching [11,13,16], whereas a low one at the EC layer/electrolyte interface will
lead to a high “loss current”, enhancing self-bleaching, and high power consumption [16].
Finally, absorption in the blue region from the redox couple, especially in the case of an
I−/I3

− one, leads to a yellowish tint of the devices in the bleached state.
Therefore, efforts have been made to optimize the performance of these hybrid devices,

focusing on decreasing the loss reactions at the WO3/electrolyte interface and on the catalytic
properties of the counter electrode. Apart from the I−/I3

− redox couple, a variety of other
redox couples have been used (Table S1), such as ferrocene/ferrocenium (Fc0/+) [9,12], potas-
sium hexacyanoferrate(II)/(III) (KHCF(II)/(III)) [9], tetrathiafulvalene (TTF) [17], tetram-
ethylthiourea/tetramethylformaminium disulfide (TMTU/TMFDS2+) [9,13,14,18,19], and
recently thiolate/disulfide (T−/T2) [11], dissolved in a liquid or a solid electrolyte. For
example, a thiolate/disulfide (T−/T2) redox couple was used in [11], showing a slow
self-bleaching process, while a solid redox (TMTU/[TMFDS]2+) electrolyte was developed
in [18], exhibiting suppressed loss reactions at the WO3/electrolyte interface. In [12], a
correlation between device performance and Fc concentration in the electrolyte was found;
above a certain Fc concentration, the self-bleaching process was enhanced. An optimized
concentration in the case of a TTF redox couple, where the ECDs exhibited not only an
improved optical performance, but also a reversible behavior, was reported in [17], while
the effect of the I−/I3

− ratio was examined in [20]. Moreover, a few barrier layers have been
deposited at the WO3/electrolyte interface [14,21], whereas in [13] and in [22], a counter elec-
trode based on a cobalt sulfide film and on an iridium oxide film, respectively, was examined
in conjunction with a TMTU/TMFDS2+ redox couple instead of a platinized electrode.

However, there is a lack of systematic studies regarding the performance of these
hybrid ECDs under prolonged testing under real operating conditions. Furthermore, their
stability has been examined so far only by performing continuous coloration–bleaching
cycles. For example, in [12], a ~20% contrast attenuation was observed after cycling an
ECD having an Fc0/+ redox couple for 10 h, while in [13], more than 100,000 cycles were
performed with less than 5% contrast attenuation for an ECD with a TMTU/TMFDS2+

redox couple and a CoS counter electrode. Moreover, in [23], 11,000 cycles were performed,
and transformation of species in the electrolyte was observed, whereas in [11], the change
in the optical properties of an I−/I3

− redox electrolyte was reported after 50 consecutive
cyclic voltammetry scans.

In this work, we have fabricated hybrid ECDs having an I-/I3
- redox couple and tested

them regularly or after storage for a total period of more than one year. Thus, useful
conclusions were found about the stability of the redox electrolyte, regarding its optical
and electrochemical properties, while its substitution with a fresh electrolyte led to the
restoration of the device’s performance. Moreover, emphasis was given to examining
how the loss reactions at the EC layer/electrolyte interface evolve with time, where the
knowledge so far is limited.

2. Experimental Section

2.1. Fabrication of Hybrid Electrochromic Devices

Amorphous tungsten oxide films (WO3) with high optical transparency in the visible
range were prepared by electron beam gun (e-gun) evaporation. Initially, high-purity
WO3 powder (99.99%) and FTO glass substrates (15 Ohm/sq) were appropriately placed
inside a vacuum chamber. Then, evaporation took place at about 10−5 mbar and at room
temperature. In addition, the deposited film thickness (600–700 nm) was controlled using a
quartz thickness controller [24]. The crystal structure, morphology, and stoichiometry of
the as-prepared WO3 films were examined previously in [25] and in [26].

Platinum films were electrodeposited using an aqueous H2PtCl6 solution (0.002 M)
and an Autolab PGSTAT 204 potentiostat. During a typical three-electrode electrodeposition
procedure, a constant potential of −400 mV relative to an Ag/AgCl reference electrode was
applied for 60 s. Deposition took place on the conductive side of an FTO glass substrate
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(15 Ohm/sq), while a Pt wire served as the counter electrode [27]. As a result, nearly
spherical Pt nanoparticles, covering a fraction of the FTO glass substrate, were deposited,
as shown in our previous work [27].

For assembling the ECD, the two electrodes (i.e., WO3/FTO and Pt/FTO) were ar-
ranged facing each other, slightly displaced to preserve space for electrical contacts. The
devices were sealed peripherally using a low-temperature thermoplastic sealant (Surlyn,
50 μm) at 120 ◦C for 10 min under pressure, which acted also as a spacer. Then, the space
between the two electrodes was filled with a liquid redox electrolyte composed of 0.5 M
lithium iodide (LiI) and 0.005 M iodine (I2) in acetonitrile (ACN). More specifically, the
electrolyte was inserted from one of the two small holes pre-drilled in the counter electrode.
The other hole served for air leaking during filling with the electrolyte. Finally, the holes
were sealed using Surlyn (supplied by Greatcell Solar Materials, Queanbeyan, Australia)
and small pieces of glass.

2.2. Characterization of Redox Electrochromic Devices

The coloration of the ECDs was performed using an electrical circuit comprising mini
silicon solar cells (BPW34) as the power source, an LED lamp for illumination, a 0.5 kOhm
resistor, and of course the ECD, all connected in series. To achieve the desired applied bias
potential (VPV), up to 4 mini silicon solar cells were connected in series, and the current
passing through the ECD during coloration was calculated from the potential difference
across the 0.5 kOhm resistor.

Similarly, bleaching of the ECDs was performed by connecting their terminals with
a 1 kOhm resistor, where again the resulting bleaching current was calculated from the
potential difference across the 1 kOhm resistor. All the electrical signs were recorded using
a datalogger, connected to a PC.

The typical testing procedure comprised 3 steps, as described in Table 1, except
otherwise mentioned. At the end of each step, the transmittance spectrum was recorded.

Table 1. Steps of a typical coloration–bleaching cycle.

Steps 1 2 3

Bias coloration
(5 min)

Open circuit
(5 min)

Bleaching through a 1 kOhm resistor
(10 min)

In general, the transmittance T(λ) spectra of the ECDs were recorded using a Perkin
Elmer Lambda 650 UV/VIS Spectrometer, at normal incidence, while calculation of the dif-
ferent optical performance indicators was carried out as described in our previous work [24].
Cyclic voltammetry of complete ECDs was performed using the above potentiostat with a
scan rate of 50 mV/s.

The incident photon to current efficiency (IPCE) spectrum of a BPW34 mini silicon solar
cell was obtained using a QE-PV-Si quantum efficiency/IPCE measurement kit produced
by Oriel. An Oriel 94011A solar simulator, equipped with an AM1.5G filter, in conjunction
with a Keithley 2601 source measure unit was used for recording the characteristic I-V
curves of the BPW34 mini silicon solar cells.

3. Results

3.1. Effect of the Applied Bias Potential

Figure 1a shows the variation in the luminous transmittance (Tlum) during a testing
procedure of a hybrid ECD for the different values of the applied bias potential (VPV), while
the corresponding full transmittance spectra in the visible and near-IR regions appear in
Figure S1. To vary VPV, up to four BPW34 mini silicon solar cells were connected in series.
A typical IPCE spectrum and characteristic I–V curves of BPW34 mini silicon solar cells
connected in series appear in Figure S2, and their characteristic photovoltaic parameters
appear in Table S2.
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Figure 1. Variation in the luminous transmittance (Tlum) (a), the potential at the terminals of the
BPW34 mini-Si solar cells (VPV) (b), the potential at the terminals of the ECD (VEC) (c), the total
current density (Itotal) passing through the ECD during a coloration–bleaching cycle (d), the luminous
optical density modulation with respect to the total charge (e), and the luminous optical density
modulation with respect to the charge released during bleaching, skipping the open circuit step in the
testing procedure for calculating the coloration efficiency (f), for the different values of the applied
bias potential.

We observe that with VPV increasing from 0.55 to 1.05 V (Figure 1b), the coloration depth
increased significantly from 36.6 to 16.6% (Figure 1a), while the coloration time decreased
slightly from less than 3 min to 1–2 min. Note that the coloration time was defined as the time
needed for the ECD to attain 90% of its maximum optical modulation (ΔT).

Subsequently, a minor improvement was observed in the coloration depth for VPV
~1.5 V, while it remained nearly constant when VPV increased further (~1.8 V) (Figure 1a,b),
even though the coloration time for VPV ~1.8 V decreased even further to less than 1 min.
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At the same time, the voltage at the ECD terminals (VEC) exhibited a sub-linear increment
with VPV (Figure 1c). In particular, its value at the end of the coloration step tends to an
upper bound value of nearly 1 V (Figure S3a). Meanwhile, the total current passing through
the ECD during coloration (Itotal) increased linearly with VPV (Figure 1d and Figure S3b).

Even though ΔODlum increased linearly with VEC, as expected [10,14] (Figure S3c), its
variation with the total charge during coloration (Qtotal) was sub-linear (Figure 1e). Due to
the fact that both ΔODlum and VEC tend to an upper bound value when VPV is increased
above ~1 V, we can assume that initially, Icol will also show the same behavior with VPV.
Finally, for a certain VPV, Itotal attains a maximum value, after an initial increment, and
then a lower steady-state one (Figure 1d), as observed also in [12]. The time needed for
the steady state is approximately the same as the coloration time. Therefore, after Itotal has
reached its steady-state value, we can assume that Itotal ≈ Iloss [28], and thus, the major
part of the increment in Itotal with VPV can be attributed to the increment in Iloss, showing
enhanced interfacial losses with an increase in VPV [14]. As a result, Iloss increased from 7.65
to 194, 464, and 676 μA/cm2 as VPV increased from 0.55 to 1.05, 1.5, and 1.8 V, respectively.
In other words, when the ECD reaches its final colored (charged) state, then all the current
passing through the ECD is due to the interfacial loss reactions (Reaction 3) and Icol tends
to zero. If this mechanism is not possible, for example, due to the presence of a barrier
layer, then the total current should fall to zero, resembling the behavior of a battery during
charging.

Under open circuit conditions, partial bleaching of the ECD (Figure 1a) and a sig-
nificant voltage drop at the ECD terminals (Figure 1c) were observed, due to the loss
reactions at the EC layer/electrolyte interface (Reaction 3). Moreover, the initial voltage
drop was more pronounced as VPV increased, due to the higher difference between the
electrochemical potential of LixWO3 and the redox potential of the electrolyte. This is due
to the lower value (more negative) of the electrochemical potential of LixWO3 vs NHE
since its value becomes more negative as the optical density of the EC layer increases [14].
However, after 5 min under open circuit conditions, both Tlum and VEC converge when
VPV ≥ 1.05 V. Finally, after the ECD terminals were connected with a 1 kOhm resistor, the
ECD was bleached (discharged) (Figure 1c), returning in all cases to its initial optical state
(Figure 1a). As a result, an opposite bleaching current (Figure 1d) was measured, from
which the charge released during bleaching (Qbl, after oc) was calculated.

As expected, the values of Qbl, after oc when VPV ≥ 1.05 V are nearly the same (Figure 1d,
inset). Moreover, a large difference was observed between the values of Qtotal and Qbl, after oc
for the same VPV value (Figure 1d, inset) for two reasons: firstly, as explained above,
Qtotal includes also the charge responsible for triiodide reduction (Reaction 3) at the EC
layer/electrolyte interface (Qloss), and secondly, part of the stored charge in the WO3 film is
lost during the open circuit step, as explained above. By skipping the open circuit step in
the testing procedure (Figure S4a–c), a more accurate estimation of the overall stored charge
in the WO3 film (Qbl, no oc) was possible (Figure 1d, inset). As a result, ΔODlum now varies
linearly with Qbl, no oc (Figure 1f), and from the linear regression analysis, the coloration
efficiency could be calculated, being 24.3 cm2 C−1, considering that the area of the ECD
was 1.6 × 1.6 cm2. In this manner, a better estimation of the coloration efficiency is possible,
since when using Qtotal, as is common in the relevant literature [11–13], an underestimation
takes place.

Finally, since the ECD returns to its initial optical state after bleaching, we can assume
that Qcol ≈ Qbl, no oc. Therefore, Qloss can be calculated indirectly from Equation (2):

Qloss = Qtotal − Qbl,no oc (2)

and as appears in Figure S4d, Qloss improved significantly with VPV, as assumed above. It
is characteristic that the Qloss/Qtotal ratio varies from 0.14 to 0.72, 0.85, and 0.89 when VPV
increases from 0.55 to 1.05, 1.5, and 1.8, respectively. Alternatively, Iloss (or equally Qloss) can
be calculated by the difference between Itotal and the coloration or optical current (Iopt), as
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proposed by Bogati et al. in [14,16]. However, a previously known and constant coloration
efficiency is a prerequisite.

3.2. Effect of Bias Time

Subsequently, the applied bias potential (VPV) was kept constant at ~1.5 V, using
three series-connected BPW34 mini silicon solar cells, and the bias time was varied from
5 to 20 min. As shown in Figure 2a, when the bias time is prolonged above 5 min, a
minor improvement in the coloration depth results. The same also holds for the VEC
values (Figure 2b). At the same time, Itotal exhibited a steady-state value of around 1.2 mA
(Figure 2c), irrespective of the bias time. If this current is provided continuously by an
external source, a constant VEC and a uniform coloration will be maintained. As a result,
Qtotal increased from 0.36 to 1.4 C, while ΔODlum was practically constant (Figure 2d).
Therefore, since the optical modulation of the ECD is the same in all cases, we can assume
that Qcol is also the same for the different bias times, and therefore the increment in Qtotal
is attributed solely to the contribution of Qloss. Finally, the Tlum and VEC values at the end
of the open circuit step (Figure 2a,b) and the values of Qbl, after oc (Figure S5), as calculated
from Figure 2c, were the same, irrespectively of the bias time, whereas in all cases the ECD
returned to its initial optical state.

Figure 2. Variation in the luminous transmittance (Tlum) (a), the potential at the terminals of the
BPW34 mini-Si solar cells (VPV) (b) and the potential at the terminals of the ECD (VEC) (b), the total
current density (Itotal) passing through the ECD during a coloration–bleaching cycle (c), and the
luminous optical density modulation with respect to the total charge (d) for the different values of
the bias time.
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3.3. Stability of the Hybrid ECD

The stability of the hybrid ECD was also examined by performing a prolonged aging
test for at least one year. Initially, the hybrid ECD remained under open circuit conditions
in the dark for 3 days to examine if self-coloration takes place. Indeed, an overall reduction
in the transmittance was observed (Figure 3a), with the luminous transmittance in the
colored state (Tlum, col) decreasing from 55 to 47.2% (Figure 3b). This fact shows that the
electrochemical potential (vs NHE) of the as-prepared WO3 layer is higher (more positive)
than that of the redox electrolyte. As a result, the transfer of electrons from the redox
electrolyte to the WO3 film is possible, inducing self-coloration [14].

Figure 3. Transmittance spectra of a hybrid ECD for different days post-fabrication (a); variation in
the luminous transmittance at different stages (b), the potential at the terminals of the ECD (VEC) (c),
and the total current (Itotal) passing through the ECD (d) for different days post-fabrication.

Then, for the following 10 days, we observed an intense coloration, where the device
exhibited a Tlum, col of 5–6% and a contrast ratio above 7:1 (Figure 3b, Table 2). Moreover,
the electrical properties of the ECD did not show any significant changes (Figure 3c,d).
Optical and electrical losses during the open circuit step were also observed, as expected
(Figure 3c,d). Finally, it is worth mentioning that the ECD could not return to its initial
optical state and the values of both VEC and Itotal were not equal to zero at the end of the
bleaching step (Figure 3c,d), showing a remaining coloration of the ECD.
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Table 2. Characteristic optical performance indicators, total charge, and charge released during
bleaching for different days post-fabrication of the ECD.

Days ΔODlum CR
Qtotal
(mC)

ΔVEC (%) ΔTlum (%)
Qbl, after oc

(mC)

3 0.935 8.6:1 237.7 42.5 66.1 31.87

13 0.850 7.1:1 209.4 38.9 78.9 34.8

59 0.430 2.4:1 231.8 45 72.6 17.8

100 0.422 2.6:1 182.1 35.6 60.2 14.17

200 0.569 3.7:1 133.9 21.5 48.8 28.8

330 0.418 2.6:1 99.87 25.9 55 16.7

Fresh
electrolyte 0.900 7.9:1 111.9 12.1 27.2 78.5

Afterwards, the ECD was stored under open circuit conditions for nearly 45 days,
and for the following 150 days, the ECD was tested regularly. As appears in Figure 3a,
a significant change in the transmittance spectra occurred. More specifically, a gradual
reduction in the transmittance of the ECD up to 600 nm was observed, as compared with
the transmittance measured immediately after assembling the device (day 0), possibly due
to the formation of free iodine (I2). Similarly, a reduction in the transmittance in the case
of an I−/I3

− redox electrolyte in the 400–700 nm region after 50 consecutive voltammetry
scans was observed in [11]. As the authors stated, the absorption in the blue region resulted
initially from the production of I3

− ions, having an absorption maximum at 360 nm, and then
from their further oxidation to iodine, which shows a strong absorption for λ > 430 nm [18].

During this period, Tlum, col varied within the range of 22–13%, showing a trend of
improving the coloration depth and the ΔODlum, as the device was cycled (Figure 3b)
(Table 2). Moreover, during coloration, VEC increased considerably. More specifically, its
value at the end of the coloration step increased from 0.6 V to nearly 0.9 V (Figure 3c and
Figure S6a), while at the same time, only a minor increment in the VPV value occurred,
from 0.98 V to 1.1 V (Figure S6b), depicting a small change in the operating point of the
mini-Si solar cells. Therefore, the increment in the VEC value was not due to the increment
in the VPV value.

A decrement in Itotal could explain the VEC increment, since the voltage drop at the
terminals of the 0.5 kOhm resistor would decrease, leaving a larger part of VPV to be applied
at the terminals of the ECD. Indeed, both the maximum value of Itotal and its steady-state
value at the end of the coloration step, which correlates well with Iloss, decreased (Figure 3d).
For example, the steady-state value of Itotal was 0.73 mA after 59 days and decreased to
0.4 mA after 200 days. As a result, Qtotal showed a clear trend for reduction (Figure S6c)
(Table 2), and the improvement in the optical performance can be attributed to the reduced
losses and the training effect of the WO3 film due to the continuous operation.

Moreover, the increment percentage of Tlum during the open circuit step varied from
73% (day 55) to 50% (day 200), and the voltage drop percentage varied from 45% (59th day)
to nearly 20% (200th day) (Figure S6a), both showing reduced optical and electrical losses.
As a result, Qbl, after oc showed an increment from 17.8 mC (59th day) to 28.8 mC (200th day)
(Figure S6b) (Table 2). Finally, the device could return to its initial optical state, and both
VEC and Itotal were equal to zero after nearly 100 s of bleaching (Figure 3c,d), showing a
complete bleaching (discharge) of the ECD.

A second and longer storage period under open circuit conditions followed for
130 days. After that, the initial transmittance of the ECD decreased further (Figure 3a)
for λ < 600 nm, Tlum, col increased to 18.2% (Figure 3b), and in general, the optical perfor-
mance deteriorated (Table 2). A further drop in Itotal or equally in Qtotal was also observed
(Figures 3d and S6c). During the open circuit step, the increment percentage of Tlum and
the voltage drop percentage were 55% and 26%, respectively (Figures 3b and S6a) (Table 2),

12



Energies 2023, 16, 7084

and the value of Qbl, after oc was 16.7 mC, less than that before the storage period. It seems
that, as after the first storage period, the performance of the ECD was affected negatively
by storage under open circuit conditions. Nevertheless, the performance drop was not so
intense after the second storage period. The exact influence of storage under open circuit
conditions is not clear and needs to be further examined.

Nevertheless, by comparing days, before and after the second storage period, where
the ECD exhibited the same optical density modulation (ΔODlum) (i.e., for days 100 and
330), reduced values of ΔTlum, ΔVEC, and Qtotal and an improved value of Qbl, after oc were
observed (Table 2). That is another indication regarding the reduction in losses at the EC
layer/electrolyte interface, after a prolonged testing period.

We believe that one of the reasons behind the reduction in losses, after a prolonged
testing period, is the instability of the redox electrolyte. More specifically, the reduction
in the initial transmittance of the ECD for λ < 600 nm (Figure 3a), as discussed above,
indicates the formation of free iodine [11,18,20]. Initially, the concentration of free I2 is very
low, since iodine is almost transformed to triiodide according to Reaction 4 [29]:

I2 + I− ↔ I−3 (R4)

After prolonged testing, the direction of Reaction 4 is reversed, leading to the con-
sumption of I3

− ions and the formation of free I2. Another possibility is the oxidation of
triiodide ions to iodine according to Reaction 5 [11]:

2I−3 ↔ 3I2 + 2e− (R5)

Reaction 5 takes place at more positive potentials than Reaction 2; therefore, it can
be avoided by properly selecting the applied bias potential [10]. The presence of I2 can
also negatively affect the conductivity of the electrolyte [20]. Therefore, due to the reduced
availability of I3

− ions, the losses at the WO3/electrolyte interface are reduced. At the
same time, a slight variation in the redox potential of the electrolyte to lower values is
expected [29].

To verify our above assumptions regarding the role of the electrolyte, the electrolyte
was replaced with a fresh one. First, we observed that the transmittance of the ECD returned
to its initial state (day 0) (Figure 3a,b) and the device exhibited optical performance (optical
density modulation, coloration depth, contrast ratio) similar to that during its first cycle
(3rd day). However, a significantly reduced value of Itotal was measured during coloration,
leading to a reduced value of Qtotal (Figures 3c and S6c). Moreover, reduced optical and
electrical losses during the open circuit step (Table 2) were also observed. All the above
resulted in a Qbl, after oc value 2.5 times larger than that in the first cycle (3rd day) (Table 2).
Finally, the device could return to its initial optical state after bleaching. Therefore, we can
assume that under prolonged testing, changes occur in not only the concentration of the
electrolyte but also the properties of the EC layer/electrolyte interface. An increment in the
charge transfer resistance at the WO3/electrolyte interface, due to possible adsorption of
electrolyte species, could explain the above results well.

It is interesting to note that the CE is not affected by the replacement of the electrolyte
with a fresh one, since the slope in the ΔODlum vs. Qbl, no oc graph remains the same
(Figure 4a). Moreover, Figure 4b shows cyclic voltammograms of the above ECD for
different days post-fabrication. Their shape is typical in the case where an amorphous WO3
film is used as the EC layer [18]. Moreover, WO3 is a well-known cathodic electrochromic
material, meaning that it is colored during the cathodic scan. During the cathodic scan, a
negative shift of the voltage value where coloration begins (the point where current changes
sign from positive to negative) was observed, showing that a higher applied bias potential
was necessary for coloration. The voltammogram area during the cathodic pulse decreases
considerably, revealing an overall decrement in charge density exchanged during coloration
(Figure 4c). Replacement of the electrolyte causes a slight positive shift of the voltage value
where coloration begins, and an increment in Qcol by almost 80% (Figure 4c). Also, the
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ratio of Qcol/Qbl is equal to 1, showing a reversible coloration–bleaching procedure. Finally,
the potential value, where the current tends to zero during the anodic pulse, was found to
decrease, showing that the deintercalation of Li+ ions was made easier due to the training
of the WO3 film.

Figure 4. (a) Variation in the luminous optical density modulation with respect to the charge
released during bleaching, skipping the open circuit step in the testing procedure for calculating the
coloration efficiency, (b) typical cyclic voltammograms of a hybrid ECD different days post-fabrication,
and (c) calculated charges from the cyclic voltammograms.

To examine further the effect of the prolonged testing on the overall performance
of a hybrid ECD, the first coloration–bleaching cycle was performed 70 days after its
fabrication, followed by only four more coloration–bleaching cycles, for a total period
of nearly 18 months. In the meantime, only the transmittance was measured, and the
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ECD remained under open circuit conditions. Initially, due to self-coloration, an overall
decrement in the transmittance was observed, while after 50 days, the transmittance of the
ECD for wavelengths above 600 nm returned to its initial value (day 0), showing that self-
coloration was no longer possible (Figure 5a). Nevertheless, the transmittance of the ECD
at short wavelengths reduced continuously, due to the absorption of the electrolyte, even
before the first coloration–bleaching cycle was performed. For example, the transmittance
at 500 nm was reduced from its initial value of 53.1% to 47.8% and then to 38.4% after
70 days and 560 days, respectively. Therefore, the formation of free I2 can take place even
without the application of a bias potential, due to Reaction 4.

Figure 5. Transmittance spectra of a hybrid ECD, where its first coloration–bleaching cycle was
performed 70 days after its fabrication, for different days post-fabrication (a); variation in the luminous
transmittance at different stages (b), the potential at the terminals of the ECD (VEC), (c) and the total
current (Itotal) passing through the ECD (d) for different days post-fabrication.

During the first operation cycle, an intense coloration and optical irreversibility were
not observed, as before. In general, the optical performance of the device was compa-
rable to that of the previously aged ECD, showing a small improvement after 560 days
(Figures 5b and S7, Table 3). Again, an increment in VEC values during coloration oc-
curred; i.e., the VEC value at the end of the coloration step increased from 0.59 V to
0.99 V (Figures 5c and S6a), whereas both the maximum value of Itotal and its value after
5 min of coloration decreased (Figure 5d), with a small exception for Itotal, max of 350 days.
Accordingly, Qtotal showed a clear trend for reduction (Figure S7b and Table 3). Opti-
cal and electrical losses during the open circuit step also showed a trend for reduction
(Figures 5b,c and S7b). All the above resulted in an improved value of Qbl, after oc, being
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3 times larger after 560 days, compared with its value after the first coloration–bleaching
cycle (70th day) (Figure S7b and Table 3). Finally, the substitution of the electrolyte with
a fresh one remarkably improves the performance of the ECD, where optical and elec-
trical losses were minimized. Note that the fresh electrolyte used here was the EL-HPE
high-performance electrolyte, supplied by GreatSellSolar materials.

Table 3. Characteristic optical performance indicators, total charge, and charge released during
bleaching for different days post-fabrication of an ECD, where its first coloration–bleaching cycle was
performed 70 days after its fabrication.

Days ΔODlum CR
Qtotal
(mC)

ΔVEC (%) ΔTlum (%)
Qbl, after oc

(mC)

70 0.358 2.3:1 251.4 45.4 66.3 8.1
200 0.416 2.6:1 191 28.7 60.2 14.5
350 0.398 2.5:1 177.8 22.1 56.1 15.3
560 0.482 3.0:1 91.8 18.4 51.6 23.3

Fresh
electrolyte 0.6437 4.4:1 93 11.3 23.6 45

Finally, Figure 6 shows images of hybrid ECDs, immediately after assembling and
after one year, where the more intense yellowish tint is obvious.

Figure 6. A hybrid ECD with an I−/I3
− redox electrolyte immediately after its fabrication (left) and

after one year (right). Only three coloration–bleaching cycles have been performed in this case.

In summary, the above-described mechanisms that are responsible for the performance
variation of hybrid ECDs, and especially the instability of the redox electrolyte, take place
irrespective of whether the device is cycled or not. Therefore, this is a significant limitation
imposed using an iodide/triiodide redox electrolyte.

4. Conclusions

In the present study, we have examined the effect of the applied bias potential and the
duration of the bias on the performance of a hybrid EC device having an iodide/triiodide
redox couple. We found that an applied bias potential of ~1 V was enough to achieve a
contrast ratio of nearly 8:1 and a coloration time of a few minutes. Further increasing the
applied bias potential up to 1.8 V resulted mainly in the enhancement of the loss reactions
at the WO3/electrolyte interface, rather than in the improvement in the optical performance
(coloration depth and time) of the ECD. These loss reactions take place also during the
coloration of the ECD and must be considered to correctly estimate the coloration efficiency.
Therefore, for an optically reversible device, it is better to use the charge deintercalated from
the WO3 film during bleaching (Qbl, no oc), rather than using the charge measured during
coloration (Qtotal), due to the significant contribution of Qloss in the value of Qtotal, which
can be up to 90% depending on the applied bias potential value. Optical modulation cannot
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be improved further by prolonging the bias time up to 20 min, even though a significant
value of loss current (~1.2 mA) passes through the ECD, which must be maintained to keep
a uniform coloration. Nevertheless, after nearly two months of testing under real operating
conditions, the contrast ratio declined from 3:1 to 2:1, even though a reduction in losses
at the WO3/electrolyte interface was observed, and remained nearly constant for the next
ten months. The above findings were attributed mainly to the instability of the electrolyte
(i.e., formation of free I2) and the possible increment in the charge transfer resistance at the
WO3/electrolyte interface. The replacement of the electrolyte was the only way to restore
the performance of the ECDs, since a similar behavior was observed even without cycling
the device. This is a significant limitation when an I−/I3

− redox couple is used, affecting
the performance not only of hybrid ECDs but also of photoelectrochromic devices. The
use of a fresh electrolyte resulted in optically reversible devices even from the first day of
their operation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16207084/s1, Table S1: Comparative table with hybrid ECDs
having different redox electrolytes; Figure S1: Transmittance spectra of a hybrid ECD during a
coloration–bleaching cycle for the different values of the applied bias potential (VPV), which was
increased using series-connected mini silicon solar cells: (a) 1 mini silicon solar cell, (b) 2 mini silicon
solar cells, (c) 3 mini silicon solar cells, and (d) 4 mini silicon solar cells; Figure S2: (a) Typical I-V
curves of up to 4 series-connected BPW34 mini-Si solar cells and (b) a typical IPCE spectrum; Table S2:
Characteristic photovoltaic properties of series-connected BPW34 mini silicon solar cells; Figure S3:
(a) Variation in the voltage at the ECD terminals (VEC) with respect to the applied bias potential
(VPV), (b) linear increment in Itotal passing through the ECD with the applied bias potential (VPV),
(c) linear increment in the luminous optical density modulation with the voltage at the ECD terminals
(VEC); Figure S4: Variation in the applied bias potential VPV (a), the potential at the terminals of the
ECD (VEC) (b), and the total current density (Itotal) passing through the ECD (c) during a coloration–
bleaching cycle; (d) variation in Qloss with the applied bias potential (VPV); Figure S5: Variation in the
total charge (Qtotal) and the charge released from the WO3 layer during bleaching (Qbl, after oc) with the
bias time, after an open circuit step; Figure S6: (a) Variation in the potential at the terminals of the
ECD (VEC) at the end of each step during a coloration–bleaching cycle with days post-fabrication,
(b) variation in the applied bias potential (VPV) for specific days post-fabrication during coloration of
the ECD, (c) variation in ΔODlum, Qtotal, and Qbl, after oc with days post-fabrication (open symbols are
used in the case of the fresh electrolyte); Figure S7: (a) Variation in the potential at the terminals of
the ECD (VEC) at the end of each step during a coloration–bleaching cycle with days post-fabrication;
(b) variation in ΔODlum, Qtotal, and Qbl, after oc with days post-fabrication (open symbols are used in
the case of the fresh electrolyte).
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Abstract: A suspended open-type ceiling radiant cooling panel (CRCP) has been proposed recently.
The main challenge is improving its cooling performance to overcome limitations for extensive use.
Therefore, this study aims to optimize the design of CRCPs with curved and segmented structure
to enhance heat transfer. A three-dimensional CFD model was developed to investigate the cooling
capacity and heat transfer coefficient of the CRCPs installed inside a single enclosed room. Panel
structure was determined based on four dependent parameters: the panel curvature width (L, m), the
panel curvature radius (r, m), the void distance (d, m) between each panel or panel segment, and the
panel coverage area (Ac, m2). The panel surface area (As, m2) and the ratio of panel curvature width
to radius (L/r) were also examined. A total of 35 designs were compared under 7 different cooling
load conditions, and 245 cases were carried out. The results show that the nominal cooling capacity
and heat transfer coefficient rise with increasing curvature radius and decreasing curvature width.
The void distance plays the most crucial role in influencing cooling performance. It is possible to
simultaneously improve cooling performance, achieve uniform temperature distribution, and reduce
the number of panels through structure optimization.

Keywords: ceiling radiant cooling panel; parametric analysis; CFD simulation; cooling capacity

1. Introduction

Radiant ceiling panel systems have been a matter of great concern [1] in recent decades,
considering their benefits of high thermal comfort level and energy-saving potential [2].
Such systems can be combined with renewable energy, as they generally use water as
the thermal medium for space heating and cooling. Therefore, the use of radiant ceiling
panel systems is a popular alternative heating and cooling method to conventional air
source systems, and such systems are widely applied as energy efficiency technologies.
These systems have been applied in various building types, such as high-volume halls
(e.g., vehicle repair shops and markets) [3], office buildings [4,5], schools [6], hospitals [7],
and residential buildings [8]. Ceiling radiant cooling panel (CRCP) systems are typically
used for cooling, commonly consisting of a metal panel, a water pipe directly or indirectly
touching the panel, and insulation on the top of the panel surface [9,10]. The insulation layer
above the panel is expected to insulate the heat transfer between the panel and the ceiling
to activate heat transfer on the bottom surface towards the conditioned space. However,
upward heat loss is inevitable. Thus, some researchers have focused on improving the
insulation layer to reduce the heat flux to increase the cooling capacity of the CRCP [11].
On the other hand, an open-type CRCP, also called a suspended radiant ceiling panel
(SRCP) [12] or suspended ceiling radiant panel (CRP) [13] has recently come to public
attention. Unlike the top-insulated type, an open-type CRCP is installed separately from
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the ceiling, excluding insulation between the panel top and ceiling. Due to the characteristic
of convenient and flexible installation, this type is also widely used in existing or new
buildings in practice [14].

Nevertheless, CRCPs are still associated with risk of dew condensation on the cooling
surface, as in other radiant cooling systems. Furthermore, high manufacturing and installa-
tion costs also limit their practical applications. Therefore, it is urgently required to address
these issues by improving system performance through the use of advanced strategies [15].
In recent studies, combining CRCPs with an air circulating strategy has been proposed as an
effective method. Shakya et al. [16] proposed a hybrid system coupling natural ventilation
and a desiccant dehumidification system with a CRCP. The cooling capacity and thermal
comfort can be significantly enhanced by the proposed hybrid system. The proposed hybrid
system can save 77% and 61% primary energy consumption compared to a conventional
all-air system and radiant cooling system, respectively. Jeong and Mumma [17] investigated
the mixed convection effect on the cooling capacity of a CRCP. The results revealed that
the total cooling capacity of a CRCP can be increased by 5–35% by the combination of
natural and mechanical ventilation. Shin et al. [18] combined an open-type CRCP with air
circulators to enhance cooling capacity and energy performance. The results showed that
the cooling capacity was enhanced by 26.4%, and energy consumption was reduced by
26.4% compared with a conventional CRCP system. In summary, increasing the convection
in the conditioned space of a CRCP is impactful in improving the cooling performance and
reducing the energy consumption of CRCP systems. Another possibility is to reform the
structural design of the CRCP to achieve the same effect of convection enhancement [19],
which has been investigated in many studies.

Moreover, it is crucial to investigate the effect of each parameter through parametric
studies to achieve an optimal overall panel structure and arrangement. Statistical analysis
is necessary to optimize and prioritize the design considering the conflict between different
desires in terms of cooling capacity, panel surface temperature, temperature distribution,
or other factors. For instance, with respect to the design of a thermoelectric radiant panel
(TCRP) system, Lim et al. [20] carried out a parametric study consider spacing, panel and
insulation thickness, outdoor air temperature, and heat sink. The authors evaluated the
effects of design factors and operation conditions on the cooling performance. The results
proved that the spacing and outdoor air temperature are the main factors that influence of
the cooling performance of the TCRP. Luo et al. [21] conducted a parametric study on the
thickness of aluminum panels and insulation. The optimum thickness of aluminum panels
and insulation was found to be around 1–2 mm and 40–50 mm, respectively.

In this study, an open-type CRCP with a segmented and curved shape was proposed,
which is expected to achieve better cooling performance through the structural optimiza-
tion of the design. The objectives of this study are to evaluate the effects of the panel
design parameters of the novel panel structure and explore the ideal design to maximize
the cooling capacity of CRCP in terms of energy and cost reduction and achieving the
required thermal comfort level. A parametric analysis was conducted of the proposed
novel open-type ceiling radiant cooling panel (CRCP), which has curved shapes and voids
between the adjacent panels. A three-dimensional CFD simulation model was developed
to study the cooling capacity and heat transfer coefficient of the panel in an enclosed space.
Thirty-five panel designs were examined and compared with the reference panels. The
influence of four independent and two dependent panel design parameters were investi-
gated based on the calculation of nominal cooling capacity, heat transfer coefficient, airflow,
and indoor temperature distribution. Finally, the optimal panel design was discussed and
recommended according to both cooling performance and thermal comfort.

2. Design of Ceiling Radiant Ceiling Panels (CRCPs)

2.1. Literature Review of CRCP Design

As stated above, it is important to increase the efficiency and cooling performance
of CRCPs system through the use of advanced strategies. Table 1 lists previous studies
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that aimed to enhance the cooling capacity of panels by via panel design. The designs of
panels included the water tube/water channel configuration design, panel configuration
design, panel distribution arrangement design, and panel material design. The results
showed that the cooling capacity or even the uniformity of the indoor air temperature field
can be substantially improved by applying novel design strategies. Serageldin et al. [22]
compared nine different open-type CRCPs including two curved CRCPs with voids by
numerical simulation, considering the heat flux, heat transfer coefficient, and indoor
operative temperature. The results illustrated that changing the panel shape to a curved
design and adding voids can increase the radiation heat transfer coefficient by 31% and
convection heat transfer by 174% and decrease the indoor air temperature by 1 K.

Table 1. Studies on CRCP structure design.

Literature Panel Type Methodology Design Strategy Improvement Results

Mosa et al.
[23,24] SRCP Numerical

simulation
Serpentine and dendritic flow

channel design

The dendritic architecture allows for a
significant improvement in the cooling

panel performance.

Hassan and
Kaood [25] SRCP CFD

simulation
Application of internal

longitudinal fins

The presented balanced design enhances
the cooling capacity and cooling rate by

1.54 and 17.7%, respectively.

Radzai et al.
[26] RCP CFD

simulations
New RCP serpentine-based

flow configuration

The proposed designs have the potential
to improve the overall efficiency of RCP in
terms of temperature distribution, cooling

capacity, and pressure.

Labat et al.
[12] SRCP Genetic

algorithm
Arrangement of multiple panels

on the ceiling

The uniformity of the temperature field
can be significantly improved by using

10 panels or more compared with using a
single panel.

Shin et al. [27] Open type
Experiments

and CFD
simulation

Open-type CRCP installed with
void areas between adjacent

ceiling panels

The open-type CRCP can provide 54–80%
higher nominal cooling capacity than a

conventional closed-type CRCP.

Radwan et al.
[28] Open type CFD

simulation
New multisegmented

mini-channel-based CRCP

The design can accomplish the same
cooling capacity and identical indoor air

temperature by using a higher panel
surface temperature.

Zhang et al.
[13] Open type Experiments A new type of CRCP with

inclined aluminum fins

The cooling capacity of the CRCP with
inclined fins is about 19% higher than that

of a suspended panel.

Lv et al. [29] RCP Experiments
A novel grooved radiant ceiling

panel filled with
heat transfer liquid

The cooling capacity of this radiant panel
was 18–25% higher than that of traditional

metal radiant panels.
Ning et al.

[30] CRCP CFD
simulation CRCP with a thin air layer The cooling capacities are increased by

43–46% compared to the original CRCP.

Xing and Li
[11] CRCP Experiments Replacement of the radiation

shield with a convection shield

The improved inbuilt air gap has a better
synergy in improving cooling capacity

and anticondensation ability.

2.2. Parameter Design of Curved Open-Type CRCPs

The aim of this study is to explore the inter-relationship between panel design (in-
cluding curved structure and panel distribution designs) and cooling performance. It was
urgently required to determine the optimal design, which can balance contradictory goals
in terms of enhancing cooling capacity and maintaining thermal comfort. Therefore, four
independent parameters were used to determine the panel shape, as shown in Figure 1:
the panel curvature width (L, m), the curvature radius (r, m), the void distance between
each panel or panel segment (d, m), and the panel coverage area (Ac, m2). Two dependent
parameters were also investigated: the ratio of panel curvature width to radius (L/r) and
panel surface area (As, m2). The L/r ratio is a parameter affecting the curvature shape of
the panel. The curvature of the panel increases with an increase in the value of L/r. The
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panel surface area (As) is a parameter depending on all four independent parameters and
calculated according to Equation (1). It closely relates to the manufacturing cost. Therefore,
it is preferred to minimize the panel surface area in the design stage.

As =
2 sin−1

(
L
2r

)
180

·πr·l·n (1)

where l is the panel length (m), and n is the panel number related to the panel curvature
width (L), void distance (d), and panel coverage area (Ac).

Figure 1. Schematic diagram of the panel and design parameters.

Thirty-five designs were created and compared to show the effect of each parameter. The
values of each parameter in each case are summarized in Table 2. The panel curvature width
(L) was altered from 0.03 to 0.12 m, the panel curvature radius (r) was altered from 0.03 m
to 0.3 m, the void distance (d) was altered from 0 m to 0.33 m, and the panel cover area (Ac)
was altered from 7.58 m2 to 12.96 m2. Accordingly, the L/r ratio varied from 0 to 2, and the
panel surface area (As) varied from 2.51 m2 to 16.90 m2. When the effect of one independent
parameter was examined individually, the other three parameters were held constant. Two
dependent parameters—L/r ratio and As—were investigated with different panel width and
curvature radius values, while the coverage area and void distance were the same. Additionally,
four replenished designs were proposed for optimization and verification.

Table 2. Design of parameters.

Design L (m) r (m) d (m) L/r Ac (m2) As (m2)

1 0.03 0.06 0.03 0.5 12.96 8.18
2 0.06 0.06 0.03 1 12.96 10.28
3 0.09 0.06 0.03 1.5 12.96 11.72
4 0.12 0.06 0.03 2 12.96 16.90

5 0.06 0.03 0.03 2 12.96 14.90
6 0.06 0.09 0.03 0.7 12.96 10.06
7 0.06 0.15 0.03 0.4 12.96 9.96
8 0.06 0.2 0.03 0.3 12.96 9.93
9 0.06 0.3 0.03 0.2 12.96 9.91

10 0.06 0.06 0 1 12.96 13.58
11 0.06 0.06 0.01 1 12.96 13.05
12 0.06 0.06 0.03 1 12.96 10.03
13 0.06 0.06 0.06 1 12.96 7.53
14 0.06 0.06 0.1 1 12.96 5.77
15 0.06 0.06 0.14 1 12.96 4.51
16 0.06 0.06 0.21 1 12.96 3.51
17 0.06 0.06 0.33 1 12.96 2.51
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Table 2. Cont.

Design L (m) r (m) d (m) L/r Ac (m2) As (m2)

18 0.06 0.06 0.03 1 11.43 9.05
19 0.06 0.06 0.03 1 10.80 8.53
20 0.06 0.06 0.03 1 10.15 8.02
21 0.06 0.06 0.03 1 8.86 7.02
22 0.06 0.06 0.03 1 7.58 5.77

23 0.1 0.09 0.03 1.1 12.96 11.18
24 0.15 0.2 0.03 0.75 12.96 11.17
25 0.2 0.4 0.03 0.5 12.96 10.85
26 0.3 1 0.03 0.3 12.96 10.80
27 0.16 - 0.03 0 12.96 10.84

28 0.045 0.03 0.03 1.5 12.96 10.09
29 0.135 0.09 0.03 1.5 12.96 12.65
30 0.225 0.15 0.03 1.5 12.96 13.19
31 0.3 0.2 0.03 1.5 12.96 13.73

32 0.03 0.06 0.05 0.5 12.96 6.04
33 0.03 0.06 0.1 0.5 12.96 3.62
34 0.03 0.06 0.05 0.5 11.43 5.38
35 0.03 0.06 0.1 0.5 11.43 3.35

3. Model Development

ANSYS 2020 R2 Fluent commercial software was used to perform computational fluid
dynamics (CFD) simulations. A three-dimensional finite-volume model was developed to
determine the heat transfer and temperature field. The assumptions applied in this model
are listed as follows:

1. The heat transfer is calculated under a steady-state condition;
2. The air density difference is ignored, and only the gravitational force effect is considered;
3. The heat transfer between the water pipe and the panel surface is ignored, and the

panel surface temperature is considered uniform;
4. The emissivity is constant and a property of the surface, which is independent

of wavelength;
5. The surface is opaque and diffuse, and only the transferred radiation between two

surfaces is considered.

3.1. Geometry

The enclosed room is 4 m (Length) × 4 m (Width) × 2.9 m (Height), which has are
same dimensions and arrangement as the room model for a suspended flat panel validated by
Shin et al. [27]. Twelve cylindrical occupant dummies with dimensions of 0.3 m (D) × 1.1 m (H)
are deployed symmetrically in the room to mimic human bodies, generating energy dissipation
in the space and representing a cooling load. The panels are suspended 0.3 m beneath the ceiling
and arranged along the central line. In the validated case, the panel is one flat, solid panel with
dimensions of 3.6 m (Length) × 3.6 m (Width) × 0.03 m (Height), while in other cases with
curved and segmented type panels, four independent panel design parameters (L, r, d, and Ac)
are set using the design values listed in Table 2. Instead of directly inputting the coverage area
(Ac), the number of panels (n) is employed in the geometric drawing, which can be determined
according to Equation (2):

n =

⌈
1

(L + d)
·( Ac

l
+d)

⌉
(2)

Moreover, the symmetry boundary condition was applied to the middle plane to sim-
plify the modeling and accelerate the simulation speed due to the completely symmetrical
characteristic of the room. In this study, all the simulations were conducted in half of the
space, as shown in Figure 2.
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Figure 2. The geometry of the model and a cross-sectional view at the middle plane.

3.2. Mesh

The mesh was generated by the ANSYS Meshing tool using tetrahedron mesh and
inflation layers near the cylinder surface (Figure 3a). The grid around the wall, panel, and
dummy cylinder surface was refined to address the expected high gradient of temperature
by adding an inflation layer with 0.001 m first-layer thickness and a growth rate of 1.2.
Mesh-independent analysis was carried out for one curved panel design to minimize the
impact of element size on the simulation accuracy. Four different element numbers were
selected: 2.2 × 105, 5.9 × 105, 9.3 × 105, 1.4 × 106, 2.1 × 106, 2.6 × 106, and 3.6 × 106. The
total heat flux and indoor air temperature varied with an increasing number of elements,
as shown in Figure 3b. Therefore, the preferred number of elements was 1,432,275 in the
present study, as the results demonstrated a change in heat flux of only 0.17% and a change
in average air temperature of only 0.81% compared with the finer mesh.

Figure 3. (a) Computational mesh used in the present study. (b) Mesh-independent analysis results.

3.3. Description of Numerical Equations
3.3.1. Governing Equation

• Mass conservation [31]:

∇ · (ρ→v ) = 0 (3)
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• Momentum conservation [31]:

∇ · (ρ→v →
v ) = −∇p +∇·(=τ) + ρ

→
g (4)

where the surface stress tensor (
=
τ, N/m2) is given by the following equation:

=
τ = μ

[(
∇→

v +∇→
v

T
)
− 2

3
∇ · →v I

]
(5)

• Energy conservation [31]:

∇ · (ρCp
→
v Tf) = ∇ · (kf∇Tf) (6)

where ρ is the fluid density (kg/m3),
→
v is the velocity vector (m/s), p is the static pressure

(N/m2), ρ
→
g is the gravitational body force (N/m3), μ is the molecular viscosity (kg/m·s),

I is the unit tensor, Cp is the specific heat capacity (J/kg·K), Tf is the fluid temperature (K),
and kf is the fluid thermal conductivity (W/m·k).

3.3.2. Turbulent Model

The standard k-ε model proposed by Launder and Spalding (1972) is used to describe
the effect of turbulence. The equations for turbulent kinetic energy k (m2/s2) and the
turbulent dissipation rate ε (m2/s3) are expressed as Equations (7) and (8) [31], respectively:

• Turbulent kinetic energy:

∂

∂t
(ρk) +

∂

∂xi
(ρkuI) =

∂

∂xj

[(
μ+

μt

σk

)
∂k
∂xj

]
+Gk+Gb − ρε − YM+Sk (7)

• Turbulent dissipation rate:

∂

∂t
(ρε) +

∂

∂xi
(ρεI) =

∂

∂xj

[(
μ+

μt

σε

)
∂ε

∂xj

]
+C1ε

ε

k
(Gk+C3εGb)− C2ερ

ε2

k
+Sε (8)

where μt is the turbulent viscosity (kg/m·s), as follows.

μt= ρCμ
k2

ε
(9)

where ui is the velocity, Gk is the turbulence kinetic energy generated by the mean velocity
gradients, Gb is the turbulence kinetic energy generated by buoyancy, and YM is the
dilatation dissipation term. Cμ, σε, σk, C1ε, and C2ε are empirical constants with the
following default values: Cμ = 0.09, σε = 1.2, σk = 1, C1ε = 1.44, and C2ε = 1.92. Sk and Sε

are the user-defined source terms.

3.3.3. S2S Model

In radiant systems, radiative heat transfer accounts for a significant portion of total
heat transfer. Therefore, the surface-to-surface (S2S) radiation model was used in the
simulations. In this model, the radiation of a surface (k) is composed of both emission
and reflection [31].

qk,out= εkσT4
k+ρkqk,in (10)

where εk is the emissivity, σ is Boltzmann’s constant, and qk,in is the energy incident on the
surface (k) from the surroundings, which is represented as a summation of radiation from
the surrounding surface (j), as shown in Equation(11).

Akqk,in =

N

∑
j=1

AjFjkqj,out (11)
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where Ak and Aj are the area of surface k and surface j (m2), respectively; Fjk is the view
factor between surface j and surface k; and qj,out is the radiative heat flux of the surface j
(W/m2).

3.3.4. Boussinesq Model

The Boussinesq model is used to model the natural convection in the closed space
driven by buoyancy force. The model performs with the fluid density as a function of the
temperature gradient as follows [31].

(
ρ − ρ0

)
g ≈ −ρ0β(T − T0)g (12)

where ρ0 is the specified constant density of the flow, T0 is the operating temperature, and
β is the thermal expansion coefficient.

3.3.5. Other Equations

In addition, the total heat flux (q, W/m2) is defined as the total heat transfer rate
through all the panel surfaces divided by the panel surface area (As, m2).

Qtot =
Qtot

As
(13)

The radiation and convection heat transfer coefficient are then calculated based on the
following equations.

Hr =
Qr

As(AUST − Tp
) (14)

hc =
Qc

As(T a − Tp
) (15)

where AUST is the area-weighted uncooled temperature of the surfaces excluding the panel
surface (◦C), Ta is the air temperature (◦C), and Tp is the panel surface temperature (◦C).

Then, the operative temperature (Top, ◦C) can be roughly determined by Equation (16).

Top =
hcTa+hr·AUST

hc+hr
(16)

3.4. Numerical Schemes

The governing equations are iteratively solved at each control volume in the compu-
tational domain until convergence is achieved. The Semi-Implicit Method for Pressure
Linked Equations (SIMPLE) algorithm was applied for coupling pressure and momentum.
The first-order upwind discretization scheme was chosen for turbulent kinetic energy and
turbulent dissipation rate. The second-order upwind discretization scheme was used for
the pressure, momentum, and energy. Enhanced wall treatment was selected as a wall
treatment. The convergence criteria are 10−5 for all equations, with the exception of 10−6

for the energy equation.

3.5. Boundary Condition

Table 3 lists the boundary conditions and emissivity. The room is assumed to be well-
insulated without heat transfer so that the envelope is assigned to the adiabatic condition.
The non-uniform temperature distribution on the panel surface always occurs from the rise
of chilled water or pipe arrangement. However, the temperature difference on the panel
surface has less effect than the large difference between the air and the panel. Our study
mainly focuses on optimizing the panel shape design based on heat transfer performance
to improve the cooling capacity and indoor thermal condition. Therefore, the panel surface
temperature is set constant at 15.83 ◦C, which is the experimentally measured value given
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by Shin et al. [27]. Each panel design was investigated under seven different cooling load
conditions (621.69 W, 746.03 W, 870.37 W, 994.71 W, 1119.04 W, 1243.38 W, and 1405.02 W),
owing to differences in heat flux emitted from cylindrical dummies. In summary, 245 cases
were simulated for analysis.

Table 3. Boundary condition and emissivity of each surface.

Condition Temperature (◦C) Heat Flux (W/m2) Emissivity

Wall/ceiling adiabatic - 0 0.82
Floor adiabatic - 0 0.95

Middle_plane symmetry - - -
Panel_surface T = constant 15.83 - 0.92

Cylinder_outer q = constant - 50/60/70/80/90/100/113 0.92
Cylinder_upper adiabatic - 0 0.92

4. Results and Discussion

4.1. CFD Validation

The CFD model was validated with the experimental results for a flat panel presented
by Shin et al. [27]. Figure 4 shows the air temperature distribution of the vertical measured
line in three validation cases in which the cooling load was adjusted from 469.92 W to
1409.76 W. The simulated temperature showed marginal differences, with an average error
of 1.01% in Case 1, 0.89% in Case 2, and 0.86% in Case 3, indicating that the CFD model
agrees with the experimental measurements conducted for the freely suspended panel
under different cooling load conditions.

Figure 4. Comparison between CFD and experimental results reported by Shin et al. [27].

4.2. Panel Surface Temperature

Different ceiling radiant cooling panels can be compared and evaluated using the cooling
capacity curve present in the standard [32], which is represented by the cooling capacity and
the difference between the operative and panel surface temperature (Equation (17)). Previous
studies [22,27] reported the curves under different cooling load conditions, adjusting the panel
surface temperature to ensure that the indoor air temperature was within a comfort range.
Nevertheless, in this study, the panel surface temperature was maintained at 15.83 ◦C in each
case, with the cooling load increasing from 621.69 W to 1405.02 W.

Figure 5 compares the results of heat flux, heat transfer coefficient, average indoor air
temperature, and the difference between operative and panel surface temperature, which
were obtained under different panel surface temperature conditions. The panel surface
temperature was set from 14.83 ◦C to 19.83 ◦C with an interval of 1 ◦C according to the
design guidelines presented in [33]. Except for indoor air temperature increasing with
the panel surface temperature increase, the heat flux and temperature difference were
almost the same, with the difference maintained within 5%, indicating that different panel
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surface temperature settings only affect indoor thermal conditions but not the panel cooling
performance. The amount of heat transferred from the panel is related to the load and the
panel itself rather than the surface temperature. Therefore, the boundary setting of this
study was simplified.

 

Figure 5. Calculation results under different panel surface temperatures.

4.3. Parametric Study

The cooling capacity of CRCPs is influenced by multiple factors—not only the panel
design but also the cooling load, indoor condition, and panel surface temperature—making
it difficult to evaluate and compare directly. Therefore, the cooling performance should
be compared between different panel designs under a generalized operation condition.
In this study, the cooling capacity was analyzed using power regression, which is in a
functional relationship with the temperature difference between the operative and panel
surface temperature as follows:

q = k(Top − Ts)
n (17)

The coefficient (k) and exponent (n) of each design are summarized in Appendix A.
The nominal cooling capacity was obtained when the temperature difference was 8 K
(Top − Ts = 8 K). All the designs were compared with a closed-type CRCP proposed in the
European Standard [32], named ‘Standard’, and an open-type flat CRCP with a distributed
layout proposed by Shin et al. [27], named ‘A-d’ in the following figures.

4.3.1. Panel Curvature Width

The effect of panel curvature width is shown by comparing the results of Design
No.1–No.4. The curvature width (L) of Design 1, Design 2, Design 3, and Design 4 is 0.03 m,
0.06 m, 0.09 m, and 0.12 m, respectively. While the curvature radius is maintained at 0.06 m,
and the void distance is maintained at 0.03 m. As shown in Figure 6, the cooling capacity
and heat transfer coefficient decrease dramatically with increasing L. With a decrease in L
from 0.12 m to 0.03 m, the nominal cooling capacity increases by 35.8% from 113.89 W/m2

to 154.64 W/m2. Additionally, both the hr and hc are improved significantly by 49.8% and
35%, respectively, under the same cooling load condition. Compared with Design 2 and
Design 3, the convective heat transfer accounts for more in Design 1 and Design 4. Figure 7
compares the velocity contours in Design 1 and Design 4 under the highest cooling load.
It is clear that the design with a shorter width contributes to accelerating the air moving
through the openings around the panel to promote heat exchange.

4.3.2. Panel Curvature Radius

Figure 8 compares different curvature radii using the results from Design 5, Design 2,
and Design No.6–No.9, with curvature radii 0.03 m, 0.06 m, 0.09 m, 0.15 m, 0.2 m, and
0.3 m, respectively. On the other hand, the panel curvature width is constant at 0.06 m,
and the void distance is constant at 0.03 m. The results show that the cooling capacity
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and heat transfer coefficient increase with increasing curvature radius. In particular, the
nominal cooling capacity and radiation heat transfer coefficient are obviously improved by
9.1% and 36%, respectively, when r is increased from 0.03 m to 0.06 m. However, when r is
larger than 0.06 m, the impact of increasing r is significantly reduced. The nominal cooling
capacity and radiation heat transfer coefficient only increase by 4.2% and 3.9%, respectively,
when r is increased from 0.06 m to 0.3 m.

(a) (b) 

Figure 6. Comparison of different panel curvature lengths (a), cooling capacity curves [27,32] (b),
and thermal performances under a cooling load of 1405.02 W.

Figure 7. Velocity contours in Design 1 and Design 4 under a cooling load of 1405.02 W.

4.3.3. Void Distance

Figures 9 and 10 illustrate the effect of voids between adjacent panels or panel seg-
ments. Eight different distances were compared, varying from 0 m to 0.3 m, with L = 0.06 m
and r = 0.06 m. A solid panel without an opening (Design 10) results in the same nominal
cooling capacity as the CRCP proposed by Shin et al. When d is expanded from 0 m to
0.03 m, the nominal cooling capacity increases significantly by 33% from 101.27 W/m2 to
134.69 W/m2, and the hr and hc are improved by 6.4% and 92.9%, respectively. Including an
opening between panels or panel segments can effectively increase convection heat transfer
and enhance indoor air movement, as shown in the comparison of airflow distribution
between Design 10 and Design 12 in Figure 10. The cooling capacity, hr, and hc continue to
increase as the distance increases, but the growth slows when d is larger than 0.06 m. In
particular, the nominal cooling capacity is highest in Design 16 when d is 0.21 m, which is
4.4% higher than that in Design 13, 13.3% higher than that in Design 12, and 50.1% higher
than that in Design 10.
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(a) (b) 

Figure 8. Comparison of different curvature radii (a), cooling capacity curves [27,32] (b), and thermal
performances under a cooling load of 1405.02 W.

 
(a) 

 
(b) 

Figure 9. Comparison of different void distances (a), cooling capacity curves [27,32] (b), and thermal
performances under a cooling load of 1405.02 W.
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Figure 10. Velocity and temperature contours in Design 10, Design 12, and Design 16 under a cooling
load of 1405.02 W.

The indoor air temperature in Design 16 is 10 ◦C higher than in Design 10 and
Design 12, as shown in Figure 10, because the panel number in this design is too small to
match the required total heat transfer amount. However, the air temperature uniformity in
Design 16 is better than in the other two cases due to active air activity and sufficient heat
exchange. The cooled air trapped on the top surface is allowed to move down, resulting in
better cooling performance.

4.3.4. Coverage Area

The effect of coverage area was investigated by comparing Design 2 and Design
No.18–No.22, as shown in Figure 11. When the coverage area is 11.43 m2, the nominal
cooling capacity is 12.8% higher than 7.58 m2 and 5.8% higher than 12.96 m2. The total heat
transfer coefficient increases by 4.3% from 8.4 W/m2·K to 8.76 W/m2·K when the coverage
area is reduced from 12.96 m2 to 7.58 m2. In other words, expanding the distance between
the side of the panel and the wall within an appropriate range can enhance the cooling
performance to the same extent as increasing the void distance between adjacent panels.

4.3.5. L/r Ratio and Surface Area

Two dependent parameters—L/r ratio and the panel surface area (As)—were examined
with the other parameters unchanged. The L/r ratio is discussed by comparing Design
No.23–No.27, as shown in Figure 12, which have the same void of 0.03 m and surface area
of 11 m2 ± 0.4 m2. As a result, when the L/r ratio is 0.5, the nominal cooling capacity is the
highest, at 129.65 W/m2, which is about 5% higher than that of the flat design. On the other
hand, the hc decreases by 12.2% and the hr increases by 3.6% when the L/r is decreased
from 1.1 to 0, illustrating that the curved shape can effectively promote air movement over
the top surface and enhance convective heat transfer because the curved structure has a
streamlined shape. Notably, when comparing the optimum design of L/r = 0.5 with the flat
design, the hc is increased by 5.3%, and hr is maintained at the same value.

The panel surface area (As) was considered with an L/r ratio of 1.5 for the same void
distance and panel coverage area, as shown in Figure 13. It should be noted that the L and
r values are different in each design, as As is a dependent parameter related to all four
independent design parameters. When As increases from 10.09 m2 to 13.73 m2, the nominal
cooling capacity decreases by 15.2% from 136.11 W/m2 to 118.20 W/m2. The hr and hc
in Design 28 are also 9.4% and 18.6% higher than those in Design 31, respectively. It is
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concluded that the short and distributed panel design with less panel surface area achieves
better cooling performance than the large solid panel design.

 
(a) (b) 

Figure 11. Comparison of different coverage areas (a), cooling capacity curves [27,32] (b), and thermal
performances under a cooling load of 1405.02 W.

 
(a) (b) 

Figure 12. Comparison of different L/r ratios (a), cooling capacity curves [27,32] (b), and thermal
performances under a cooling load of 1405.02 W.

 
(a) (b) 

Figure 13. Comparison of different surface areas (a), cooling capacity curves [27,32] (b), and thermal
performances under a cooling load of 1405.02 W.
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4.4. Sensitivity Measures

Based on the parametric analysis, the local sensitivity analysis of the effects of four
independent design parameters on cooling capacity was carried out using the manual one-
at-a-time (OAT) approach [34]. The sensitivities were measured by monitoring the changes
in cooling capacity following the variation of one parameter while all other parameters
were held constant. A linear regression equation was derived as a function of cooling
capacity and each parameter. The results of sensitivity measures are summarized and
compared in Figure 14. Consistent with the above conclusion, the void distance (d) plays
the most crucial role in influencing cooling capacity, followed by panel curvature width (L)
and radius (r). It is possible to achieve the same or even better indoor thermal conditions
by applying fewer panels, demonstrating the potential for cost reduction by optimizing the
panel arrangement and construction.

Figure 14. Sensitivity analysis of four dependent design parameters.

5. Discussion

Figure 15 shows the coefficient (k) and exponent (n) in Equation (17) of each panel
design. It is clear that different panel designs achieve totally different cooling performances
and that structural design is an effective way to improve the efficiency of the CRCP system.
All the CRCP designs proposed in this study with curved and segmented shapes can
achieve better cooling capacity than those proposed in previous studies under the same
condition. Moreover, four designs (Design No.32–No.35) were replenished, combining
the concluded optimum panel design of L = 0.03 m and r = 0.06 m with the void distance
and coverage area. Figure 16 illustrates the flow and temperature fields on the symmetry
plane in Design 1 and Design No.34–No.35. Design 34, with large openings between
panels and between the panels and the wall, is the optimum among all the designs, if it
prioritizes increasing the nominal cooling capacity. However, this design is unable to meet
thermal comfort requirements under a cooling load of 1405.02 W in practice because of an
insufficient number of panels. The temperature fields become more uniform in proposed
Design No.34–No.35, but the average indoor temperature in Design 34 and Design 35 is
about 4 K and 8 K higher than in Design 1, respectively. In regard to achieving both the
thermal comfort conditions included in the ASHRAE standard [35] and maximum cooling
capacity, Design 1 is the alternative optimum solution, which can maintain the indoor air
temperature at 24.77 ◦C. Compared with Design 34, Design 1 has the same L and r values
but with smaller opening areas. Therefore, (1) L = 0.03 m and r = 0.06 m represent the ideal
panel shape, as concluded by comparing 35 designs in this study; (2) larger void distance
and openings between panels and the wall are able to promote cooling capacity. However,
preference should be given to thermal comfort and the number of required panels, which
can be decided according to cooling capacity and panel surface area.
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Figure 15. k and n of different CRCP designs (Top − Ts = 8 K) [27,32].

Figure 16. Velocity and temperature contours in Design 1, Design 34, and Design 35 under a cooling
load of 1405.02 W.

Finally, we also recommend verifying the generalization of this optimum design
by applying other models or experiments in future studies. Further improvements in
CRCPs are also expected to be achieved through the application of advanced optimization
methodology or the combination of different design strategies.

6. Conclusions

In this study, we carried out a parametric analysis of an open-type CRCP with a curved
and segmented structure using CFD simulation to study the effect of panel structure on
cooling capacity and heat transfer in comparison with conventional CRCPs presented in
the literature. Four independent and two dependent design parameters were investigated
by comparing thirty-five panel designs and operating sensitivity analysis. The optimal
panel design was then proposed in terms of cooling capacity, heat transfer coefficient, and
airflow distribution. The results are as follows:
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• The freely suspended CRCP with curved shape and void in proposed this study
achieves better cooling performance than the previous reference results. The nominal
cooling capacity can be improved by 157.90% compared with the transitional panel
design represented in the standard;

• The nominal cooling capacity and heat transfer coefficient increase with increasing
panel curvature radius and decreasing curvature width. The nominal cooling capacity
is highest when L = 0.03 m and r = 0.06 m, which is the optimal panel design among
the designs proposed in this study;

• Compared with the large solid panel design, the short and distributed panel design
with less panel surface area achieves better cooling performance because it can promote
air movement around the panel and assist in sufficient heat exchange;

• The distances between adjacent panels and between the panel and the wall play the
most significant role in improving the cooling performance of the panel, demonstrat-
ing the potential to simultaneously reduce costs and achieve better indoor thermal
conditions by optimizing the distribution of CRCPs;

• There should be a balance between improving cooling performance and ensuring
the comfort of the indoor environment in practical operations, and total heat transfer
should be accounted for based on the panel surface area and cooling capacity.
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Nomenclature

List of Symbols
L Panel curvature width (m)
r Panel curvature radius (m)
d Void distance (m)
Ac Panel coverage area (m2)
As Panel surface area (m2)
l Panel length (m)
n Panel number (-)
ρ Fluid density (kg/m3)
→
v Velocity vector (m/s)
p Static pressure (N/m2)
→
g Gravitational body force (N/m3)
→
F External body force (N/m3)
μ Molecular viscosity (kg/m·s)
I Unit tensor
Cp Specific heat capacity (J/kg·K)
Tf Fluid temperature (K)
kf Fluid thermal conductivity (W/m·K)
k Turbulent kinetic energy (m2/s2)
ε Turbulent dissipation rate (m2/s3)
εk Emissivity
σ Boltzmann’s constant
Aj, Ak The area of surface j and k, respectively (m2)
qj, qk Radiative heat flux of surfaces j and k, respectively (W/m2)
Fjk View factor between surfaces j and k
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ρ0 Specific constant density of the flow (kg/m3)
T0 Operating temperature (◦C)
β Thermal expansion coefficient
qtot Total heat flux (W/m2)
hr Radiation heat transfer coefficient (W/m2·K)
hc Convection heat transfer coefficient (W/m2·K)
AUST Area-weighted uncooled temperature (◦C)
Tp, Ts Panel surface temperature (◦C)
Ta Air temperature (◦C)
Top Operative temperature (◦C)
Qs Cooling load (W)
CRCP Ceiling radiant cooling panel
SRCP Suspended radiant ceiling panel
CRP Ceiling radiant panel
TCRP Thermoelectric radiant panel
RCP Radiant ceiling panel
CFD Computational fluid dynamics

Appendix A

Table A1. Coefficient for nominal cooling capacity equation.

k n R2 qΔT = 8K (W/m2)

Standard [33] 7.489 1.051 - 66.6
A-d [26] 5.8604 1.3674 - 100.6
Design 1 14.448 1.14 0.9949 154.64
Design 2 13.178 1.1193 0.9983 135.11
Design 3 12.321 1.1118 0.9957 124.37
Design 4 9.626 1.1882 1 113.89
Design 5 9.8661 1.2165 0.9997 123.81
Design 6 14.118 1.0942 0.9976 137.38
Design 7 13.994 1.1053 0.9974 139.36
Design 8 13.427 1.1261 0.9991 139.62
Design 9 14.392 1.0968 0.9986 140.81

Design 10 9.6204 1.132 0.9999 101.27
Design 11 10.549 1.1707 0.9984 120.35
Design 12 13.795 1.0974 0.9965 134.69
Design 13 13.927 1.1322 0.9994 146.67
Design 14 15.133 1.1075 0.9981 151.39
Design 15 13.196 1.165 0.9997 148.78
Design 16 14.418 1.1346 0.9994 152.60
Design 17 14.01 1.1421 0.9992 150.61
Design 18 14.198 1.1104 0.9843 142.90
Design 19 12.365 1.1398 0.9987 132.29
Design 20 13.795 1.0901 0.9987 133.10
Design 21 12.23 1.1338 0.9996 129.23
Design 22 10.507 1.1978 0.9978 126.82
Design 23 12.19 1.13 0.9989 127.79
Design 24 12.321 1.128 0.9979 128.63
Design 25 12.68 1.118 0.9951 129.65
Design 26 13.098 1.1004 0.9983 129.11
Design 27 12.39 1.1065 0.9989 123.69
Design 28 13.149 1.1239 0.9943 136.11
Design 29 10.864 1.1631 0.9901 122.00
Design 30 11.279 1.1475 0.9941 122.62
Design 31 10.94 1.1445 0.9998 118.20
Design 32 15.585 1.1182 0.9985 159.42
Design 33 16.117 1.1143 0.9996 163.53
Design 34 18.354 1.0754 0.9932 171.76
Design 35 17.442 1.0877 0.9997 167.45
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Abstract: Heat stress in deep hot mines is a factor that often determines the possibility of technical
mining of natural resources. One of the solutions enabling miners to work in such mines is air cooling.
Cooling systems vary, and their selection depends on the type of mine and the mining methods
used. Limited air cooling capabilities exist in electric-powered coal mines. The main solution for air
cooling is based on movable spot air coolers. Such systems commonly use surface or underground
refrigeration plants. An underground refrigeration plant (URP) equipped with compressor chillers
does not achieve more than 2.5–3.0 MW of cooling capacity due to the limited heat rejection capacity
of return air streams in a typical coal mine. The method discussed in this paper, using mine water to
discharge waste heat from the underground refrigeration plant, provides a measurable benefit for
optimizing the mine air cooling system. The main purpose of this research is to study the feasibility
and effect of water diversion from the actual mine drainage system to the underground refrigeration
plant. The water drainage system in an underground mine is called the dewatering system of the
mine. The heated water in the condensers of the chillers is directed back to the mine’s central
dewatering system. The recovery from water discharged to the surface contributes to optimising
energy consumption for a mine air cooling and the sustainable discharge of wastewater. In addition,
using the total water flow from the mine dewatering system to reject heat in compressor chillers,
compared with the traditional solution, can improve the cooling capacity of URP. These findings
may provide beneficial guidance for practical applications in deep hot mines with small natural
water inflow.

Keywords: mine air cooling systems; underground refrigeration plant; mine dewatering system;
waste heat recovery; heat pumps

1. Introduction

The exploitation of raw materials in underground mines is associated with many
natural hazards. In deep mines, one of the dominant threats is the climate. Its scale
depends on many factors that have been presented recently [1–4]. The basic threat is the
primary temperature of the rocks, also called virgin rock temperature (VRT). VRT depends
on a geothermal temperature at a given mine location. For example, at a depth of 1000 m,
during the exploitation of the gold deposit in the West Wits Basin, VTR reaches 20 ◦C [5]
and 44 ◦C in the Jastrzębie coal mines, Poland [6]. The VTR is related to the different
geothermal temperatures.

The state of climatic hazards at workstations in deep mines is also affected by proper
planning of underground workings, rational ventilation and organization of the techno-
logical process, primarily the transport of mined output, materials and the location of
heat-emitting equipment.

The above-mentioned factors influence the fact that various air conditioning systems
are used in mines. Their specificity depends on the deposit exploitation systems used but
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are also adapted to legal and climatic conditions in a given country. In European coal mines,
closed refrigeration circuits are used to cool mine air due to the widespread use of electrical
machinery and equipment.

The choice of a cooling system is primarily determined by the demand for cooling
power in the mining area of a mine. The specificity of air cooling in deep hot mines is
the constant demand for cooling power regardless of the season. An important factor is
also the type of refrigeration units used and the possibility of heat rejection. A particular
limitation in the application of the cooling system may be the distance between the areas of
mining work and the locations of the refrigeration units.

Primary, secondary and tertiary cooling systems are used in subsurface mines world-
wide [7]. In a typical coal mine, the length of all underground roadways exceeds 100 km.
The distance of workplaces from downcast shafts is usually greater than 5 km. Primary
and secondary cooling systems are not effective in such vast mining areas. Therefore,
a tertiary cooling system is used, consisting of air cooling by movable coil exchangers
called spot air-coolers, which are placed close to workplaces. Such cooling devices are also
called mobile spot air-coolers [7–10]. Water cooled in a refrigerant plant is distributed to
closed-circuit cooling-coil heat exchangers (indirect coolers) in mining districts.

Cooled water circulates in a closed pipe circuit distributed along the roadways. Several
dozen spot air-coolers can be connected to the pipeline network several kilometres from
the refrigeration plant.

Underground or surface refrigeration plants are used for chilling water. In surface
cooling stations, several chillers are connected in a cascade system. Both compressor
and absorption units are used. The condensation heat of the refrigerant in compressor
chillers is rejected to the atmosphere. In the event of an increase in the demand for cooling
power, such surface cooling installations can be expanded to certain limited extents. The
limit is the capacity of the chilled water through the vertical pipelines. For technical
reasons, pipe diameters in air shafts are not larger than 300 mm. This allows for achieving
cooling capacity in the surface refrigeration plant (SRP) up to about 15 MW. Such cooling
systems are described in [11–13]. However, in the case of large distances between SRP and
workplaces, the temperature of chilled water flowing through pipelines increases [14,15].
This is due to water supply through vertical pipelines and the Joule-Thompson effect. The
solutions in the hydrostatic pressure reduction of the water column between vertical and
horizontal pipelines are also required.

Therefore, increasingly, the construction of underground refrigeration plants (URP)
with a greater cooling capacity than in the systems built so far is being considered, and
practical, economically justified removal of the heat of condensation is sought.

In the case of underground refrigeration plants consisting of stationary chilling ma-
chines, the heat of condensation is usually rejected into return air flowing in ventilation
roadways toward upcast shafts using evaporative water coolers. Until now, URPs equipped
with compressor cooling machines have been used in Poland if the cooling power demand
does not usually exceed 2.0–3.0 MW [7,16]. URPs with higher cooling power are usually
not built because it is impossible to dissipate more condensation heat from the refrigerant.
This is due to the thermodynamic parameters of the air and its flow in mine excavation.

The previous experience related to the use of underground plants and the transfer of
heat to the air shows that:

1. Rejecting condensation heat into mine air streams is crucial for the correct operation
of the underground cooling plant.

2. Heat rejection to the mine air is often associated with the need to install evaporative
water coolers at a considerable distance from cooling units (this necessitates building
long pipelines connecting evaporative water coolers with cooling units and installing
circulation pumps to overcome resistance in these pipelines).

3. The forcing fan must be placed in the evaporative water cooler, which increases the
cooling system’s energy consumption.
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In the case of heat transfer to the mine atmosphere, there are problems related to
ensuring appropriate air parameters at the location of evaporative water coolers (too high
air temperature, too high humidity, ensuring adequate water flow).

Another way of transferring the heat of condensation from the URP is to transport
water through vertical pipelines in the intake air shaft to the surface, cool it, and bring it
back down the mine. However, the cost of pumping water has kept such systems from
becoming widespread. Xu et al. [3] presented a method of using mine water in the surface-
subsurface circulation cycle. From this circulation, part of the cool water from the surface
can be transferred to URP, and part is passed through the post-mining goaf.

It is confirmed that the heat condensation from the compressor units can be transferred
to the service water or dewatering system of a mine. That integrated system is called the
water reticulation system [9]. In the case of electric-powered coal mines, the consumption
of service water is minimised, and the inflow of natural water from the strata depends on
the geological conditions of a particular mine. In such mines, efforts are made to minimise
the mine water circulation. Increasing service water use is out of the question in mines if
the dewatering system does not have enough capacity in reserve. Therefore, attention is
drawn to using the inflow of natural water from the strata to the workings of the real-life
mine. Natural water is also called fissure water.

There are two different sources of water inflow to the dewatering system in mines:
ground water (known as fissure water) and mine water (known as service water). Service
water consumption in Polish mines is small compared to world mines and constitutes only
a small percentage of the total water pumped out to the surface.

The main objective of the dewatering system is to capture fissure water at the outlet
points and supply it to the surface of the mine. In mines, most of the water inflows by
gravity from the mining areas to the central chamber of the dewatering pumps. The main
drainage chambers play a crucial role in the entire system, in which pumps pumping water
continuously to the surface are installed. The total water inflow to the pump chamber is
related to the inflow of fissure water and service water.

The total water inflow limits the possibility of rejecting condensation heat in mine
dewatering systems to the system. Polish mines belong to mines with a small inflow of
fissure water. Currently, the largest amounts of water inflow to mines vary widely, from
about 20 m3/h to over 3600 m3/h [17]. The average inflow is about 700 m3/h. However,
the water inflow’s structure is various, so water is often pumped out from different areas of
the mine and different levels. Such a drainage system makes it impossible to receive heat
rejection from the refrigeration plant fully.

Water from underground settlers can be pumped to the surface indirectly (in two or
more stages) or directly. The method of pumping out water in the mine depends on its
inflow and the number of active mining levels. In Polish conditions, direct water drainage
to the surface is primarily used in large water inflows. In the indirect dewatering system,
water is transferred between depth levels and then to the surface. In such a situation, the
primary drainage chambers are located at the level with the greatest water inflow. Water
can also be transferred by gravity or by pumps between levels.

Water from mine drainage is partly used on the surface. On average, about 1/3 of the
water pumped out on the surface is used in mines. The rest of the water is discharged as
wastewater. Depending on mine water’s salinity degree, some mines are forced to direct
water to a desalination plant.

The concept of using water from the dewatering system to reject the refrigerant
condensation heat was considered for one of the coal mines. The idea is to transfer mine
water through the condensers of underground chillers and pump it to the surface. To
develop a technical solution, it was necessary to analyse the possibility of rejecting heat
for the maximum cooling capacity of the designed URP, technical possibilities of water
purification and pumping, analysis of the temperature of water flowing into the main
pumping chamber, analysis of the temperature of water pumped out to the surface, and
the possibility of using low-temperature heat from water on the surface.
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Cooling is an energy-intensive process. Therefore, such a system must be as efficient
as possible [9,18]. Increasing air cooling efficiency can be implemented in many ways,
depending on the various solutions used. One way is to recover condensation heat from
chillers for heating purposes. For example, in energy infrastructures of mines, there are
heating needs related to, among others, heating of rooms, utility water and air inlet to
shafts [19–21].

This paper presents the implemented solution for transferring condensation heat from
chillers in URP to the mine dewatering system. The objective is a detailed examination of
the condenser circuit. The conditions the dewatering system must meet will be analysed
to use this method in similar mines. Determining the possibility of utilising recovery heat
from cooling chillers is a crucial aspect that should always be considered. The presented
example is a kind of energy optimisation in cooling underground excavations with URP.

2. Background behind Using Mine Water to Heat Rejection of Refrigeration Plant

2.1. Cooling Demand in a Real-Life Mine—Case Study

Halemba coal mine is located in the Upper Silesian Coal Basin in Poland, with an
area of almost 33 km2. The mine has four working levels: 380 m, 525 m, 830 m, and
1030 m. Currently, mining is carried out mainly from the 1030 m level. VRT in mining areas
ranges from 40 ◦C to 48 ◦C. Difficult microclimate conditions at the workplaces make it
impossible for the mining crew to work. Therefore, it is necessary to cool the air in the
working locations.

A characteristic feature of deep coal mines, including the Halemba mine, is that the
demand for cooling power is practically unchanged throughout the year. The surface
temperature varies from −20 ◦C to 30 ◦C throughout the year, depending on the season.
According to the regulations [22], the air in the intake shafts must be heated to a minimum of
1 ◦C. That means that the air temperature in the shaft varies from 1 ◦C to 30 ◦C throughout
the year. The impact of seasonal changes in air temperature in the shaft is negligible for
consideration of air parameters at working locations [23,24]. This is due to the high VRT,
large distances between the workings and shafts, and the presence of many heat-generating
machines in the mine. Therefore, the mine has an identical demand for cooling power all
year round.

The relatively low efficiency of cooling systems with SRP applied in mines with many
widespread working locations means that the URP with compressor units is considered in
the Halemba mine. Regarding the prediction of cooling power demand in workstations
ranging from 4.5 to 4.8 MW and cooling losses in the closed circuit system, the need for
cooling power of centrally located URP is 6.0 MW [25].

High air temperature and humidity of return airways excluded the possibility of trans-
ferring condensation heat to the ventilation air using evaporative water coolers. Therefore,
it was decided to transfer condensation heat from URP to the mine water.

2.2. Parameters of Dewatering System of the Mine

The dewatering system in the analysed mine drains water from the mining areas to the
sump at level 1055 m. First, water flows to the sump, partly by gravity through the sewage
system and partly pumped through pipelines from the intermediate pumping stations in
mining areas. Next, water is pumped to settlers at level 1030 m near the shaft by pumps
with a total capacity of 800 m3/h. Finally, the main drained pumps in the dewatering
chamber pump water from settlers to the surface by shaft piping. Halemba mine does not
desalt the mine water before it is discharged into the wastewater due to the low salinity.
Figure 1 shows the schematic diagram of the dewatering system.

Depending on the season, the temperature of the pumped water changes in a small
range from 26 to 28 ◦C. Therefore, a higher water temperature value, i.e., 28 ◦C, was
assumed to design the rejection of condensation heat.
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Figure 1. Schematic diagram of the dewatering system in the analysed mine.

For steady waterflow conditions and neglecting changes in kinetic and potential
energies in a cooling device, the cooling power is the difference between the outlet and
inlet enthalpy flows. Therefore, considering the water enthalpy, the cooling power can be
calculated as follows: .

Q =
.

mwcpw(t1 − t2) (1)

where
.

mw is the mass flow rate of water in kg/s, cpw is the specific heat at constant pressure
in J/(kg·◦C) and t1 and t2 are inlet and outlet temperatures of water from the heat exchange
device of the air-cooling system in ◦C.

Figure 2 shows the change in heat transfers to water depending on its volumetric
flow rate and the temperature difference when flowing through the condensers. The
presented graph shows that it is necessary to ensure a high flow of cooling water to reject
heat from URP, which is often not ensured in the cooling systems of underground mines.
Another critical factor is the temperature of the water. If it is too high, the heat rejection
potential decreases.

Figure 2. Removal of condensation heat depending on the flow rate and temperature difference of
cooling water for condenser chillers in URP.

43



Energies 2022, 15, 9481

Such water often contains impurities and cannot be used directly to cool the con-
densers, as it would cause rapid contamination. However, such water can be used with
underground heat exchangers mediating heat exchange. Another factor that may limit
the water potential of heat rejection is its temperature. The main facets affecting the water
temperature in settlers are parameters of air flow out from the inlet shaft. In addition, the
ventilation of settlers causes the water temperature to fluctuate throughout the year.

2.3. Technical Solution of Cooling and Heat Rejection Systems

URP is located in the vicinity of settlers of the dewatering system at level 1030 m.
Cooling-coil heat exchangers have been proposed to cool the air at workstations.

Chilled water in the URP will be supplied to spot air-coolers in two operating areas at
1500 m to 6000 m from the shaft [25]. The chilled water will flow through insulated pipelines.
After receiving the heat in the air coolers, the water returns through uninsulated pipelines
to the URP, where it is cooled again. A diagram of the chilled water pipeline network of the
cooling system is shown in Figure 3.

Figure 3. Chilled water circuit in the analysed mine.

The entire cooling system consists of four circuits:

• circuit of chillers’ evaporators—circulation of chilled water,
• refrigerant circuit—the internal circuit of chillers,
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• primary circuit of condensers of refrigeration units—circulation of cooling water for
condensers,

• secondary circuit of chillers’ condensers—circulation of mine water receiving heat.

To design the refrigeration system to work properly, it had to be ensured that the heat
of condensation of the refrigerant in the chillers of URP was discharged. Figure 4 shows a
schematic diagram of chilling and cooling circuits in the URP, together with the inclusion
in the dewatering system.

 

Figure 4. Simplified sketch of the cooling mine water in the analysed mine.

Ensuring the rejection of condensation heat determines the effectiveness of chilling
water in the evaporator cycle to the required temperature of 3 ◦C. The condensers of the
refrigeration units will be cooled with water from the mine dewatering system through
plate heat exchangers. Water will be transported from the sump to the pipeline and heat
exchangers. After discharging the heat in the chillers’ condensers, the water will flow
through the return pipeline to the settlers, from where it will be pumped to the surface
using the mine’s dewatering pumps. The distances between the URP and the sump and
settlers do not exceed 100 m. Therefore, it allows assuming no heat loss during water
transport. For other circuits, heat loss must always be considered.

The energy balance of the analysed installation, assuming the efficiency of the primary
heat exchange devices, allows the determination of water temperatures in the individual
compartments of the condenser cooling circuit. The results are shown in Figure 2. Con-
sidering the temperature and mass of water flowing into the dewatering system, the heat
stream from cooling the condensers, the water temperature in the settlers will be 38 ◦C. The
specific enthalpy of water at the inlet to the shaft pipeline will be 160 kJ/kg.

The solution allows the accumulation of condensation heat from URP in mine water.
It does not increase the costs because the dewatering system drains water to the surface
anyway, and the costs of its pumping must be incurred regardless of the cooling system.

3. Results and Discussion

3.1. Energy Balance of Refrigeration System

Air cooling systems are characterized by high energy consumption. The main energy-
intensive devices are motors of chiller compressors and water circulation pumps.

Analysed URP has 5 chiller units, including 1 unit with a capacity of 2000 kW and
four units with a capacity of 1000 kW. The units are connected in parallel to the chilled
water pipeline network and the condenser cooling pipeline network, respectively. The total
condenser power of these chillers is 7800 kW. The electric power of compressor motors in
chillers is 2050 kW. The energy efficiency ratio (EER) is 4.18 and 4.22, respectively.
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The second significant source of power demand is circulating pump drives. Electric
power demand for pump drives is given by Equation (2):

Pp =

.
VwΔhρwg

ηp
(2)

where
.

Vw is the volumetric flow rate of the pumped water in m3/s, ρw is the water density
in kg/m3, Δh is the pump head in m, g is the gravitational acceleration in m/s2, and ηp is
the efficiency of the pump system.

The calculations were carried out in accordance with the water parameters shown in
Figure 2. The results of calculations of pump drive power are presented in Table 1.

Table 1. Parameters of circular pumps in URP.

Pump Flow Rate, m3/h Delivery Head, m Efficiency, %
Electric Power
Demand, kW

Rated Power of
the Engine, kW

Pumps of chilled
water circuit (2 pcs) 348 230 75 298 380

Pump of primary
cooling water circuit 760 90 68 274 315

Pump of secondary
cooling water circuit 800 60 71 184 200

The additional demand for electric power in the URP is 100 kW, related to the drives of
automatic damper actuators, drivers and controllers, and lighting. The total electric power
demand in the URP is 2800 kW.

The chilled water installation includes fan drives in 17 spot air-coolers and automatic
dampers. The electric power demand in a chilled water circuit is 450 kW.

The designed cooling system is assumed to operate continuously throughout the year,
with the same cooling capacity. The cooling power demand is constant regardless of the
season and outdoor air parameters.

The total demand for electric power in the cooling system is 3250 kW, resulting in
electricity consumption of 78 MWh per day.

If the cooling water from the URP had to be transported to the surface through a
1030 m long vertical pipeline, the chiller condensers would have to be increased by 3350 kW.
Such an increase in power demand in the cooling system is unacceptable due to operating
costs. Therefore, the solution is to pump the water into the air through the existing mine
dewatering system.

3.2. Energy Balance of Dewatering System

A mine dewatering system also generates high costs related to the operation of pumps
due to the lifting height and high capacity of pumped water in the shaft. In the analysed
case, the power of the pump sets in the dewatering system is about 3500 kW. Every day,
pumps consume around 84 MWh of electricity.

Due to the costs incurred, it is reasonable to use water to receive the heat of con-
densation of the refrigerant in chillers. The temperature of the water pumped out from
the bottom shaft at level 1030 m is 38 ◦C. Therefore, it is necessary to consider the water
temperature change in the shaft pipeline. The expected water temperature on the surface is
required to determine the possibility of its use and removal.

3.3. Predicted Temperature of Mine Water on the Surface

As air flows from the inlet of the shaft to the bottom of the shaft, the air’s temperature
and moisture content vary along its length. The reason is the heat and mass exchange
between the strata and the airflow in the shaft. The shaft wall temperature varies with depth
as a result of the geothermal rock gradient. Masses of moisture or infiltration water can
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flow from the surrounding rocks into the shaft. In addition, there is heat exchange between
the air and devices or pipelines transporting media in the shaft. Air self-compression due to
height differences is also an essential factor. In the Halemba mine, a significant internal heat
source is the pipeline transporting hot water from level 1030 m to the surface. The nature
of airflow in the shaft and water in the pipeline is like a pipe-in-pipe with counter-current
flows. However, mass and heat are exchanged between the shaft (outer tube) and the strata.
Methods of predicting air temperature and humidity in air shafts are known [26]. The
analytical solutions to determine heat and mass transfers in mine shafts and heat exchange
between flowing counter-current air in the shaft and water in the pipe were adopted during
design. The solution is given by [27–29]. The authors of these works presented a simplified
solution to the differential equations of heat and moisture transfer to vertical workings.
The assumptions are that the surrounding rocks are isotropic and homogeneous, and the
virgin temperature of the surrounding rock varies linearly with depth. The heat and mass
transfer from the rocks to the airflow is steady, and their directions are perpendicular to the
axis of the shaft. The steady state of the heat flow is related to the shaft’s ventilation time by
considering the period from the moment of its construction to the present. Seasonal change
in outdoor air is taken into consideration. In the analysed shaft, the water inflow from the
rock mass is about 3.5 m3/h. Other air and water flow parameters are presented in Table 2.

Table 2. Parameters of shaft and pipeline.

Parameter Value

Shaft
Diameter, m 7.5
Rock parameters at 30 m below the pit-bank level: -

- Virgin rock temperature, ◦C 7.5

- Thermal diffusivity, 10−6 m2/s 1.2

- Coefficient of thermal conductivity, W/(m K) 2.8

Rock parameters at the shaft bottom: -

- Virgin rock temperature, ◦C 37.8

- Thermal diffusivity, 10−6 m2/s 0.7

- Coefficient of thermal conductivity, W/(m K) 1.9

Average mass flowrate, kg/s 262
Convective heat transfer coefficient, W/(m2 K) 18.7
Average specific heat of water vapour, J/(kg K) 1860
Average specific heat of dry air, J/(kg K) 1005

Pipeline
Diameter, m 0.4
Coefficient of thermal conductivity, W/(m K) 48
Mass flowrate, kg/s 222.2
Average density of water, kg/m3 995
Average specific heat of water, J/(kg K) 4179
Linear heat transfer coefficient, W/(m K) 54.5

The temperature of pumped-out water on the surface depends on the inlet air tem-
perature of the shaft and the temperature of the water at the level of 1030 m. For the
prediction of water temperature on the surface, calculations of heat exchange between the
water pipeline and the air in the shaft were made based on the models given in [27–29].
Calculations were made for the summer, transitional and winter periods. Assumptions of
air parameters for these periods are given in Table 3. The results of the calculations are
shown in Figure 5.
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Table 3. Medium-term parameters of air inlet to the shaft.

Parameter Winter Spring/Autumn Summer

Air temperature at the inlet of the shaft, ◦C 1 13 28
Relative humidity of air at the inlet of the shaft, % 34 58 67

 

Figure 5. Calculated air temperature ta along the shaft and water temperature tH2O in the
shaft pipeline.

The calculation results show that water temperature on the surface will vary from
33.6 ◦C in winter to 37.3 ◦C in summer, depending on the season. The legislation of
many countries complains discharging of used water from industrial plants to surface
watercourses not only on the composition but also the temperature of the water. For the
Halemba mine, the maximum water temperature discharged as wastewater cannot exceed
35 ◦C [30].

It follows from the above that periodically the temperature of the water pumped to
the surface will exceed 35 ◦C, resulting in the water having to be cooled before discharge to
the sewage.

3.4. Heat Demand of the Surface Infrastructure of the Mine

European underground mines are characterized by a high demand for heat in the
winter. The heat is mainly demanded in heating the surface infrastructure buildings,
producing domestic hot water, and heating the inlet air to the shafts. There are many
ways to use waste heat to cover these needs. Very often in mines, waste heat from various
processes is considered. However, the difficulties lie in correlating waste heat parameters’
quantity and continuity with the plant’s energy needs.

In the analysed example, the possibility of using the heat contained in the mine water
to cool the chiller condenser in URP was considered. The transfer of condensation heat
from the underground chillers to the water pumped to the surface increases its temperature.
Periodically, the water is too hot to be discharged into the sewer and needs to be cooled
down. Thus, water has a certain energy potential that allows it to be used for heating
purposes. This heat can be used directly or through heat pump systems. The article’s next
section presents the concepts of such water use.
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Energy needs on the surface of the mine were analysed to assess the possibility of
assessing the use of waste heat. Analyses have shown that in winter, it is possible to use
heat to power three installations:

• heating of domestic hot water up to the temperature of 65 ◦C—constant heat demand
throughout the year;

• heating the air in the inlet shafts—the required temperature of the heating water is
90 ◦C—variable heat demand;

• heating of buildings at 65 ◦C—variable demand when outdoor temperature drops
below 15 ◦C.

The hot-utility water installation ensures surface facility users’ living and technological
needs. The largest tap water consumption is caused by employee baths, departmental
workshops and the living needs of office buildings. The average daily hot water consump-
tion per employee is 60 dm3. The mine employs 3125 people, which gives a total water
consumption of 187.5 m3/day. The heat load for domestic hot water is 500 KW. About
12.0 MWh of thermal energy is used to prepare domestic hot water during the day. It is as-
sumed that the demand for heat for domestic hot water preparation is constant throughout
the year.

Following the legal requirements in many countries, it is necessary to heat the inlet
air to the mine in winter to avoid freezing the shaft hoist elements. The heat demand for
air heating in the intake shafts depends on the outdoor temperature and the flow rate of
the inlet air into the mine. About 12,000 m3/min of air (240 kg/s) flows through the inlet
shaft, where a pipeline discharges water to the surface. The peak power of the air heaters
in the inlet shaft at a design temperature of −20 ◦C is 5.0 MW. The calculations assume that
the air is always heated to the temperature of 1 ◦C required by law, and the heat demand
depends on the outdoor air temperature.

The peak heat load of buildings at an outdoor air temperature of −20 ◦C is 80 W/m2.
The thermal power demand for heating buildings with an area of 5000 m2 is 4.0 MW. In
calculating the heat demand for the heating system, the heat load depends on the outside
air temperature.

The assumptions presented above indicate that, apart from the domestic hot water
installation, the demand for heat energy varies throughout the year and depends on the
outside air temperature. The peak heat demand for the outdoor air temperature of −20 ◦C
was determined separately for each installation. However, this demand is infrequent. As
the outside air temperature increases, it decreases, as shown in Figure 6.

 

Figure 6. Cumulative demand for heating facilities in the analysed mine.

However, the graph presented in Figure 6 does not show the heating demand; rather, it
shows only the heat load variability. Therefore, using statistical climatic data for Katowice,
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changes in heat demand and outside air temperature were analysed. Figure 7 presents the
frequency of occurrence of temperatures in the area of the Halemba mine. The presented
graph shows that very low air temperatures are relatively rare, and then the thermal loads
of the systems are the greatest.

Figure 7. Air temperature frequency for the geographic location of the mine.

Based on the heat demand diagram for the analysed mine and the temperature fre-
quency diagram, an ordered diagram of the hourly energy demand in kWh was developed,
shown in Figure 8. The total annual demand for heat in the mine is 17,153 MWh/year
(61,750 GJ/year).

Figure 8. Ordered graph of the annual requirement for thermal power in the mine facilities.

3.5. The Concept of Heat Recovery Utilization from the Refrigeration System

The possibility of using waste heat from the mine dewatering system was analysed
based on the assumptions. The temperature of the water pumped by the dewatering system
to the surface is too low and does not allow for its direct use. Therefore, to use the waste
heat contained in it, the use of water-to-water heat pumps was considered. Due to possible
water contamination, and thus the protection of heat pump evaporators, an intermediate
heat exchanger was used. In the event of a heat demand lack, a cooling tower is also

50



Energies 2022, 15, 9481

provided to cool the water before it is discharged into the sewage system. Figure 9 shows a
schematic diagram of the solution for obtaining waste heat from mine water pumped on
the surface.

 

Figure 9. Simplified sketch of the heat recovery solution from the mine water pumped by the
dewatering system.

It is assumed that the heat from the mine water will be transferred to the district
heating system in the summer to heat the domestic hot water installation. The water will
be cooled by 10 ◦C by a set of heat pumps (cascade system). The temperature difference
of the water on the upper heat source will be 38 ◦C. Therefore, a set of heat pumps with
the coefficient of performance COP = 3.8 was selected. Figure 9 shows the heat exchangers
included in the mine’s heating system.

When it is impossible to transfer heat to the district heating network, the water can
be cooled in a cooling tower. A cooling tower with a cooling capacity of 3000 kW was
selected. This cooling tower is a reserve installation in case of a heat demand lack during
the summer. The water is discharged into the sewage treatment system, which will operate
the same way as before. The cooling system in the mine is under construction.

4. Conclusions

The solution is the first underground refrigeration plant of this type with such high
cooling power in the Polish mining industry, in which virtually all water from the mine
dewatering system is used to receive the condensation heat of refrigerant in an underground
refrigeration plant (URP).

The use of mine water, which is constantly pumped to the surface, allows the design
of URP with a capacity of more than 3000 MW or the extension of existing plants.

The transfer of condensation heat from the chillers in the URP to the water significantly
increases its temperature. Therefore, if the heat demand in the surface infrastructure of the
mine is sufficiently high in the summer, heat recovery from the water heated in URP brings
definite benefits.
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Using such a solution was possible thanks to the specific dewatering system of the
analysed mine. The dewatering system has a constant supply of service and fissure water
with a constant temperature throughout the year.

In the analysed case, the specific enthalpy of water discharged to the surface is
160 kJ/kg. The heat demand for domestic hot water preparation in summer is 500 kW. In
winter, the heat demand in the surface infrastructure is 9700 kW. Depending on the needs,
the heat can be used for various installations in the mine.

However, heat demand in the summer is small, and the mine water can exceed the
temperature of 35.0 ◦C. Therefore, reserve water cooling towers are needed. However, the
cooling towers are predicted to have a short usage period.

The results show that the energy potential of the UCP condensation heat transferred
to the water discharged from the mine allows partial coverage of the heat demand on
the surface of the mine in winter by using water-to-water heat pumps. The results also
indicated that using mine water for heat rejection from URP in electric-powered mines
might be suitable for designing and building underground air cooling systems.
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Abstract: Thermal bridges are a very relevant issue for lightweight steel-framed (LSF) construction
systems given the high thermal conductivity of steel, which can negatively compromise their thermal
behaviour, reduce their durability, and decrease the building energy efficiency. Several thermal
bridge mitigation strategies exist, including the attachment of thermal break strips (TBS) to the steel
studs’ flanges as one of the most widely employed techniques. In this research, the relevance of
TBS to the thermal performance improvement of load-bearing LSF partition walls was assessed by
performing a parametric study, making use of a validated 2D numerical model. A sensitivity analysis
was performed for five different key parameters, and their importance was evaluated. The assessed
parameters included the number of TBS and their thickness, width, and thermal conductivity, as
well as the vertical steel stud spacing. We found that these parameters were all relevant. Moreover,
regardless of the TBS thermal conductivity, it is always worth increasing their thickness. However, the
increase in the TBS width does not always lead to increased thermal resistance; a thermal performance
reduction was noted when increasing the width of the TBS at higher thermal conductivities. Therefore,
it was concluded that it is more efficient to increase TBS thickness than their width.

Keywords: thermal performance; lightweight steel framed; partition walls; thermal break strips;
parametric study; cross-section dimensions; thermal conductivity; stud spacing; number

1. Introduction

One of the activity sectors with higher energy consumption is the building sector,
which is responsible for 40% of consumption and 36% of the emissions of greenhouse gases
in the European Union (EU) [1]. Globally, the values for this industry are 36% and 37% [2],
respectively. In the last 2 years, there was a decline in both of these values due to the
COVID-19 pandemic [2]. The energy consumed in the EU for space heating and cooling
corresponds to 50% of the total, of which 80% is used in buildings [3]. Therefore, the EU
promotes the use of renewable energy for heating and cooling [4], as well as renovation
of building stock, prioritizing energy efficiency to achieve the EU’s energy and climate
goals [3]. In the EU, 75% of the building stock is not energy efficient; thus, the renovation
of existing buildings could reduce total energy consumption by 5–6% [1], corresponding to
a reduction in gas imports of 13–15.6% [3].

The construction sector has been adapting and changing to further industrialized
and lightweight substitutes. The light steel-framed (LSF) system is one of these alter-
natives, which has been proliferating given its remarkable advantages relative to tradi-
tional heavyweight brick masonry and reinforced concrete systems. These advantages
include [5–7]: easier handling and transportation, given the very reduced weight; high
mechanical strength; suitability for prefabrication, ensuring improved quality-control of
building elements; adequacy for modular construction; time savings resulting from a faster
construction process onsite; high potential for reuse and recyclability (greater than 95%),
representing more sustainable construction; excellent stability of dimensions and shape in
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contact with moisture; decrease in waste; water consumption reduction (dry construction);
and reduced need for an intensive workforce and heavy machinery.

However, the LSF system, when not well designed, given the high thermal conduc-
tivity of the steel structure, is disposed to forming thermal bridges, which may lead to a
thermally inefficient building envelope with condensation problems and thermal discom-
fort of the occupants [8].

Thermal bridges in buildings can be caused by materials with high thermal conductiv-
ity (e.g., steel studs) trespassing layers with high thermal resistance (e.g., batt insulation)
within the assemblies [9], or due to junctions, such as connections between the wall and
wall, wall and roof, or wall and floor [10]. Thermal bridges decrease the energy efficiency of
buildings, impacting the heating and cooling energy needs by up to 30% [11] and 20% [10],
respectively. Several studies have been undertaken on reinforced concrete and brick ma-
sonry walls. Al-Sanea and Zedan [12] verified that mortar joints, corresponding to 9.1% of
the total wall area, reduce the R-value by 51% and increase the transmission load by 103%.
The energy consumption increase due to existing thermal bridges of representative wall
configurations used in Greece was shown to be up to 35% more than estimated during the
design stage, as shown by Theodosiou and Papadopoulos [13]. Hua Ge and Baba [10] veri-
fied that thermal bridges would increase the annual heating load by 30% and 18% for hot
climates and cold climates, respectively. The effect of thermal bridges on buildings was also
studied by Jedidi and Benjeddou [14], who concluded that to minimize the problems from
thermal bridges, insulation placement on the outside was the preferable option, decreasing
the risk of condensation, mould growth, and heat loss.

Due to steel’s high thermal conductivity, the importance of thermal bridges in LSF struc-
tures can be even greater [15], making this issue an important topic for many researchers
in diverse fields, such as parametric studies [8,16,17]; development of measurement meth-
ods [18,19]; analytical assessment methodology [20]; experimental methods [21–23]; and nu-
merical simulations [23,24].

Some thermal bridge mitigation strategies have been studied for LSF buildings, such
as the use of external thermal insulation composite systems (ETICS) [8,16,25,26]; the use of
TBS [16,17,21–23]; the use of steel stud flanges’ indentation [17]; and the use of slotted steel
studs [16,27]. However, regarding the use of TBS, a systematic study of relevant related
parameters (e.g., TBS cross-section dimensions and material thermal conductivities) to
enhance the thermal performance of load-bearing partition LSF walls was absent within
the existing literature.

Each thermal bridge mitigation strategy has its intrinsic advantages and/or drawbacks.
The use of ETICS is very common, with their main advantage being reduced LSF wall
thickness, as the extra ETICS thickness can be located outside the floor area and does
not compromise the net floor area [26]. The use of TBS has the main advantage of very
cost-effective material use, as these strips are placed in a very localized way (along the
studs’ flanges) and the small amount of material is located where it is most needed, i.e.,
along the steel frame [21]. One possible drawback is the reduced mechanical resistance
to shear actions due to lateral loading [28], because the sheathing panels are now further
way from the steel frame. The use of steel stud flanges with an indentation to decrease
the contact area between the steel and the sheeting panels has the main advantage of not
increasing the LSF thickness, and it is also possible to fill the original flange gap with
insulation material [17]. The main drawback of the slotted steel studs is their consequent
load-bearing capacity reduction [16].

In this paper, the thermal performance enhancement achieved by the use of TBS
on load-bearing partition LSF walls was evaluated. A parametric study was performed
where two steel stud spacings were evaluated (400 and 600 mm), two TBS positions
were considered (on the exterior steel stud flange and on both flanges), and five thermal
conductivities of the TBS material (ranging from 7.5 up to 120 mW/m/K) were assessed.
Moreover, regarding the TBS cross-section geometry, five thicknesses (ranging from 5
up to 15 mm) and five widths (ranging from 30 up to 70 mm) were studied. These LSF
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wall configurations corresponded to 202 numerical models that were evaluated in this
parametric study. These numerical models were successfully validated experimentally, and
their accuracy was also verified by comparing the results with the ISO 10211 test cases, the
ISO 6946 analytical approach, and a three-dimensional finite element model.

Following this short introduction, in the next section (Materials and Methods), the
assessed load-bearing partition LSF walls are presented, starting with a description of the
reference LSF wall, followed by the parameters evaluated within this parametric study,
and characterization of the materials and the numerical simulations carried out. After
this, the results are shown and discussed for the evaluated parameters. Finally, the main
conclusions of the work are presented.

2. Materials and Methods

In this section, the LSF walls are detailed, starting with the reference. Moreover,
the parameters of this study are defined, and the geometry of the assessed TBS—namely
their thickness and width—is also presented. This is followed by the characterization of
the materials used in this research in relation to their thermal conductivities. Next, the
numerical simulations carried out in this study are explained, including the discretization
of the evaluated domain, boundary conditions, and verification of the model accuracy and
its validation.

2.1. Reference Partition LSF Wall

In this parametric study, a load-bearing LSF partition wall was assumed as a reference.
Its cross-section is displayed in Figure 1. All evaluated LSF walls were made with com-
mercial C90 × 43 × 15 × 1.5 cold-formed steel studs with the following dimensions: web
(90 mm), flange (43 mm), lip return (15 mm), and steel sheet thickness (1.5 mm). Figure 1
shows the cross-section of a typical partition, used here as a reference LSF wall. There was a
90 mm thick batt insulation made with mineral wool (MW) filling the wall cavity. A 12 mm
thick oriented strand board (OSB) structural sheathing panel was placed on both sides of
the vertical steel studs. Moreover, there was an additional inner sheathing layer made with
gypsum plasterboard (GPB), with a thickness of 12.5 mm.

 

Figure 1. Reference load-bearing partition LSF wall: horizontal cross-section.

2.2. Evaluated Parameters and Values

Table 1 displays the five evaluated parameters in this sensitivity analysis, as well
as their respective values. These five parameters, which are also illustrated in Figure 2,
were the TBS thickness, width, and thermal conductivity and number, as well as the steel
studs’ spacing.
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Table 1. Parameters to be evaluated and assigned values.

Parameter “Values”

Thermal break strips:

- Thickness [mm] 5, 7.5, 10 *, 12.5, 15

- Width [mm] 30, 40, 50 *, 60, 70

- Conductivity [mW/(m·K)] 7.5, 15, 30, 60, 120

- Number Zero *, one 1, two 2

Steel stud spacing [mm] 400 *, 600

* Reference values in bold; 1 one: outer flange; 2 two: both inner and outer flanges.

 
Figure 2. Evaluated parameters in the sensitivity analysis.

Regarding the TBS evaluated values:

(1) their cross-section width was fixed (50 mm) and their thickness was changed within
the interval of 5–15 mm, with an increment of 2.5 mm;

(2) their thickness was fixed (10 mm) and their width ranged within the interval of
30–70 mm, with an increment of 10 mm;

(3) for the two previous evaluated parameters, five different TBS thermal conductivities
were studied (7.5, 15, 30, 60, and 120 mW/m/K);

(4) the number of TBS was zero (without TBS), one TBS (outer flange side), and two TBS
(both inner and outer flange side).

The fifth parameter was the vertical steel stud spacing on the LSF partition walls,
which was 400 and 600 mm.

In this parametric study it was assumed that the mineral wool, given its high expansion
capacity, was able to fill the increased air cavity layer created by introducing the TBS along
the steel stud flange, as shown in Figure 2.
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2.3. Characterization of Materials

The utilized materials in the LSF walls are displayed in Table 2, with their respective
thicknesses, t, as well as their thermal conductivities, λ. Note that the thermal conductivities
and the dimensions of the evaluated TBS were previously displayed in Table 2.

Table 2. Characterization of the materials used in the partition LSF walls: thicknesses (t) and thermal
conductivities (λ).

Material
t

[mm]
λ

[W/(m·K)]
Ref.

Gypsum plasterboard 12.5 0.175 [29]
Oriented strand board 12.0 0.100 [30]
Mineral wool 90.0 0.035 [31]
Steel studs (C90 × 43 × 15 × 1.5) 90.0 50.000 [32]

2.4. Numerical Simulations

The LSF walls’ numerical simulations were performed using the finite element method
(FEM) software THERM (version 7.6.1, Lawrence Berkeley National Laboratory: Berkeley,
CA, USA) [33]. In the next subsections, the details of the numerical models will be explained,
starting with the domain discretization, followed by the boundary conditions and the model
accuracy verifications and validation.

2.4.1. Discretization of the Models’ Domain

Only a representative bidimensional segment of the LSF walls’ cross-sections were
modelled, as illustrated in Figure 1, for the reference LSF walls (400 mm width) in order to
decrease computation time and effort. The materials’ thermal properties were previously
presented in Tables 1 and 2. The maximum error accepted on the FEM calculations was set
to 2% for the models assessed in this work.

2.4.2. Boundary Conditions

The environment air temperatures and the surface thermal resistances were the two
sets of boundary conditions defined for each model. In this parametric study, the exterior air
temperature was set to 0 ◦C, while the interior air temperature was set to 20 ◦C. Regarding
superficial thermal resistances, we used the default values for horizontal heat flow indicated
in ISO 6946 [34], i.e., 0.04 and 0.13 m2·K/W for external (Rse) and internal resistance (Rsi),
respectively.

2.4.3. Verifications of Model Accuracy and Validation

For the accuracy verification of the 2D THERM software [33] models, 3 verifications
were performed: (1) the ISO 10211 (Annex C) [35] test cases; (2) the analytical approach
following ISO 6946 [34], assuming homogeneous layers, i.e., walls with no steel studs,
and; (3) by comparison with the results provided by 3D simulations performed in the
ANSYS FEM software [36]. For the model validation, experimental lab measurements were
performed, as detailed in the following paragraphs.

(1) ISO 10211 Test Cases Verification

The first accuracy verification was to model two distinct bidimensional test-cases
specified in Annex C of standard ISO 10211 [35]. The achieved results were within the
tolerance range and are not displayed here for the sake of conciseness. However, they can
be found in earlier scientific papers, e.g., [26,37,38] by the same author, confirming the
accuracy of this 2D FEM software algorithm and the models.

(2) ISO 6946 Analytical Approach Verification

In this second precision confirmation, simplified LSF walls were assumed by making
use of homogeneous layers (i.e., having no steel frame), for which the standard ISO 6946
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analytical values were compared. This comparison was performed for a wall similar to the
reference LSF partition. The input values, such as thermal conductivities, thicknesses of the
layers, and used materials, were previously displayed in Table 1. The adopted superficial
thermal resistances were prescribed by the standard ISO 6946 [34] for horizontal heat flow,
as presented in Section 2.4.2. The obtained results for the numerical and analytical thermal
transmittances are listed in Table 3. As expected, the numerical and analytical results
perfectly matched, confirming the accuracy of the implemented THERM models [33].

Table 3. Thermal transmittance computed for the simplified LSF walls assuming homogeneous layers.

LSF Wall Type
U-Value [W/(m2·K)]

Numerical (THERM) Analytical (ISO 6946)

Partition 0.328 0.328

(3) 3D FEM Verification

The last accuracy verification was performed by comparing the THERM 2D model
results for the LSF partitions with some 3D models implemented in the ANSYS software [36].
The thermal conductivities of the modelled materials are presented in Tables 1 and 2; the
LSF partition wall dimensions and geometry are displayed in Figure 1; and for the boundary
conditions, the values used in the models are the values presented in Section 2.4.2. Figure 3
displays the distribution of temperature and the computed conductive thermal resistances
(R-values) for the reference LSF partition wall (Figure 3a) and for an LSF partition with an
outer TBS (Figure 3a), using both 2D and 3D models. The modelled TBS was 50 mm wide,
10 mm thick, and had a thermal conductivity equal to 30 mW/(m· K). The obtained 2D and
3D models’ R-values were very similar (+0.5% and +0.3% difference), highlighting again
the excellent THERM [33] model accuracy.

(4) Lab Measurement Validation

To validate the THERM model, experimental measurements were performed under
laboratory-controlled conditions (Figure 4) using a test sample of the reference LSF partition
wall. This test-sample LSF wall was placed between two climatic chambers, as illustrated
in Figure 4a. Electrical thermal resistance was used to heat the hot chamber, while a
refrigerator was used to cool the cold chamber. The wall sample perimeter was covered
by 80 mm foam insulation made of polyurethane with a thermal conductivity equal to
0.036 W/(m·K). The objective was to mitigate the heat losses across the sample wall’s
perimeter, as shown in Figure 4a.

Two heat flux meters (model HFP01, from Hukseflux) with an accuracy of ±3% and 6
PFA insulated thermocouples (TCs), Type K (1/0.315), class 1 precision certified, were used
on each face (outer and inner) of the LSF wall test-sample (cold and hot), totalling 4 heat
flux meters (HFM) and 12 TCs.

On both sides, one HFM was placed over the middle metallic stud, and the other in the
central region of the batt insulation, as displayed in Figure 4b, to obtain the measurements
of both dissimilar thermal behaviour regions within the partition of the LSF test sample.

The TCs were placed in different locations: two were placed to measure the wall
surface temperature near the HFM, and two were placed over the HFM to monitor the air
temperature in the vicinity of the wall surface, and, as illustrated for the cold surface in
Figure 4b, the remaining two TCs were put inside the climatic chamber to measure the
environment air temperature.

The cold and hot chambers were set to preserve a temperature of 5 ◦C and 40 ◦C,
respectively. To ensure a nearly steady-state heat transfer condition and to mitigate the
surrounding heat transmission, these chambers were adequately insulated.

The temperature and heat flux data measurements were registered using two PICO
TC-08 data loggers, with an accuracy of ±0.5%; one on each surface of the LSF partition
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sample (cold and hot). The recorded data were managed by the software PicoLog® (version
6.1.10) [39].

Figure 3. Model accuracy verification of the LSF partitions: predicted temperature distribution and
surface-to-surface thermal resistance. (a) Reference LSF partition. (b) LSF partition with an outer
thermal break strip.
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(a) (b) 

Figure 4. Experimental apparatus for the R-value lab measurements. (a) Thermal chambers.
(b) Sensors on the cold surface.

The LSF partition thermal performance was quantified using the HFM method [40],
adjusted for two HFM sensors, one on each wall surface, to increase the measurement
accuracy and reduce the time duration of the tests, as suggested by Rasooli and Itard [41].

The lowest time duration for each experimental test was twenty-four hours. Moreover,
only the hourly average R-values with an absolute change lower than 10% in relation to
the previous recorded thermal transmittance were included in the measurements. The
“summation technique”, as defined in standard ASTM C1155-95 [42], was adopted for the
convergence criteria.

The experimental measurements’ repeatability was ensured by performing, for each
sample LSF partition, a test at three height locations: (1) bottom, (2) middle, and (3) top, as
illustrated in Figure 4b.

Table 4 displays the conductive R-values measured for the three height positions and
the corresponding average conductive thermal resistance for the reference partition LSF
wall. The conductive R-value predicted by the THERM 2D model is also displayed in
this table. The very small differences between the measured and the numerical predicted
R-values (only +0.1%) indicated the accuracy of the presented THERM models and allowed
for their validation.

Table 4. Reference LSF partition wall surface-to-surface R-values for both the experimental and
numerical approaches. Percentage deviation included.

Test N. Sensors Position
R-Value

[m2·K/W]

1 Bottom 1.607
2 Middle 1.576
3 Top 1.491

Measurement Average 1.558

Computed in THERM 1.559
Percentage Deviation +0.1%

3. Results and Discussion

3.1. Reference Partition LSF Wall

A representative horizontal transversal section of the reference partition LSF wall,
with commercial cold formed studs C90 × 43 × 15 × 1.5 spaced 400 mm apart, was pre-
viously displayed in Figure 1. Their predicted conductive R-value is 1.559 m2·K/W (see
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Figure 3a). When this steel stud spacing is increased to 600 mm, their R-value is augmented
to 1.851 m2·K/W (+19%). As expected, given the reduced steel content by wall area, in-
creasing the metallic studs’ spacing improves the LSF partition’s thermal performance.

3.2. One Thermal Break Strip

In this subsection, the computed results when using a single thermal break strip,
placed in the outer steel stud flange, are presented.

3.2.1. The Influence of TBS Thickness and Conductivity

Figure 5a exhibits the conductive thermal resistances computed for the partition
LSF walls with a single TBS of variable thicknesses and 50 mm width when the steel
studs were spaced at intervals of 400 mm. Each line corresponds to a specific thermal
conductivity of the TBS material, from 7.5 up to 120 mW/m/W. Looking to the R-values
for the higher thermal conductivity (black line), even the thinner TBS (5 mm) allowed
a thermal performance increase from 1.559 m2·K/W (reference value) to 1.667 m2·K/W
(+7%). When the TBS thickness increased up to 15 mm, the R-value also increased up to
1.890 m2·K/W, with a nearly linear variation. As illustrated in the right graph of Figure 5,
this R-value variation, in relation to the reference wall, increased from +7% (5 mm thick)
up to +21% (15 mm thick).

 

(a) 

  
(b) 

Figure 5. Conductive thermal resistances for partition LSF walls with one thermal break strip:
50 mm wide and variable thickness, for two different steel stud spacings. (a) 400 mm stud spacing.
(b) 600 mm stud spacing.

In terms of the other evaluated TBS thermal conductivities, the slope of the correspond-
ing R-value lines also increased with decreasing TBS conductivity. As expected, the major
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R-values were achieved for the smaller TBS thermal conductivity (7.5 mW/m/W), ranging
from 2.140 m2·K/W (5 mm thick) up to 2.625 m2·K/W (15 mm thick). In percentages, these
R-value increments corresponded to +37% up to +68%.

Figure 5b displays two similar charts, but instead of 400 mm steel stud spacing, these
R-values were obtained for 600 mm spacing. This plot shows a similar trend, but all
the obtained thermal resistance values were higher than the previous ones, including the
reference (1.851 m2·K/W), as previously mentioned. Another difference is that (Figure 5) for
the same TBS thickness, the thermal performance improvement due to the TBS conductivity
decrease was smaller in relation to the 400 mm steel stud spacing, Figure 5a. Similarly, the
relevance of the TBS thickness increase in the partition LSF wall’s thermal performance
improvement was greater for higher TBS conductivities (increased black line slope) and
smaller for lower TBS conductivities (reduced blue line slope). Obviously, due to a higher
reference R-value for the 600 mm stud spacing (Figure 5b), all percentage values became
smaller, with this reduction being greater for smaller thermal conductivities.

Regardless of the thermal conductivity of the TBS, increasing its thickness always
leads to better performance, as increasing the thickness of the TBS also increases the MW
(due to its volumetric expansion).

3.2.2. The Influence of TBS Width and Conductivity

Figure 6a illustrates the conductive thermal resistance values obtained for the partition
LSF walls with one attached TBS of 10 mm thickness and variable width, for a 400 mm steel
stud spacing, as well as the R-values variation relative to a reference wall (without TBS).
The R-values for the higher thermal conductivity (120 mW/m/W), black line, even for a
30 mm width and 10 mm thickness, showed that TBS increases thermal performance from
1.559 m2·K/W (reference value) to 1.855 m2·K/W (+19%).

Surprisingly, when the TBS width increased up to 70 mm, the R-value decreased to
1.750 m2·K/W, with a small negative variation (−0.105 m2·K/W). Analysing the grey
line (thermal conductivity equal to 30 mW/m/W), there was almost no variation of
the thermal resistance when increasing the width of the TBS, starting at 2.049 and go-
ing up to 2.073 m2·K/W. The lower thermal conductivity (7.5 mW/m/W), blue line,
presented the largest increase in relation to the reference LSF wall without TBS (1.559
up to 2.207 m2·K/W), and also with the increase in width from 30 to 70 mm, with a
+0.314 m2·K/W variation.

Figure 6b displays a similar chart, but instead of 400 mm steel stud spacing, these
R-values were obtained for 600 mm spacing. This plot has a similar trend, but all the
obtained thermal resistance values were higher than the previous ones, including the
reference (1.851 m2·K/W), as previously mentioned. The thermal resistance increase was
reduced for smaller thermal conductivities (e.g., 7.5 mW/(m·K)) and slightly increased for
larger thermal conductivities (e.g., 120 mW/(m·K)), as shown on the right-hand graphs.

Comparing Figures 5 and 6, the TBS of 30 mm width and 10 mm thickness (Figure 6)
presented higher R-values than a TBS of 50 mm width and 5 mm thickness (Figure 5).
However, increasing the TBS thickness (Figure 5) up to 15 mm is more advantageous
(higher R-values) than increasing the TBS width (Figure 6) up to 70 mm due to the increase
in the wall cavity thickness whenever the TBS thickness increases. Given the MW natu-
ral expansion, the thickness of this thermal insulation also increases, which leads to an
incremental change of the overall R-value of the LSF partition wall.

Moreover, increasing the TBS thickness always leads to an increased thermal resistance
(Figure 5), while the increase in the TBS width for higher thermal conductivity values may
lead to a decreased thermal performance (Figure 6). This happens whenever the TBS
material has a thermal conductivity that is higher than the batt insulation (in this case,
mineral wool with 35 mW/m/K). In Figure 6, the grey line, corresponding to a TBS thermal
conductivity of 30 mW/m/K, was the nearest one, where the thermal resistance was slightly
increasing. However, as expected, there was an increased R-value diminishment for the
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yellow (60 mW/m/K) and black (120 mW/m/K) lines, given their higher TBS thermal
conductivities.

  
(a) 

 

(b) 

Figure 6. Surface-to-surface thermal resistance for LSF partitions, with one thermal break strip:
10 mm thick and variable width, for two different steel stud spacings. (a) 400 mm stud spacing.
(b) 600 mm stud spacing.

3.3. Two Thermal Break Strips

Here, the results when using two TBS are presented and compared with the previous
results (single TBS).

3.3.1. The Influence of TBS Thickness and Conductivity

Figure 7a exhibits the conductive thermal resistances obtained for the partition LSF
walls with two TBS of 50 mm width and variable thicknesses when the steel studs were
spaced 400 mm. Based on the R-values for the higher thermal conductivity (120 mW/m/W),
black line, even the thinner TBS (5 mm) allowed a thermal performance increase from
1.559 m2·K/W (reference value) to 1.769 m2·K/W (+13%). When the TBS thickness in-
creased up to 15 mm, the R-value also increased up to 2.204 m2·K/W (+41% relative to the
reference LSF wall), with a nearly linear variation.

64



Energies 2022, 15, 9271

 
(a) 

  
(b) 

Figure 7. Conductive thermal resistance for partition LSF walls, with two thermal break strips:
50 mm wide and variable thickness. (a) 400 mm stud spacing. (b) 600 mm stud spacing.

Looking to the other evaluated TBS thermal conductivities, the slope of the corre-
sponding R-value lines also increased with the decreasing TBS conductivity. Once again,
the major R-values were reached for the smaller TBS thermal conductivity (7.5 mW/m/W),
ranging from 2.569 m2·K/W (5 mm thick, +65%) up to 3.419 m2·K/W (15 mm thick, +119%).

Figure 7b displays a similar chart, but instead of 400 mm steel stud spacing, these R-
values were obtained for 600 mm spacing. This plot shows a similar trend, but all obtained
thermal resistance values were higher than the previous ones. Another difference is that
(Figure 7b) for the same TBS thickness, the thermal performance improvement due to the
TBS conductivity decrease was smaller in relation to the previous values for the 400 mm
steel stud spacing Figure 7a. As mentioned before, the relevance of the TBS thickness
increase to the partition LSF wall thermal performance improvement was smaller for the
600 mm spacing, with this being more visible for the smaller TBS thermal conductivities.

3.3.2. The Influence of TBS Width and Conductivity

Figure 8a exhibits the conductive thermal resistance values obtained for the partition
LSF walls with two TBS of 10 mm thickness and variable width when the steel studs were
spaced 400 mm apart. The R-values for the higher thermal conductivity (120 mW/m/W),
black line, showed that two TBS of 30 mm width and 10 mm thickness allowed a thermal
performance increase from 1.559 m2·K/W (reference value) up to 2.134 m2·K/W (+37%
relative to the reference LSF partition wall). When the TBS width increased up to 70 mm,
the R-value decreased to 1.928 m2·K/W, corresponding to +24% relative to the reference
partition (without TBS). Analysing the grey line (thermal conductivity of 30 mW/m/W),
once again we observed that there was a very reduced variation of the R-value when
increasing the width of the TBS (2.470 to 2.510 m2·K/W). The lower thermal conductivity
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(7.5 mW/m/W), as expected (blue line), presented the largest increase in relation to the
reference (1.559 to 2.727 m2·K/W, +75%), and with the increase in width from 30 to 70 mm,
presented a 0.467 m2·K/W variation.

  
(a) 

  
(b) 

Figure 8. Surface-to-surface thermal resistances for LSF partitions, with two thermal break strips:
10 mm thick and variable width. (a) 400 mm stud spacing. (b) 600 mm stud spacing.

Figure 6b displays a similar chart, but instead of 400 mm steel stud spacing, these
R-values were obtained for 600 mm spacing. This plot shows a similar trend, but all the
obtained thermal resistance values were higher than the previous values, including the
reference (1.851 m2·K/W), as previously mentioned.

Comparing Figure 7 (TBS thickness relevance) and Figure 8 (TBS width relevance), it
can be observed, once again, that a TBS with 30 mm width and 10 mm thickness presented
higher R-values (Figure 8) than a TBS with 50 mm width and 5 mm thickness (Figure 7).
However, the increase in TBS thickness (Figure 7) was more effective at improving the
overall partition thermal performance than the increment of TBS width for all evaluated
TBS thermal conductivities. Moreover, as seen before (one TBS), an increase in TBS width
for higher thermal conductivity materials is counter-productive, i.e., will decrease their
R-value.

4. Conclusions

In this research, the relevance of TBS to the thermal performance improvement of
load-bearing LSF partitions was assessed through a parametric study. The bidimensional
numerical models used in this study were previously validated, and their accuracy and
reliability ensured. Five different key parameters were changed and their importance
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evaluated, namely the TBS thickness, width, thermal conductivity, and number, as well as
the vertical steel stud spacing.

The key conclusions of this parametric study are as follows:

• As expected, only by increasing the vertical steel stud spacing from 400 mm to 600 mm
did we achieve a relevant thermal resistance improvement (+19%).

• Regardless of the TBS thermal conductivity, it is always worth increasing the thickness
of the TBS due to the consequent increase in the wall cavity thickness and the resulting
expansion of the batt insulation (in this study, mineral wool).

• Moreover, regardless of the evaluated TBS conductivities, the thermal resistances
provided by the smaller assessed TBS width (30 mm) were always bigger than the
ones provided by the smaller evaluated TBS thickness (5 mm).

• Surprisingly, the increase in the TBS width did not always lead to increased thermal
resistance.

• In fact, for higher TBS conductivities, a thermal performance reduction occurred when
increasing the width of the TBS.

• The previous happens whenever the thermal conductivity of the TBS is greater than
the conductivity of the expansible batt insulation.

• Considering the preceding features, it was concluded that it is more effective to
increase the TBS thickness rather than the width.

• The abovementioned features are more relevant for smaller stud spacing (400 mm
instead of 600 mm) and when using two TBS instead of a single one.

Regarding the TBS thickness higher effectiveness, comparatively to increasing their
width, notice that this conclusion is also valid for other expansible thermal insulation
materials, as the TBS thickness increase will directly induce a batt insulation thickness
increase and consequent thermal performance improvement. Obviously, this LSF wall
overall thermal resistance rise will depend on the thermal conductivity of the adopted batt
insulation, and it will be higher for lower conductivities.

The two main limitations of this research were that (1) only LSF partition walls with
vertical steel studs were considered, and (2) only one batt insulation material (mineral wool)
was used. To overcome the first restriction, 3D numerical models instead of 2D models,
as previously illustrated in Figure 3, could be used. Regarding the second limitation, it
was assumed that the mineral wool batt insulation was expansible enough to fill the LSL
wall cavity.

This research allowed us to better understand, quantify, and compare the effectiveness
of TBS for the thermal performance improvement of load-bearing partition LSF walls,
which was not previously available in the literature. This knowledge could be useful for
designers when they need to decide the cross-section dimensions of the TBS, as well as the
material thermal conductivity and the number of TBS.
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Abstract: In this paper, the use of Metal-Organic Framework (MOF) materials as an option for the
energy efficiency enhancement of HVAC systems is investigated. In particular, the possibility of using
MOFs as dehumidifying materials to reduce the latent load associated with the moisture content
of the airflows is studied. A literature review is proposed, highlighting the benefits of using MOFs
instead of other adsorbents (e.g., silica-gel) and discussing the unique features (high water uptake
capacity and low regeneration temperatures) that make MOFs a preferential desiccant. The possibility
to finely tune these properties is also underlined, reporting some explicative examples. A theoretical
proposal of a psychrometric transformation, to be performed in a HVAC system equipped with a
MOF-Assisted Dehumidifier (MAD), is presented. This transformation is compared with a traditional
one (cooling and dehumidification operated by a cooling coil with low temperatures of the coolant).
The preliminary numerical simulations, conducted on a reference case study in Florence, Italy, show
an estimated energy saving of 30–50%, leading us to consider the use of this technology as a very
competitive one in the air-conditioning sector.

Keywords: metal-organic framework; water-uptake; HVAC; dehumidification; energy-saving

1. Introduction

The energy requirements of many countries for refrigeration and air conditioning
(AC) systems are dramatically increasing [1–3]. AC devices account for 20–30% of the
worldwide electricity consumption of buildings [4,5], which corresponds to at least 10% of
global electricity [4]. Considering these numbers and thinking about the non-postponable
necessity to reduce electricity consumption and obtain wide-scale decarbonisation, the
efficiency enhancement of the AC sector is crucial. AC systems (Heating Ventilation and
Air Conditioning, HVAC), ensure thermo-hygrometric comfort in an indoor environment
and operate a dehumidification process over the airflow that they treat. The latent heat
of the building load (i.e., the water vapour content of the air treated by the system) could
account for a great part of the total load (around 30–40%) [6], with greater value in humid
climates or in applications where consistent outdoor airflow is required. In traditional
HVAC systems, the dehumidification process is driven by a cooling coil (e.g., the evaporator
of a Vapour Compression Refrigeration cycle, VCR). To obtain the dehumidification, the
coolant of the coil is kept at a temperature much lower than the dew point temperature of
the treated airflow, resulting in an over-cooling of the airflow (energy waste) and with a
consequent necessity of re-heating. Moreover, these low temperatures of the coolant lead
to a low value of the Energy Efficiency Ratio (EER) of the VCR device, with huge electricity
consumption. A strategy to minimise the impact of these problems is the utilisation of
materials able to remove water vapour contained in the airstream. Between them, an
important place is occupied by the adsorbent (or desiccant) materials [7]. Once put in
contact with an airflow, these materials can remove part of the water vapour content from
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it. In this way, sensible and latent heat could be managed separately [5]. Depending on
thermal load and environmental conditions, it is possible to achieve consistent savings. For
example, Mazzei et al. showed energy savings of up to 35% using desiccant materials in
the HVAC systems of a reference Italian building [8].

Ideally, a sorbent material capable of taking up water from the air should show hy-
drolytic stability and a relevant adsorption capacity, maintaining its efficient performance
over a multitude of uptake-release cycles. Moreover, the regeneration process must require
low energy consumption. Desiccant materials act through adsorption processes, taking
up water molecules on their surface. This behaviour is well described by the adsorption
isotherms, graphs defined by a non-linear relationship between the amount of the adsor-
bate and the relative humidity measured at defined temperatures. The isotherm trend
describes the mass transfer between the aqueous vapour and a porous matter. A suitable
material thoughtfully designed for the dehumidification process should be able to adsorb
water even at low relative humidity (0.05 < RH < 0.40) in order to provide a low energy
demanding adsorbent technology. Thereby, a step-function isotherm represents the best
adsorption performance.

During the past few decades, the most common adsorbent solids employed for water
harvesting have been silica-gels and zeolites [7,9–11]. Concerning the International Union
of Pure and Applied Chemistry (IUPAC) classification of physisorption isotherms [12],
microporous silica-gels generally present a type II trend, which reflects slow uptake kinetics.
On the other hand, although microporous zeolites exhibit a steep uptake tendency at low
relative humidity, due to the presence of numerous and strong binding sites for water
molecules in their structure, the recovery of the material is energetically costly. Indeed, high
temperatures are required to evacuate zeolite porous frameworks from the adsorbed water
molecules. This is the main reason for the incomplete degassing process, which translates
into low cycling durability for this kind of material [13]. Recently, a zeolite material
was proposed as a high-performance water adsorbent, exhibiting fast adsorption kinetic
hydrothermal stability, and most importantly, a lower temperature regeneration around
65 ◦C [14]. Authors in the paper well characterised the adsorption process, describing how
water molecules first coordinate the aluminium centres (at RH = 0.01) and then start to
fill the 1D pores, forming a dense H-bonding network once the vapour pressure increases;
however, defining a mechanism characterized by a low enthalpy value can lead to a low-
cost regeneration process. This study explains how the water affinity of the adsorbers
drives the adsorption process, maintaining high uptake efficiencies, without increasing the
energy consumption for the water desorption. This major challenge can be addressed via a
targeted structural design of the material. Consequently, many studies are focusing on the
development of tunable materials.

In this regard, very promising adsorbents that are successfully emerging for this pur-
pose have been identified in Metal-Organic Framework (MOF), a class of hybrid organic-
inorganic crystalline materials built upon metal-containing units linked to organic ligands
through coordination bonds extending within a regular and porous framework. Their
robustness, porosity and uncommonly high specific surface area (up to 6000 m2/g) have
made MOFs an attractive proposal in adsorption applications [6,15–17]. Nowadays, the-
oretical and experimental studies on MOF adsorption abilities have demonstrated great
loading and selectivity performances for specific gasses, such as CO2 and many volatile
organic compounds [18–20]. In this sense, MOFs have gained great consideration for
gas-cleaning applications.

MOFs benefit from the possibility of modulating their final properties by a careful
design of their reticular structures, thus broadening their range of applications. This
representative feature differentiates MOFs from other materials such as their inorganic
analogues (i.e., zeolites). The tunability of MOF structures can be exploited to provide
suitable adsorption profiles for a high-efficient water capture system (as HVAC airflows
dehumidification) [21]. Therefore, owing to their large specific surface area, low frame-
work density and wide-reaching tunable porosity, MOFs can exceed potential traditional
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microporous adsorbent materials in terms of water adsorption capability. The water ad-
sorption process in a MOF is mediated by chemisorption occurring on the open metal sites,
physisorption characterized by the formation of weak interactions with the framework and
capillary condensation, which occurs when large pores are present. Since the regeneration
of material is strongly connected to these events, tuning the structural properties of the
MOF is a valuable pathway to control the desired adsorption and desorption qualities, with
the aim of achieving exceptional water harvester systems [22]. Yagi et al. gave efforts to
the progress that these functional materials have shown as harvesters for water, mostly in
terms of their hydrolytic resilience and their tunable porosity [23]. The Authors underlined
the correlation between water uptake and pore volume, emphasizing the need to overcome
the energy barrier during the regeneration process of MOF structures displaying large
pores. In these cases, hysteresis phenomena are present in water adsorption isotherms, due
to irreversible capillarity condensation, responsible for the high-temperature demand for
water release. Thus, the pore size should be designed in terms of both high moisture capture
capacity and relatively easy material regeneration, for example, by modulating the length
of the organic linker or by introducing chemical functionalization during post-synthetic
modification [24].

It is crucial to understand the water uptake mechanism by evaluating how the water
molecules populate their binding sites within the MOF structure. In this sense, X-ray
diffraction in combination with Density-Functional Theory calculations can be appropriate
tools, as demonstrated by Hanikel et al. with the studies performed on MOF-303, which
exhibits water adsorption with a steep trend at very low RH [25]. Understanding the
hierarchically filling of the pores was demonstrated to be essential in order to induce
a more adequate water uptake behaviour. In particular, they proposed a multivariate
approach for the modification of the architecture of the pores, finding the most appropriate
material design in compliance with the water adsorption enthalpy values, the limiting
desorption temperature, the stability and the water capacity. In addition, the condition of
the adsorption mechanism can be varied to understand the mechanism of water harvesting
as was reported by Yanagita et al. [26]. In detail, they measured the adsorption/desorption
isotherms of chromium terephthalate MIL-101 and the time trend of the amount of adsorbed
water by stepwise modification of the relative humidity, describing how the porosity and
the hydrophobic-hydrophilic structural composition of the MOFs drive the uptake/release
kinetic of the water. Based on these all considerations, it is evident that a proper design of
the material is a reasonable strategy to allow a successful material development for water
uptake applications.

In the literature, it is possible to find few works that deal with the utilisation of MOF
materials as desiccants in HVAC applications. Some of them propose using the traditional
desiccant wheels coated with MOF materials. Bareschino et al. performed a numerical
simulation of a desiccant wheel with MOF MIL-101 [27], including a gas-side resistance
model to define the behaviour of MOF material. Dehumidification effectiveness of 30%
better than the silica-gel wheel is demonstrated. The Authors estimated a reduction of 20.5%
in CO2 emissions compared to the HVAC system with silica-gel. Shahvari et al. explained
the functioning of a MOF desiccant wheel [15], proposing a complete first-principle analysis
validated with experimental tests. They showed that MOF-based wheels are regenerable at
lower temperatures (40–60 ◦C) compared to silica-gel (80–140 ◦C), with consistent energy
saving for regeneration (10–50%, depending on environmental conditions). Shahvari
obtained promising results for a system that integrates MOF-assisted dehumidification
with indirect evaporative cooling [28]. Again, the low regeneration temperatures (40–75 ◦C)
have been confirmed, with consequent gain in the efficiency of the MOF system with
respect to the silica-gel system (MOF system has an efficiency 2.7–6 times higher). The
idea of using MOF-coated desiccant wheels has been well-reviewed and studied, as in
the publication [29] and in the work of Wang [30], where the MOF materials are cited as
good desiccant options due to their low regeneration temperatures (30–60 ◦C). Cui et al.
proposed to coat the surface of the coils of a VCR cycle with MIL-100 (Fe) (Figure 1), [6].
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Figure 1. Crystal structure of MIL100(Fe) from the reaction between the benzene-1,3,5-tricarboxylate
and the iron(III)-based cluster.

In adsorption mode, the evaporator acts as a cooler and dehumidifier while the waste
heat of the condenser regenerates the wet MOF. The MOF-coated evaporator removes
at the same time as the sensible and latent heat of the airflow, operating an isothermal-
dehumidification. In the paper, the low regeneration temperature of the material (about
50 ◦C) is highlighted. With a theoretical EER of 7.9 in typical European summer conditions,
the estimated energy-saving is 36.0% compared to traditional dehumidification with a
cooling coil. The idea of coating a heat exchanger with desiccant material has been reported
by review papers of Saeed et al. [31] and Venegas et al. [32], which considered MOFs as
material to be used for the purpose. Even if this solution is not directly applied in the
HVAC system, it is important to cite in the context of the control of thermo-hygrometric
parameters of indoor environments and the energy-enhancement of HVACs, which was
proposed by Feng et al. [16]. They proposed, in accordance with the results of a lumped-
model simulation, to install a MIL-100 (Fe) in an indoor environment with the role of a
moisture buffer; the removal of indoor humidity accounts for 73.4% of latent heat, leading
to minor efforts of the HVAC system.

In this paper, the Authors theoretically compare a HVAC system that operates tradi-
tional dehumidification with a HVAC system equipped with a MOF-Assisted Dehumidifier
(MAD). First of all, the reference psychrometric transformations are shown. Then, the
mathematical model used in the simulations is presented. The two kinds of dehumidifica-
tion are compared by considering a case study, based on real boundary conditions. The
benefits, in terms of energy consumption, that characterise MOF-assisted dehumidification
are quantified, also highlighting better results obtainable with MOF materials compared
to other desiccant materials, in terms of consumption for the regeneration process. The
obtained results lead the Authors to consider this technology as a very competitive option
in the HVAC sector, and it inspires us to further research this topic.

2. Traditional Dehumidification vs. MOF-Assisted Dehumidification: Psychrometric
Transformations

The proposed MOF-assisted dehumidification is compared here, in terms of reference
psychrometric transformations, with a traditional dehumidification process operated by
a cooling coil. In both cases, the setpoint indoor conditions are reached from the supply
conditions, ensured by the HVAC system, considering the sensible and latent thermal loads.

2.1. HVAC with Traditional Dehumidification

In a HVAC system with traditional dehumidification (Figure 2), the dehumidification
process is operated by a cooling coil.

• Pre-cooling of the outdoor air with an air-to-air heat exchanger, where the exhaust
airflow coming from indoors is used as a pre-cooling medium (transformation 1–2).

73



Energies 2022, 15, 8908

• Cooling and dehumidification with a cooling coil (with a low temperature of the
coolant). The air at the outlet of the coil is saturated, and the temperature is equal to
the dew point temperature of the supply conditions (2–3). Coolant temperature must
be lower than this limit. Additionally, in HVAC applications, a reference temperature
for the coolant entering the coil is 7 ◦C.

• Heating with a post-heating coil (e.g., the desuperheater and/or condenser of the VCR,
or other thermal sources) to reach supply conditions (3–4).

Figure 2. Schematic representation of a HVAC system with traditional dehumidification.

A generic complete process is represented in Figure 3.
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Figure 3. Transformations in an HVAC system with traditional dehumidification.

2.2. HVAC with MOF-Assisted Dehumidification

In a HVAC system with MOF-assisted dehumidification (Figure 4), the dehumidifi-
cation process is operated by a device that connects the outdoor airflow with the MOF
material, ensuring an isothermal transformation. In the system, the outdoor airflow under-
goes the following transformations:

• Isothermal dehumidification with a MOF-Assisted Dehumidifier (MAD). The final
point of the dehumidification process has a humidity ratio equal to the ones of supply
conditions (transformations).

• Sensible cooling with the cooling coil, with a higher temperature of the coolant. In this
case the coolant temperature must be lower than the air at the coil outlet, but these val-
ues are significantly higher than in the traditional cooling/dehumidification process.
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Figure 4. Schematic representation of a HVAC system with MOF-assisted dehumidification.

A generic complete process is represented in Figure 5.

8.0 10
.0

12
.0

14
.0

16
.0

18
.0

20
.0

22
.0

24
.0

26
.0

28
.0

30
.0

32
.0

34
.0

36
.0

x
[k

g/
kg

]
Figure 5. Transformations in a HVAC system with MOF-assisted dehumidification.

This description refers to the adsorption process. This process generates heat, which
must be removed to obtain isothermal dehumidification of the airflow. Otherwise, the
airflow will undergo an isenthalpic transformation, with a hypothetical consistent rise of
its temperature (typical psychrometric transformation of desiccant wheels). Therefore, a
cooling medium is necessary to avoid the heating of the system. For this purpose, it should
use an airflow resulting from a mix between the exhausted airflow extracted from the
indoor environment and an additional outdoor airflow. This mix will have a temperature
within the same range as points one and five (Figures 3 and 5).

For the regeneration (that is not described in this paper), it is supposed that the
utilisation of an outdoor airflow will be heated by the condenser of the VCR (e.g., at
temperature TII, Figure 6).

Figure 6. Reference scheme for the VCR cycle.
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3. Mathematical Modelling

In the following, a simplified mathematical model used for the evaluation of the
different psychrometric transformations is shown. The supply airflow is formed completely
by outdoor air. The supply conditions, in terms of temperature and humidity ratio, are
defined as follows:

Ts = Ti −
.

Qsens
c ∗ m

(1)

xs = xi −
.

Qlat

r ∗ .
m

(2)

where the constant pressure specific heat of air c is assumed equal to 1.0 kJ/(kg∗K) and the
latent heat of vaporisation of water r is assumed equal to 2500.0 kJ/kg.

In the different scenarios object of the analysis, the repartition between sensible and
latent heat has been changed according to the Sensible Heat Ratio (SHR) parameter:

SHR =

.
Qsens

.
Qsens +

.
Qlat

(3)

3.1. HVAC with Traditional Dehumidification

The air-to-air heat exchanger is modelled with the Kays and London efficiency:

effHE =
To − The
To − Te

(4)

where the outdoor airflow, that must be treated, is cooled by the same quantity of exhaust air-
flow (characterised by the same thermo-hygrometric conditions as the indoor environment).

The condition at the outlet of the cooling coil corresponds to a saturation condition,
corresponding to the dew point state of the supply air:

Tc= Tdp,s (5)

xc = xs (6)

The cooling power provided by the cooling coil (e.g., the cooling power provided by
the evaporator of VCR in this context) is equal to:

.
Qc =

.
m ∗ (j he − jc) (7)

To evaluate the electric power consumption of the VCR cycle, associated with the
activation of the cooling coil, the temperature levels of the coolant must be considered.
They are set by the air temperature conditions at the cooling coil (evaporator) and at the
condenser, and by opportune temperature differences between coolant and air (Figure 6).
For the evaporator, the outlet air temperature is known (TI, equal to Tc in this context),
consequently the evaporation temperature; for the condenser, an outlet condensing air
temperature is fixed (TII), consequently the condensation temperature. The temperature
differences at the evaporator and the condenser (DTevap and DTcond) are defined, taking
into account common efficiencies for these kinds of heat exchangers:

Tevap = TI − DTevap (8)

Tcond = TII + DTcond (9)
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Once the refrigerant levels are defined, it is possible to evaluate the EER of the VCR
with parametric functions of Tevap and Tcond, obtained by analyzing some commercial
models [33]. Then, the power consumption of the VCR cycle is:

.
WVCR =

.
Qc

EER
(10)

The necessary heating power, to bring the air to the supply conditions, is:

.
Qh =

.
m ∗ (j h − jc

)
(11)

3.2. HVAC with MOF-Assisted Dehumidification

At the MOF device, the outdoor air undergoes isothermal dehumidification down to
the supply humidity ratio.

The condition at the outlet of the cooling coil corresponds to the supply conditions.
The cooling power provided by the cooling coil (e.g., evaporator of VCR) is:

.
Qc =

.
m ∗ (j mof − js

)
(12)

The power consumption of the VCR cycle is calculated as previously explained. It is
possible to observe from Figure 5 that, in this case, the temperature of refrigerant can be
kept higher, resulting in favourable conditions for the VCR performance.

In this case, no heating power is required to bring the airflow to supply conditions.

4. Case Study

The selected case study is based on a reference building located in Florence, Italy,
served by a HVAC system. Locale climate conditions for typical summer days have been
considered (Table 1, derived from ASHRAE [34] and Italian Standards [35] indications).
The indoor setpoint conditions, the number of people present in the building (which
is relevant to define the repartition between sensible and latent thermal load) and the
necessary outdoor air have been chosen according to the Italian technical standards for
thermo-hygrometric comfort and building management (Table 2) [35].

Table 1. Outdoor air conditions assumed in the simulations.

CASE To [◦C] RHo [%]

A 35.0 30.0
B 33.5 45.0

Table 2. Boundary conditions assumed in the simulations (part 1).

Ti [◦C] 26.0
RHi [%] 50.0

n 80
.

mp [kg/s/s] 0.0125
.

m [kg/s] 1.0
.

Qsens,p [W] 50.0
.

Qlat,p [W] 50.0

Three different scenarios of thermal load, with different supply air conditions
(Equations (1) and (2)), have been considered (Table 3). In the following table, the latent
load is related to the presence of people, and the sensible one has been varied according
to some SHRs. Thus, the sensible and latent loads do not refer to the loads that derive
from ventilation.
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Table 3. Boundary conditions used in the simulations (part 2).

SCENARIO SHR
.

Qsens [kW]
.

Qlat [kW] Ts [◦C] xs [kg/kg]

1 0.50 4.0 4.0 22.0 0.009
2 0.60 6.0 4.0 20.0 0.009
3 0.67 8.0 4.0 18.0 0.009

5. Results and Discussion

In the following, MOF-assisted dehumidification is compared with the dehumidi-
fication operated by a traditional HVAC system. Then, some comparisons between the
performances of MOFs as desiccants and traditional desiccant materials (i.e., silica-gel)
are proposed.

5.1. Comparison of Psychrometric Transformations

The following figures show the psychrometric transformations (for outdoor conditions
of case B) that the airflow undergoes in the HVAC with traditional dehumidification and in
the HVAC with MOF-assisted dehumidification.

From these figures, apart from the energy savings that will be discussed in the fol-
lowing parts, a crucial point emerges. The lowest temperatures of the airflow are set as
follows: the supply dew point temperature in the traditional dehumidification is about
12.0 ◦C, Figure 7, and the supply temperature in the MOF-assisted dehumidification is
22.0 ◦C, Figure 8. This fact has important consequences: there is a temperature difference of
10.0 ◦C in the evaporation temperature of the VCR in the two systems (assuming the same
temperature difference evaporating coolant-outlet air), with a general gain in EER for the
second configuration. In any case, in the following calculations, the gain in EER is partially
penalized by the necessity to have slightly hotter air exiting the condenser (TII, Figure 6) to
enhance the regeneration process. This assumption has been made to obtain more reliable
results, taking into consideration possible parasitic phenomena in the regeneration process,
even if, according to the literature [6], no higher condensing coolant temperature, with
respect to the traditional HVAC, is needed.
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Figure 7. Transformations for HVAC with traditional dehumidification (case B, scenario 1).

5.2. Comparison between Traditional and MOF-Assisted Dehumidification

It is possible to compare the different configurations in terms of cooling power pro-
vided by the cooling coil, consequently in terms of electrical power consumption of the
VCR (Table 4). The cooling power required in the different scenarios is always the same
for the HVAC with traditional dehumidification, because the cooling coil must cool down
the inlet air to the dew point temperature of the supply air. In the last column, the savings
compared to the traditional configuration are reported.
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Figure 8. Transformations for HVAC with MOF-assisted dehumidification (case B, scenario 1).

Table 4. Cooling power and electric power consumption for the two HVAC configurations.

CASE SCENARIO
.

Qc [kW] TRAD.
.

WVCR [kW] TRAD.
.

Qc [kW] MOF
.

WVCR [kW] MOF Savings [%]

1 19.9 6.2 13.2 3.6 41.9
A 2 19.9 6.2 15.2 4.3 30.6

3 19.9 6.2 17.2 5.2 16.1

1 30.2 9.6 11.7 3.3 65.6
B 2 30.2 9.6 13.7 4.2 56.3

3 30.2 9.6 15.7 5.1 46.9

Comparing the respective scenarios for both cases, and mediating the values, it is
possible to assert that the energy savings with MOF dehumidification is in the range
of 30–50%.

5.3. Comparison between MOF and Other Desiccants

As already explained in the introduction, isotherm profiles analysis can be a good
approach to show the benefits of MOFs with respect to other common desiccants, in terms
of adsorbate/adsorbent mass ratio and temperature required for regeneration. In the
following figures, the isotherms of good examples belonging to the three main classes of
desiccants are reported:

• A common silica-gel [36].
• A recently reported zeolite [14].
• One of the best performant MOFs, e.g., MIL-100 (Fe) [6].

In the graphs, the water uptake (adsorbed water mass/adsorbent mass) is reported as
a function of vapour pressure (instead of relative humidity, as described in the introduction),
in order to clearly show the adsorption behaviour at different temperatures.

In each graph (Figures 9–11), the isotherms corresponding to the adsorption
(To = 33.5 ◦C of case B) and typical regeneration temperatures are reported. For silica-gel
and zeolite the isotherm associated with the temperature of the air exiting the condenser of
VCR (TII) is shown, to make an easy comparison with MOF material.

Considering the boundary conditions of case B (To = 33.5 ◦C, RHo = 45.0%) and the
regeneration temperature indicated in [6,14,36], the obtained results are resumed in Table 5:

Table 5. Uptake and regeneration characteristics of the material under comparison.

MATERIAL u [kg/kg] Treg [◦C]

Silica-gel 0.24 90.0
Zeolite 0.30 65.0

MOF MIL-100 0.48 50.0
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Figure 9. Isotherms of silica-gel under analysis [36].
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Figure 10. Isotherms of zeolite [14].

u 
[k

g/
kg

]

Figure 11. Isotherms of MOF MIL-100 (Fe) [6].

It is possible to note that MOF material shows the best performance of water uptake
at these conditions (0.48 kg/kg against 0.24 kg/kg of silica-gel and 0.30 kg/kg of zeolite).
This means that, for the same used quantity of adsorbent material and the same boundary
conditions, MOF material achieves a better dehumidification result (i.e., amount of water
vapour adsorbed). These results are representative of a typical situation in which air dehu-
midification is required. Generally speaking, MOF materials have a favourable isotherm,
so they are strongly effective, in the range of sufficiently high values of RH that otherwise
would request an overload on the cooling device (e.g., low coolant temperatures) for the
dehumidification process. Regarding the regeneration capacity, it is useful to compare in
the graphs the temperatures required to obtain a value of uptake close to zero. MIL-100
presents, compared to the other options, a low regeneration temperature to remove the
uptake water content from the material and restore its adsorption capacity. It is vital to
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remark that this temperature is well coupled with the conditions of the VCR condenser
(low-grade thermal energy), while additional heat sources are requested for the other
desiccants (as it is possible to observe from Figures 9–11).

6. Conclusions

In this paper, the importance of using desiccant materials for the energy enhancement
of HVAC systems has been discussed. Desiccant materials can dehumidify the airflows,
removing the latent heat, with better performances of cooling devices and consequent
energy savings. Among the many available materials, attention has been addressed to
Metal-Organic Framework (MOF) materials, which have unique adsorption characteristics
(high water uptake, low regeneration temperatures) compared to other known desiccants
(i.e., silica-gel).

In the first part of the paper, a general overview of MOFs is presented, in particular
emphasising the possibility to control the design of their structures, aimed at the desired
properties. Moreover, the application of MOFs in the HVAC context has been reviewed.
The literature analysis shows that the big advantage of MOFs over silica-gel is the low
regeneration temperature (40–60 ◦C against 90–100 ◦C). The proposed solutions are the
desiccant wheel and exchangers coated with MOFs and cooled by a refrigerant.

Then, a comparison between a traditional HVAC (with dehumidification operated
by a cooling coil) and a HVAC equipped with a MOF-Assisted Dehumidifier (MAD) has
been discussed. The mathematical model of the two HVAC alternatives is applied to a
real case study. The energy savings achievable with MOF dehumidification are in the
range of 30–50%, depending on the outdoor air conditions and the repartition between
sensible and latent heat. Comparing the MOF material with other desiccants (silica-gel
and a new zeolite), the MOF-driven dehumidification shows the highest water uptake
and the lowest regeneration temperature. The obtained results lead us to consider the
utilisation of MOF-assisted dehumidification as a very competitive strategy to reduce the
energy consumption of the HVAC sector, making decarbonization closer, and inspiring the
Authors to make deeper studies on this topic.
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Abbreviations

AC Air Conditioning
c Constant pressure specific heat [kJ/kg/K]
DT Temperature difference [◦C]
EER Energy Efficiency Ratio
eff Efficiency
HVAC Heating Ventilation Air Conditioning
j Specific enthalpy [kJ/kg]
.

m Air mass flow rate [kg/s]
MAD MOF-Assisted Dehumidifier
MOF Metal-Organic Framework
n Number of people

81



Energies 2022, 15, 8908

.
Q Thermal load [kW]
r Latent heat of vaporisation [kJ/kg]
RH Relative Humidity [%]
SHR Sensible Heat Ratio
T Temperature [◦C]
u Water uptake [kg water/kg adsorbent]
VCR Vapour Compression Refrigeration

.
W Power [kW]
x Humidity ratio [kg/kg]
Subscripts
c Cooling coil
dp Dew point
e Exhaust airflow (from indoor environment)
h Heating coil
he Air-to-air heat exchanger
i Indoor air
lat Latent
mof MOF-Assisted Dehumidifier
o Outdoor air
p Person
s Supply air
sens Sensible
evap Evaporator of the VCR cycle
cond Condenser of the VCR cycle
I Air at the outlet of the evaporator
II Air at the outlet of the condenser
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Abstract: Polymeric insulators have lightweight, excellent hydrophobicity and convenient transporta-
tion and installation. They are widely used in the external insulation for distribution and transmission
lines. However, due to the long-term effects of pollution, ultraviolet radiation, discharge, temperature,
humidity, altitude and other natural and complex environmental and service factors, the silicone
rubber and other materials of polymeric insulators gradually age and lose their hydrophobicity and
electrical insulation characteristics. The operability is significantly reduced, which seriously affects
the safety and reliability of the power system. Hence, there is a need for assessing and evaluating the
long-term aging and degradation of polymeric insulators under various operating conditions and
environments. In this review, the various aging and characterization techniques of the polymeric
insulators and their aging performance under the action of multiple factors are discussed. To enhance
the performance of polymeric insulators, nano-coating, surface treatment and other techniques are
also indicated. In addition, future potential fields that should be explored from a high-voltage
electrical insulation perspective are also presented.

Keywords: polymeric insulators; silicone rubber; EPDM; aging; nano-coating

1. Introduction

Polymeric insulators have the advantages of being lightweight, excellent hydropho-
bicity and convenient for transportation and installation [1–4]. They are widely used in
external insulation for distribution and transmission lines [5,6].

However, in the long term, they can fail. The numerous failures of polymeric insulators
around the world drew attention to the shortcomings of the material and design and
the need for diagnostic techniques to determine their state [7]. The damage and failure
mechanisms of polymeric insulators differ significantly from ceramic and glass insulators.

The failures of polymeric insulators can be mainly divided into two categories. One
is the mechanical fault of the insulator core rod breaking caused by typhoons and other
factors, which is less likely to occur. The second is the electrical failure caused by the aging
phenomenon [8–10], such as the decline of the hydrophobic performance of polymeric
insulators. Such incidents will cause the surface flashover of polymeric insulators and a
large-scale power outage.

Figure 1 shows various examples of the aging and degradation of polymeric insu-
lators [11]. Table 1 shows a list of the various failures, such as brittle fractures that are
experienced by polymeric insulators, as identified by the Electric Power Research Institute
(EPRI) [7].

Energies 2022, 15, 8809. https://doi.org/10.3390/en15238809 https://www.mdpi.com/journal/energies84
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Figure 1. Illustrations of the damage, degradation and aging of polymeric insulators [11].

Table 1. List of the various types of failures of polymeric insulators identified by EPRI [7].

Failure Type % of Failure Recorded (221)

Brittle fracture 51.1%
Flashunder 24.9%

Mechanical failure: rod failure 10.4%
Rod destruction by discharge activity 8.1%

End fitting pullout 0.5%

The aging of polymeric insulators is studied extensively [10,12–14]. The research
on aging mainly focuses on the aging mechanisms and characterization methods. With
the development of advanced material engineering technology, the performance of poly-
meric insulator materials can be improved in various ways to enhance their long-term
use [10,15–18].

This article reviews the various aging methods of polymeric insulators and the analysis
of the aging mechanisms in combination with environmental factors. The application of
nano and micro fillers, nano-coating and other state-of-the-art techniques are discussed,
alongside which technologies can enhance the material’s performance. For this purpose, a
literature survey was conducted using the keywords polymeric insulator aging, silicone
rubber insulator aging, hydrophobicity loss and aging in standard scholarly databases and
Google Scholar.

2. Characterization Techniques of Electrical Performance and Aging Characteristics of
Polymeric Insulators

2.1. Electrical Performance

After being in service for several years, the power operation department conducts
various withstand study tests, such as a salt-fog flashover [19], a natural pollution flashover,
an artificial pollution flashover [4,20–25] and a 50% lightning impulse flashover [26,27] to
evaluate the degree of deterioration for polymeric insulator performance according to the
flashover voltage level. Different flashover voltage tests simulate the electrical performance
of insulators under different climatic and operating conditions of the system. This is the
most direct method to judge the operating characteristics of polymeric insulators, but it is a
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destructive test. The insulator needs to be removed from the transmission line for the test,
so this method has limitations.

The trap characteristic test [28] can also be used to identify the aging of polymeric
insulators. According to reports, when the corona time increases, the sample’s trap energy
level gradually increases and the trapped charge rises in general [29].

2.2. Physical Appearance

(1) Visual inspection.
Various obvious and serious aging problems can be identified through a manual visual

inspection of the appearance of the insulators (Figure 2.), to be replaced over time [29].
However, the main disadvantage of this method is that it is difficult to identify any internal
defects or early aging signs in time. Visual inspections can be conducted by a manual
patrol inspection and unmanned aerial vehicle patrol inspections, which are a non-contact
inspection method [30].

 

Figure 2. Deteriorated insulators that can be found by visual inspection [11].

(2) Hydrophobicity classification (HC) test.
Hydrophobicity [31–33] is a crucial factor in determining the level of deterioration of

silicone rubber and other polymeric materials. With an increase in aging, the hydrophobicity
of polymeric insulator surface decreases or is lost completely, leading to the decrease in
flashover voltages.

To comprehensively evaluate the hydrophobicity changes of the silicone rubber and
other surfaces of polymeric insulators in time, the HC water spray classification method
and static contact angle method can be used [32]. Table 2 and Figure 3 illustrate the HC
obtained in the 345 kV EPDM insulators, in-service aged at a coastal environment for 5
years [34]. Here, the middle was the mid part of the 2.862 m insulator. The top surface of
the shed was white, which was exposed to UV radiation for 5 years and, therefore, aged
and discolored, while dark was the original color of the bottom surface of the shed, which
was unexposed to UV radiation. Figure 3 shows how, for the same shed, the side protected
from the sun is dark in color with an HC class of 2–3, compared to the other exposed (white)
side, with HC 5–7.

Table 2. HC of the 345 kV EPDM insulator [34].

Weathershed Surface HC

High voltage end White (aged/discolored)
Dark

HC5
HC2–3

Middle White (aged/discolored)
Dark

HC4
HC2

Low voltage end White (aged/discolored)
Dark

HC5
HC3
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Figure 3. The hydrophobicity classification of the white and dark surfaces.

The static and dynamic contact angle methods are the two most common techniques
used to study the HC conditions. If the HC level is less than four and the static contact
angle is larger than ninety degrees, the hydrophobicity of the sample surface is good.
The dynamic contact angle error increases with the water drop volume [35]. Thus, the
water drop velocity [36] could be a measure of the hydrophobicity change. The above
are direct methods used to evaluate hydrophobicity. Other non-contact indirect methods
can also be used to evaluate hydrophobicity. The non-contact methods include the DC
discharge-induced acoustic wave [32] and the PD-induced electromagnetic wave [37].
These can be used to assess the hydrophobicity of polymeric insulators by recognizing the
surface discharge characteristics.

(3) Mechanical properties.
The mechanical properties, such as hardness, tensile strength and elongation at break,

are important parameters to characterize the aging of silicone rubber and other polymeric
insulators. A Shore hardness tester can be used to characterize the hardness of silicone
rubber, which increases with aging [38]. A new approach is reported in ref [39]. The findings
suggest that laser-induced breakdown spectroscopy (LIBS) can be a reliable source of
hardness information for polymeric materials, which is useful for ensuring the reliability
of power lines. However, the tensile strength and elongation at break (tested by a tension
machine with a load sensor) decrease with aging [40].

(4) Surface morphology study using scanning electron microscope.
A scanning electron microscope (SEM) [41,42] is useful to visually explore the micro-

morphology changes on the surfaces of polymeric insulators and identify the defects or
deformation, such as roughness change, that are not easily seen by the naked eye. This helps
to provide a general overview of the micromorphology properties of the aged polymeric
insulator and establish whether the laboratory-accelerated aging test and the in-service
aging of actual samples are comparable.

Figure 4 illustrates the SEM surface morphology changes of new, 3, 6 and 9-year-old
in-service insulators [43]. Figure 5 indicates the SEM images of the surface morphologies of
345 kV EPDM insulators that were installed in 1995 and removed from service in 2000, in a
coastal environment in the USA [34]. Here, bulk indicates the SEM morphology of the bulk
of the material (equivalent to new/unaged). The white surface indicates the discoloration
caused by UV exposure and the black surface indicates the original surface—all from the
high-voltage end of the insulator.
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Figure 4. SEM images of the surface morphology changes of a (a) new (unaged) sample, (b) 3 years,
(c) 6 years and (d) 9 years of in-service polymeric insulators [43].

 
Figure 5. SEM images of the surface morphology changes of 345 kV EPDM insulators removed from
service after 5 years in a coastal environment [34].

It was also verified that the aging evaluation of silicone rubber insulators could be real-
ized through a portable digital microscope-B011 [30], as shown in Figure 6. The unmanned-
aerial-vehicle-mounted electron microscope is expected to be used to conduct the non-
contact evaluation of the aging of composite insulators in transmission lines.
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Figure 6. Characterization of the aging surface seen through the portable digital microscope-B011 [30].

2.3. Chemical Performance

FTIR spectroscopy and EDX analyses [44–46] are the two most common methods used
to analyze the material contents of polymeric insulators. The analyses of these polymeric
insulators using EDX and FTIR demonstrated their superiority over other methods [47].

FTIR is useful to identify the number of typical functional groups, and the aging
degree can be analyzed based on this. For silicone rubber materials used for polymeric
insulator skirts, the corresponding bands of the functional groups in the absorption band
diagram are shown in Table 3 [44–46]. The height of the absorption peak associated with
each functional group is proportional to the functional group’s composition. The greater
the absorbance at the absorption peak in a particular band, the greater the absorption
spectrum capacity and the greater the number of functional groups that correspond to that
band. The lower the absorption peak or the smaller the absorption area of Si–(CH3)2 and
Si–O–Si functional groups, the more serious the molecular chain fracture and the more
serious the aging degree. Similar results were also reported for 345 kV in-service aged
EPDM insulators [34].

Table 3. Characteristic peaks of silicon rubber in IR analysis.

Characteristic Group Wave Number/cm−1

O–H 3700–3200
CH3(C–H) 2960

C–H 1440–1410
Si–CH3(C–H) 1270–1255
Si–O–Si(Si–O) 1100–1000

O–Si(CH3)2–O(Si–O) 840–790
Si(CH3)3 800–700

EDX analyses are used to obtain the surface element percentage of the polymeric
insulators. The working principle of EDX is that the incident beam scans the surface line by
line. The X-rays generated by the electron beam and material interaction are collected and
classified according to the characteristic X-ray energy spectrum. Since each element has
characteristic X-rays, the chemical composition of a given sample can be found according to
the energy scale of the abscissa. With an increase in aging, the contents of Si and C usually
decrease, while the content of oxygen increases [44–46].

The dielectric constant [48] is used to indicate the relative ability of a dielectric to store
electrostatic energy in an electric field. It can also indicate the degree of polarization of
the dielectric. The smaller the dielectric constant, the weaker the ability of the dielectric to
store static electricity, which, to some extent, means the better the insulation performance.
Therefore, the dielectric constant measured by the broadband dielectric spectrometer can
also be used as a parameter to characterize the aging of polymeric insulators.
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In addition, a variety of thermal analysis techniques, including differential scanning
calorimetry (DSC) and thermal gravity analysis (TGA), were utilized in order to investigate
the transformation of organic components in polymeric insulators [49]. According to the
findings of the tests described in ref [49], thermal analysis techniques have the potential to
significantly contribute to the performance evaluation of polymeric insulators.

To summarize, there are many methods to characterize the aging of polymeric insu-
lators, and they can be divided into two main categories from the technical means. One
is the non-contact characterization method. The insulator in operation is suitable for non-
contact characterization. The other is to take samples and return them to the laboratory for
testing. This method usually requires a power cut and more time and human resources.
In addition, the polymeric insulator has hydrophobic recovery properties [50,51]. When
the sample is returned to the laboratory, the characteristics of the polymeric could change.
Therefore, the non-contact aging characterization method is preferred to evaluate the aging
of polymeric insulators.

3. Aging Mechanisms and the Performance of Polymeric Insulators under Various
Operating Conditions and Environments

3.1. Aging under UV, Acidic and High Field Environments

Ultraviolet is one of the dominant factors that influence the aging of polymeric insula-
tors. Although the atmospheric ultraviolet intensity is not enough to interrupt the main
chain of silicone rubber (the shortest wavelength of ultraviolet transmitted to the ground is
290 nm, and the energy is 396.3 kJ/mol), it can oxidize the methyl group of the side chain
by interacting with other factors, resulting in the aging of the material surface. The Si—O
bond energy in the main chain of silicone rubber is 444 kJ/mol. As shown in Figure 7,
under ultraviolet light, the C–Si bond or the C–H bond on the silicone rubber surfaces
can break and form free radicals. These free radicals have high energy and are prone to
cross-linking reactions. Generally, oxygen in the air will react with free radicals to form
hydrophilic OH and other polar groups on the silicone rubber surface, generating methane
and other gases [52] and leading to long-term aging and degradation.

 
Figure 7. Chemical reactions in silicone rubber under UV irradiation [52].

The other factors that cause the chemical aging of silicone rubber include acid and
alkali, ozone and nitrogen oxides where the nitrogen oxides will be converted into nitric
acid by moisture absorption. Previous studies have shown that the surface of the composite
insulators will be seriously damaged when they are in a strong acidic environment for a
long time [11,53–57]. The acidic substance will cause the polar, Si–O bond to break on the
main chain of silicone rubber and generate the polar Si–OH bond, as shown in Figure 8.
This is different from the breaking of the Si–C bond and the C–H bond on the surface of
silicone rubber. The breaking of the main chain will greatly damage the silicone rubber
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material and the generated Si–OH bond will produce the silicone rubber hydrophilic.
Table 4 shows the various compounds studied in ref [57] for enhancing the acidic stability
of silicone rubber insulators.

Figure 8. The formation of Si–OH bonds due to the reaction between the acid and silicone rubber [52].

Table 4. Silicone rubber compounds tested for enhancing acid stability [57].

Silicone Rubber Compounds
ATH

Parts Per Hundred Rubber/Weight%
Inert

Parts Per Hundred Rubber/Weight%

52 wt% untreated ATH 110/52 -
52 wt% precoated ATH 110/52 -

52 wt% insitu coated ATH vinyl silane 110/52 -
ATH + 25 wt% SiO2 55/25 55/25
ATH + 9 wt% BaSO4 100/9 20/9

ATH + 13.5 wt% BaSO4 90/13.5 30/13.5
ATH + 18 wt% BaSO4 80/18 40/18
ATH + 36 wt% BaSO4 40/36 80/36

54 wt% BaSO4 0/0 120/54

Silicone rubber composite insulators are not only affected by natural conditions but
also by high electric fields [28,58,59]. The aging effect of the electric field on silicone rubber
is more severe and faster. During the operation of silicone rubber, the impact of charged
particles generated by corona or arc discharge, such as the impact of ions and electrons,
causes the main chain of silicone rubber to break and the molecules to depolymerize. At
the same time, the energy generated by the discharge decomposes and reacts with oxygen
and other gases in the surrounding air to produce highly oxidizing substances, such as
active oxygen atoms, ozone and nitrogen-oxygen compounds, which can also cause the
molecular chain of silicone rubber to break and damage its performance. Therefore, the
electrical aging process is the most complex, often accompanied by physical and chemical
aging, significantly impacting the silicone rubber’s performance [60].

3.2. Aging under Various Environments

According to the aging mechanism of polymeric insulators analyzed above, the focus
was on the effects of the polymeric insulators in tropical, coastal high humidity, plateau
strong ultraviolet, acid-based, electric stress, low temperature, icing and high altitude
environments [53,58].

(1) Tropical environment.
To determine if insulators can withstand electrical stress beyond the prescribed limits

in polluted and clean tropical regions, a field and lab investigation was conducted [61].
During the field experiment, two sets of insulators were erected and activated in coastal
and inland Sri Lanka. None of the tested field SiR insulators flashed over. However, a
tree-like surface discoloration was most likely caused by some discharge activity. Thus,
biological growth was identified on the installed insulators. Another study [62] summarizes
fieldwork. Microbiological development is unlikely to cause substantial degradation on
non-ceramic insulator rubber housings, according to the collected data. Growth appears to
have no effect on insulator performance.

Algae have been observed on polymeric and RTV-coated insulators in southwest and
southern China. The research results showed that the algae enhanced salt dispersion and
decreased insulator hydrophobicity. When algal covering was less than 20%, the effects on
insulators were limited [63].
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(2) Salt-fog environment.
In ref [64], salt fog was used to simulate the high humidity environment with salt

in a coastal area, and it was found that the sample’s performance deteriorated after the
salt-fog treatment. The salt-fog-treated samples became rough and porous under electric
and thermal stress. The hydrophobic absorption peak decreased, indicating that the SR
molecular chain was broken, and the filler was consumed, lowering the sample’s arc
resistance. Moisture absorption affected the insulating performance and electrical strength.
The physicochemical deterioration will reduce the electrical strength. Thus, in salt-fog
environments, samples with higher conductivity are more deteriorated, showing that salt
fog accelerates silicone rubber aging [65].

(3) Radiation environment.
Polymeric materials exposed to gamma rays in a radiation environment [59] have two

impacts. First, the bond scission reduces the molecular weight by cross-linking. Second,
the surface oxygenation forms oxygenated molecules. As irradiation doses increase, the
transmitted energy and oxidation index lead to polymeric cross-linking. Similar conclusions
have been obtained from the experiments conducted in central Saudi Arabia where the UV
radiation level is high [50].

The hydrophobicity transfer was also affected by the contaminated species, pollution
layer thickness, pollution level, temperature, UV radiation and corona activity. The study’s
key conclusions [66] note that UV radiation can accelerate the migration of LMW molecules
from the SiR bulk to the contamination layer surface and the pollution and layer thickness
can increase the hydrophobicity transfer time.

(4) Electric stress.
Further, the hydrophobicity of the SiR surface worsens with increasing the corona

discharge voltage and treatment time. The vertical wind can accelerate the hydrophobicity
loss of SiR, while the parallel wind inhibits the hydrophobicity loss. The wind with higher
speed has greater influence [67]. Thus, positive polarity has a greater deleterious effect on
aging than negative polarity [68].

(5) Low temperature icing environment.
The electrical characteristic test of the aging composite insulator in a low-temperature,

icing environment was conducted in ref [6]. The test environment is shown in Figure 9.
Three kinds of ice were observed (Figure 10A–C), including rime ice (at below 0 ◦C),
glazed ice (at below 0 ◦C) and continuous water film due to the loss of hydrophobicity (at
above 0 ◦C).

Figure 9. Iced test for transmission lines and insulators [6].
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Figure 10. Iced insulators with various types of ice coverage, such as (A) rime rice (at below 0 ◦C),
(B) glazed-ice (at below 0 ◦C) and (C) continuous water film due to loss of hydrophobicity (at above
0 ◦C) [6].

The rime ice and the glazed ice greatly reduced the flashover voltage of the insulators.
In low-temperature and dense-fog environments, the hydrophobicity of aging composite
insulators is more likely to be lost, as shown in Figure 10C.

(6) High altitude.
There are a few studies on the influence of altitude (air pressure) on the aging of

composite insulators, and in ref [69,70], the influence of altitude on the flashover voltage of
insulators were investigated. Polymer insulators have a 48.72% larger flashover voltage
gradient than porcelain and a 72.35% higher voltage than glass at 59 kPa (corresponding to
4484 m height) [70].

To summarize, the aging of silicone rubber can be divided into three main types:
physical, chemical and electrical. The factors causing physical aging include ultraviolet
irradiation and local high temperature. The factors causing chemical aging include acid and
alkali, ozone and nitrogen oxides. The electrical aging process often accompanies physical
and chemical aging. However, the aging effect on silicone rubber insulators is more serious
and faster. Polymeric insulators are most prone to aging with corona discharge under high
humidity, especially in salt-fog, acid-based and strong radiation environments. Therefore,
in the above environments, more attention should be paid to online monitoring of polymeric
insulators and improving the anti-aging performance of silicone rubber materials.

4. Enhanced Performance of Polymeric Insulators

4.1. Enhancement Methods

The nano-modified coating is considered to be an effective method to increase the
long-term durability of polymeric insulators. A multifunctional nano-coating based on
SiO2/PDMS/EP are proposed in ref [71]. SEM images of nano-coated SiR samples at vari-
ous magnifications are shown in Figure 11. Nanoparticles and aggregates form hierarchical
patterns on the covered surface.

93



Energies 2022, 15, 8809

 
Figure 11. SEM images of nano-coated SiR samples at various magnifications (1–3) and the cross-
sectional morphology [71].

The multiscale structure and low surface energy modification of this coating can
improve water repellency. Coated silicone rubber has a large contact angle (>160) and a tiny
rolling angle (around 0), enabling self-cleaning. Using this nano-coating, the electric field
distortion caused by residual water droplets on the surface can be reduced, and the aging of
the silicone rubber insulator caused by the corona can also be slowed. Different test samples
coated with ATH and SiO2 were subjected to multi-stress aging under both DC voltage
polarities [68]. Considering the combined effect of numerous aging characteristics, a hybrid
composite is the most age-resistant. Furthermore, the results of ref [72] showed that the
micro and nano SiR compounds had better dielectric properties than plain SiR in terms of
the dielectric constant and the dielectric loss. A typical polymer nanocomposite composed
of three primary constituents—the polymer matrix, the nanofiller and the interaction
zone— is claimed to play a significant role in the improvement of polymer nanocomposite
properties [73], as shown in Figure 12.

Figure 12. Simple diagram demonstrating the components of polymer nanocomposites [73].

The surface properties of polymeric insulators can also be improved by surface treat-
ment techniques, such as plasma. For example, an atmospheric plasma jet can rapidly
increase the hydrophobicity of dirty silicone rubber. According to study findings in [74],
plasma can accelerate the transfer of the hydrophobicity of silicone rubber coated in a wet
pollution layer. However, the hydrophobicity recovery of contaminated silicone rubber
following the plasma treatment is reduced by the high humidity environment. In con-
trast, it is accelerated by prolonged plasma therapy. According to the findings in [75], the
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crosslinking density of polymeric materials increased by 8.8 times after a modest dose of
electron-beam irradiation (40 kGy) treatment. The crosslinking density of low-irradiated
(40 kGy) polymeric material is still six times greater than that of nontreated polymeric
material after 1000 h of aging treatment.

Additionally, in particular settings such as acidic situations, inert fillers may be used.
The silicone rubber’s acid stability can be improved by the inert fillers. Barium-sulfate-
loaded silicone elastomers have better acid-aging resistance [57]. The reduced mass loss in
concentrated nitric acid decreased the fracture development and improved the mechan-
ical stability with comparable erosion resistance. A comparison of the various surface
treatments are shown in Table 5 [71].

Table 5. Comparison of the various surface treatments [71].

Treatment Contact Angle, o Self-Cleaning
Surface Charge
Optimization

Flashover
Improvement

PDMS + ZnO coating 162 Yes Yes 16.7% increase in dry
flashover

Liquid silicone rubber + SiO2 coating 161.8 Not mentioned Not mentioned 10.5% increase in wet
flashover

DBD plasma treatments ~100 Yes Yes Not mentioned

Raisin-based primer + SiO2 topcoat 161 Not mentioned Not mentioned 29% increase in
pollution flashover

PDMS + ZnO + MWCNT
coating 152 Yes Yes 28.8% increase in dry

flashover
Pico second laser-ablated

template + PDMS/SiO2 coating 150.3 Yes Yes Not mentioned

Al2O3 + CNT + Polyamide mesh 160 Yes Yes 30% increase in dry
flashover

EP + PDMS + grafted SiO2 162 Yes Yes 60% increase in wet
flashover

The above research shows that the surface properties of the polymeric insulators can
be enhanced by nano-coating, surface treatment technology and inert fillers. However, in
the case of a corona caused by the electric field distortion, the effect of these methods will
be greatly weakened or even ineffective. Therefore, these treatment methods to improve
the surface characteristics of polymeric insulators should be combined with electric field
control methods to effectively enhance the long-term use of polymeric insulators.

For example, by combining nano-modified coatings with functionally gradient materials,
their performance could be enhanced. The design of functionally gradient materials [76–78]
can be realized using a finite-element electric field simulation before fabrication. In this way,
the polymeric insulator will have better surface hydrophobicity and a lower surface electric
field, improving the material’s performance and reducing the effect of electrical stress.

4.2. Future Research Directions

(1) The non-contact aging characterization method is preferred for studying the aging
of polymeric insulators. However, the research on non-contact characterization methods
is usually based on a single method, such as the infrared thermometer, ultraviolet imager
or unmanned aerial vehicle patrol inspection. These non-contact monitoring methods are
greatly affected by environmental factors and are more error-prone. Therefore, in the future,
online monitoring can be carried out through multi non-contact data fusion, and the change
characteristics of monitoring data with environmental parameters can be studied.

(2) The surface properties of polymeric insulators can be enhanced by nano-coating,
surface treatment technology and inert fillers. It will be beneficial to combine these treat-
ment methods with electric field control techniques to effectively increase the long-term
use of polymeric insulators by enhancing their surface characteristics. However, the aging
mechanisms of the various environments are different, and different application environ-
ments should adopt different material optimization methods. Therefore, the anti-aging
improvement methods for different environments should be studied in the future.
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5. Conclusions

The aging performance of polymeric insulators under various conditions and environ-
ments is reviewed, and the following conclusions are derived.

(1) The aging characteristics of polymer insulators can be expressed as electrical,
physical and chemical characteristics. There are different detection methods for different
characteristics, but to facilitate the field application, a non-contact monitoring method
is preferable.

(2) Polymeric insulators are most prone to aging with a corona discharge under high
humidity, especially in salt-fog, acid-based and strong radiation environments. Therefore, in
the above environments, more attention should be paid to online monitoring and improving
their anti-aging performance.

(3) Combining surface treatment methods, such as nano-coating, surface treatment
technology and inert fillers combined with electric field control methods, will help enhance
the long-term performance of polymeric insulators effectively.

(4) More online monitoring should be carried out through multi non-contact data
fusion, and the change characteristics of monitoring data with environmental parameters.
However, different application environments should adopt different material optimization
methods. Therefore, the anti-aging improvement methods for different environments
should be studied in the future.
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Abstract: A new design of a sorption-selective catalytic reduction (SCR) system is proposed to
improve ammonia storage density and meet the ammonia demand for high NOx conversion efficiency
at a relatively lower temperature (<100 ◦C) compared to urea-SCR systems. The major components
are a main unit and a start-up unit that each contain a metal halide ammine as the sorbent. The
start-up unit can operate without any external heat source, but spontaneously releases ammonia at
the ambient temperature and is only used when the main unit is being warmed up for action. The
selection criteria for the metal halide ammine for each unit is discussed. The working pair of SrCl2 as
the main ammine and NH4Cl as the start-up ammine is further analyzed as an example to be used
in the sorption-SCR system for a diesel engine, the NOx emissions of which were experimentally
measured in different operation modes. Based on the experimental data of engine emissions and
kinetic models of the chemisorption between ammines and ammonia, the dynamic performance
of the sorption system with a total capacity of 180 L sorbent composite in different layouts was
investigated and compared. It was found that the achievable desorption conversion degree was lower
in smaller reactors and was more sensitive to operating conditions in smaller reactors compared to
larger reactors. This suggests that a system using a small reactor layout requires some extra volume
to completely meet the required capacity compared to a larger reactor layout. However, because
systems with large reactors tend to respond slowly, as they have more thermal mass and take a longer
time for preparation, there is a design trade-off required to have optimal performance and balance
between the main unit and the start-up unit. In the case studied in this work, a system using three
rechargeable reactors with a volume of 60 L each was found to be the preferable layout; it could have
about a 90% desorption conversion degree and required around 10 min of warm-up time. Meanwhile,
the coupled start-up unit should have a capacity of around 165 mL at least.

Keywords: sorption; NOx emissions reduction; SCR; ammonia storage; dynamic performance; metal
halide ammine

1. Introduction

Increasingly stringent regulations on the reduction of nitrogen oxide (NOx) emissions
have been driving technology development in both combustion and exhaust after-treatment;
in particular, the removal of NOx from diesel engine exhaust without compromising fuel
economy has received tremendous attention [1–3]. Currently, either a lean NOx trap (LNT)
or selective catalytic reduction (SCR) technology is used to control NOx emissions from
the engine exhaust, depending on engine size and other factors. For instance, SCR is
favored and adopted worldwide for heavy-duty diesel engines as the more cost-effective
solution, with higher achievable NOx conversion compared to LNT. More than 99% of new
heavy-duty vehicles are diesel in the European Union; therefore, there is an appreciable
goal to meet tightening Euro emissions regulations by improving SCR technology.
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The SCR technology converts NOx to nitrogen over a catalyst using ammonia as the
reductant. Liquid absorption is one of the most common methods for ammonia separation
and storage [4]. As a low-cost and reversible absorbent, urea has been used in commercial
de-NOx products, such as AdBlue, a eutectic 32.5 wt% urea-water that can be injected into
the exhaust gas flow for NOx conversion [5]. In addition, ionic liquids (ILs) and deep
eutectic solvents (DESs) are researched as alternative green solvents for NH3 absorption,
as they have adjustable structures, higher ammonia storage capacity, and lower volatility
than traditional water-based urea solutions [4,6,7]. However, rather than ammonia storage
and delivery for SCR reaction, more research focuses on using ILs and DESs to absorb and
convert NOx directly [8,9]. There is a dilemma in designing ILs and DESs for ammonia
capture. The solubility of ammonia improves with the increasing acidity of solvents,
while the increase of acidity will increase the difficulty of the regeneration and storage of
solvents [10]. This dilemma limits the performance of ILs and DESs technologies in vehicle
applications that require a safe and stable cycle system. A number of drawbacks related to
the use of liquid absorption of ammonia, especially urea, encourage the development of
alternative solutions for ammonia storage and delivery and are mentioned below [2,3,11,12]:

� The safety issue of liquid-based systems onboard a vehicle;
� The incomplete conversion of urea solution to ammonia at 200 ◦C forms deposits

and even deactivates the SCR catalyst, leading to a sharp reduction of NOx conver-
sion efficiency;

� Urea solution is corrosive, and the freezing point of −11 ◦C is too high to avoid
freezing in many areas of the world reliably;

� An injector should be carefully designed to disperse fine droplets for evaporation
into the exhaust. However, the evaporation of water decreases the exhaust gas
temperature, which greatly impacts the activity, especially in the low-temperature
region. Additionally, it was found that particles were formed in this injection, which
could clog the nozzle [13];

� Mixers and careful design are needed to obtain uniform ammonia concentration at
the SCR catalyst face;

� The ammonia storage potential of AdBlue only amounts to 0.201 kg/L (0.184 kg/kg)
NH3/solution, one-third of that of liquefied ammonia.

Some solid compounds have been discussed as alternative means of ammonia storage,
with evident improvement in terms of storage density, freezing, and storage stability.
These include (1) ammonium salts, for example, ammonium carbamate and ammonium
carbonate, which have an ammonia storage density of 0.698 kg/L (0.436 kg/kg) and
0.531 kg/L (0.354 kg NH3/kg), respectively [3,14–16]; and (2) ammine compounds of metal
salts, such as MgCl2·6NH3, CaCl2·8NH3, SrCl2·8NH3. etc., which typically can store at
least 2.5 times the ammonia of AdBlue on a volume basis if the compound density is around
1.1~1.3 kg/m3 [3,11,17–21]. Many of these solid compounds can thermally decompose and
effectively release ammonia at a relatively low temperature (potentially down to 50~60 ◦C,
considering the atmosphere as the back pressure), and direct gaseous ammonia dosing from
these compounds also significantly simplifies the operation of the ammonia delivery system.
Systems based on both technologies have been tested for commercial applications, and
the use of ammonium carbamate was protected by solid SCR [15,16]. However, unlike the
metal ammine compound that releases pure ammonia, the desorption of ammonium salts
also yields CO2 and/or H2O. Since these are reversible reactions, there is a risk that these
resultants recombine to generate solid ammonium carbamate on cold surfaces, which could
clog and inhibit dosing systems. Hence, this work focuses only on ammine compounds to
explore the feasibility of a solid–gas sorption-SCR system.

A solid sorption cycle based on the reversible chemisorption reaction between metal
ammine compounds and ammonia has been researched and developed for decades. With
interest mainly in thermal applications such as heat pumps and thermal energy storage.
Apart from the aforementioned superiority of ammonia storage compared to AdBlue,
it is also advantageous for its higher vapor pressure at a low temperature, so energy
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consumption for heating the materials is not prohibitive. On the other hand, it has a
much lower vapor pressure at ambient temperature compared to liquid ammonia, which is
desirable for the safe handling of materials. Ammonia-based chemisorption has the feature
of monovariant behavior. This indicates that the kinetics can be controlled on demand by
adjusting one thermodynamic parameter, either temperature or pressure. Therefore, the
release of ammonia can be tuned to match the NOx emissions by controlling the desorption
temperature and/or the backpressure.

Elmøe et al. [12] tested a small reactor containing about 260 g of MgCl2·6NH3 with
a volume of 785 mL and demonstrated the desorption of MgCl2·6NH3, which required
heating to at least 184.4 ◦C to initiate the first phase of desorption when the set-point buffer
pressure was maintained at 5 bar. A simple ON–OFF controller with the buffer pressure as
the control variable was employed to generate an oscillating varying profile of ammonia
out-flow around the set-point pressure. By applying such a controlling strategy under the
studied operating conditions, it was found that approximately 99% of the ammonia stored
in the salt could be delivered for NOx conversion. Johannessen et al. [11,19,20] designed
and studied an ammonia storage and delivery system (ASDS/AdAmmine) with two main
cartridges containing the sorbent of chloride ammine compound and a start-up unit, and
feasibility and great competitiveness over the urea-SCR system were demonstrated for
urban driving conditions. AdAmmine, with a dosing temperature of 100 ◦C, reduced
tailpipe NOx emissions by half compared to the urea-SCR system dosing at 180 ◦C. An
electric heater was integrated within the AdAmmine as the only heat source, and the total
usage of electric power could be tuned according to the system size and vehicle power.
The start-up unit initially consumed 550 W in high-duty engine applications and 250 W
in light-duty engine applications; the main units received 150 W to warm up; afterwards,
more power was required [19] for the main units. Johannessen et al. also suggested that
a high uniformity (>0.98) of ammonia concentration in a shorter mixing length could
be achieved by using an ammonia inlet tube with multiple entry points, which releases
ammonia at several positions in the exhaust cross-section to give adequate mixing. A
low-pressure drop obstacle can be used to provide efficient turbulent mixing of ammonia
vapor with the exhaust gas. It is interesting to note that the early generation of AdAmmine
developed by Johannessen et al. was a pure metal compound powder that is mechanically
compressed into dense bulk (around 1250 kg/m3), with an ammonia storage capacity of
around 600 g/L [11]; in their later works, a new version of AdAmmine was produced from
a veiled special formulation with a usable capacity of 450 g/L [21]. It is well-known that
the repeatability of the cyclic performance of dense pure-chemical bulk is questionable due
to the expansion and agglomeration of chemical materials within a confined space [22,23].

Jiang et al. [24] compared the theoretical ammonia storage capacity of different metal
salts mixed with expanded graphite treated with sulfuric acid (ENG-TSA). The ENG-
TSA was used as a matrix to enhance heat transfer properties and to avoid the potential
performance degradation caused by swelling and agglomeration associated with pure
chemicals [25,26]. It was found that the NH4Cl-ENG-TSA composite slightly excelled over
other salts studied under ideal equilibrium conditions, as it only required one-third of the
mass and 80% of volume required by AdBlue to satisfy the same NOx reduction, indicating
an ammonia storage capacity of around 250 g/L. The addition of a porous host matrix
compromises the volumetric sorption capacity of the bulk sorbents. On the other hand,
although NH4Cl has a higher ammonia storage capacity, its high working pressure will
require a thicker reactor wall, resulting in a heavier reaction unit [27]. Thus, Wang et al. [27]
concluded that CaCl2 and SrCl2 are better ammoniate choices after comprehensive consid-
eration of ammonia sorption capacity and working pressure.

Zhang et al. [28] proposed four types of the sorption-SCR system based on multi-
functional multi-stage ammonia production cycles. The first type used a single ASDS unit
to provide ammonia. The second type added an ammonia transfer (AT) unit filled with
low-temperature ammoniate to the ASDS unit for a lower starting temperature. Then,
an ammonia warning (AW) unit containing high-temperature ammoniate was integrated
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with the second type to provide NH3 for NOx conversion when the ammonia output from
the main ASDS unit was insufficient. The fourth type combined an ASDS unit and an
AW unit into one reactor for a more compact system. The test results of using NH4Cl,
NaBr, CaCl2, SrCl2, and MnCl2 as candidate ammoniates show that adding the AT unit is
valuable, as it can ensure the starting temperature at 29–38.2 ◦C. Although adding the AW
unit made the lowest ammonia storage density in the fourth-type system (570 g/L) higher
than the lowest ammonia storage density in the second-type system (420 g/L), the highest
ammonia storage density was in the second-type system. When using NH4Cl-ENG-TSA in
the AT unit, and CaCl2 -ENG-TSA in the ASDS unit, the ammonia storage density of the
second-type sorption-SCR system can reach 710 g/L, and its minimum required mass of
sorbent accounts is 28% the needs of AdBlue to obtain the same amount of ammonia.

There is another influential factor that also should be taken into account, but has been
barely discussed in previous research for determining the real size of sorption-based SCR
system: the reaction kinetics of the ammine compound. Based on intrinsic kinetics, it is
essential to strategically control the thermodynamic conditions, heating conditions, and/or
working pressure for the ammonia desorption to meet the demanding mass flow rate of
ammonia. However, there is very limited literature on this topic, nor detailed in-depth
investigation of dynamic performance.

The present paper proposes a new solid–gas sorption-SCR system design by inte-
grating a secondary reactor as a start-up unit with the main sorption reactors. This small
start-up unit should operate spontaneously under cold start conditions to completely elim-
inate the need for an electric heater, while the main reactor uses the existing waste heat
onboard the vehicle, either engine coolant or engine exhaust. Moreover, to obtain more
insight into optimal reactor design, this paper investigates the interrelation between reactor
sizing and dynamic dosing performance by examining experimental data of NOx emissions
from a heavy-duty diesel engine and the chemisorption kinetics of the ammonia–metal
ammine compound reaction.

2. Working Principle

The proposed sorption-based SCR system schematic is illustrated in Figure 1, which
outlines the integrated design mainly comprised of main reactor(s), one start-up unit,
dosing valves, temperature and pressure sensors, and a dosing control unit (DCU). The
main reactor(s) is filled with a ammonia sorbent and constructed with sufficient heat
exchange space for engine coolant or engine exhaust to flow through for efficient heat
transfer. The start-up unit with a comparatively smaller volume contains a secondary
ammonia sorbent, which has a lower equilibrium temperature than the main sorbent at the
same working pressure. Namely, the desorption of this secondary sorbent occurs at a lower
temperature so that it can extract heat from ambient surroundings to carry out endothermic
desorption of ammonia. Ideally, the equilibrium pressure corresponding to the ambient
temperature should be higher than the engine exhaust pressure (≈1 bar) to have the proper
equilibrium drop as the driving force. The start-up unit should be thermally isolated from
the main reactor to avoid heat exchange.

The P–T diagram shown in Figure 2 exemplifies the state points of synergistic operation
between the main and secondary sorbents. The start-up unit has a pressure higher than
the exhaust pressure when at ambient temperature (Point 1 in Figure 2); consequently,
when Valve 1 in Figure 1 opens as the engine starts, the desorption in the start-up unit
is triggered by the pressure difference and the ammonia is released into the exhaust line.
In the meantime, the inside pressure of the main reactor(s) climbs from Point 2 as it is
heated by engine coolant, for example. Once the pressure in the main reactor reaches
Point 3, where the equilibrium pressure is higher than both the start-up pressure and the
exhaust pressure, Valve 2 opens to release the ammonia from the main reactor for NOx
conversion. At the same time, the start-up reactor is also receiving ammonia from the main
reactor to refill it for the next cold-start operation. A certain amount of equilibrium pressure
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difference (Pms > Pss > Pexh), as shown in Figure 2, is required to activate the desorption
and drive the process at the desired reaction rate.

Figure 1. Schematics of sorption-SRC system with a start-up unit and main reactors.

Figure 2. Clausius–Clapeyron diagram of the sorption-SCR system.

Temperature and pressure sensors are used in a feedback control algorithm conducted
by the DCU to control the backpressure of desorption to ensure sufficient ammonia dosing
into the exhaust line at the desired mass flow rates. The DCU communicates with the
engine control unit to acquire information on ammonia demand and combines the temper-
ature/pressure feedback to work out the control algorithm and tune the dosing valve for
ammonia release.
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3. Materials

Composites that consist of metal halide ammines (MHA) and porous matrix have
been developed and studied for sorption systems. They benefit system performance with
improved thermal conductivity, a supporting porous structure for sufficient mass transfer,
and by preventing the storage capacity from degrading over multiple cycles due to swelling
and agglomeration of chemicals [25]. In this work, expanded natural graphite treated with
sulfuric acid (ENG-TSA) can be used as a supporting matrix. The thermal conductivity
of the ENG-TSA composites was reported to be 44 times higher than that of ENG-based
consolidate and 400 times higher compared to ordinary granular pure salt, while the
permeability is potentially improved by more than 100 times if compared to pure granular
salt after adsorption [29].

There is a great number of MHAs that can react with ammonia in a wide temperature
range (50~350 ◦C) [30]. In a complete cycle, they undertake endothermic desorption with
ammonia release in one-half cycle and experience exothermic adsorption in the other half
cycle when returning to the initial state. The thermodynamic equilibrium of the most
commonly studied MHAs with a desorption temperature below 150 ◦C at atmospheric
pressure is plotted in the P–T Clausius–Clapeyron diagram in Figure 3. The properties
of each MHA composite in terms of specific ammonia concentration, ammonia storage
density, volume ratio of MHA composite to the AdBlue with the same ammonia content,
and equilibrium temperature/pressure of the MHA-NH3 reaction at some key points are
summarized in Table 1, where the bulk density of the composites is assumed at 800 kg/m3,
with a mass ratio between MHAs and ENG-TSA of 5:1.

Figure 3. Clausius–Clapeyron diagram of typical metal halide ammines in equilibrium reaction
with ammonia.

The first criterion for the candidate MHAs of the start-up unit is that the equilibrium
pressure at the ambient temperature should be higher than its backpressure in the exhaust
line that is close to atmospheric pressure. Namely, the equilibrium line should be located
in the grey-shadowed zone in Figure 3, with the assumed ambient temperature at 25 ◦C.
In this instance, only MHAs No. 1–6 are shortlisted. However, only three of them, i.e.,
NH4Cl, NaBr, and BaCl2, can provide appealing improvement in ammonia storage density
compared to AdBlue, as they reduce the volume to less than half of the AdBlue, while
the PbCl2 and SnCl2 composites are radically ruled out since they have smaller ammonia
storage density than AdBlue. Considering the mass transfer issue within the densely
compressed composites, the BaCl2 will be screened out because its equilibrium pressure at
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ambient temperature is lower than 4 bar, which is a recommended threshold of working
pressure without the concern of mass transfer limitation [31]. Therefore, NH4Cl and
NaBr are the final candidates for the secondary sorbent in the start-up unit. These two
sorbents have the lowest working temperatures at −10.8 ◦C and −3.7 ◦C, respectively, at a
backpressure of 1 bar, making these two candidates adoptable in cold winter. The sorptions
of these two sorbents are formulated as follows:

NH4Cl + 3NH3 ↔ NH4Cl·3NH3 +3ΔHr (1)

NaBr + 5.25NH3 ↔ NaBr·5.25NH3 + 5.25ΔHr (2)

Table 1. The properties of different reactant salts for the composite sorbents [32].

No. Salt
Molecular
Weight
(g/mol)

Initial
Mole of

NH3

Final Mole
of NH3

kg NH3 Per
kg

Composite

NH3 g Per
Liter

Composite

Volume Factor
(Norm to
AdBlue)

Desorption
Temp. (◦C, at

1 Bar)

NH3 Vapour
Pressure (Bar,

at 25 ◦C)

1 SnCl2 189.7 4 9 0.330 264 0.76 −26.9 14.91
2 NH4Cl 53.5 0 3 0.953 763 0.26 −10.8 5.05
3 PbCl2 278.2 3.25 8 0.242 194 1.04 −5.1 4.74
4 NaBr 102.97 0 5.25 0.867 693 0.29 −3.7 5.24
5 BaCl2 208.23 0 8 0.653 522 0.38 5.7 2.74
6 SnCl2 189.7 2.5 4 0.110 88 2.28 17.1 1.54
7 CaCl2 111.68 4 8 0.378 303 0.66 32.0 0.68
8 SrCl2 158.52 1 8 0.678 542 0.37 38.2 0.49
9 CaCl2 111.68 2 4 0.233 187 1.07 42.3 0.39

10 ZnCl2 136.69 2 6 0.200 160 1.26 59.0 0.15
11 ZnCl2 136.69 4 6 0.166 133 1.51 59.7 0.15
12 LiCl 42.44 1 3 0.572 458 0.44 62.5 0.11
13 MnCl2 125.84 2 6 0.425 340 0.59 85.1 0.04
14 MgCl2 95.3 2 6 0.526 421 0.48 139.4 0.002

Likewise, the potential MHA candidates for the main reactors could be SrCl2 and
LiCl. Although MgCl2 has a volume factor of less than 0.5, it requires the demanding
condition of high temperature for desorption. The chemical formulas of these two main
MHA candidates are expressed in Equations (3) and (4). The salts are specified in Table 1.

SrCl2·NH3+7NH3 ↔ SrCl2·8NH3+7ΔHr (3)

LiCl·NH3+2NH3 ↔ LiCl·3NH3+2ΔHr (4)

4. Analytical Methods

Limited information about the kinetics of solid–gas sorption between MHAs and am-
monia could be found. The authors only found published data for SrCl2, but unfortunately,
none for LiCl. This work will take the analysis and discussion of the potential performance
of a solid–gas sorption-SCR system using SrCl2 as a case study.

The dynamic evaluation of ammonia desorption from sorbent highly depends on the
kinetic models used. However, the kinetic models determined by different methods deviate
from each other mainly due to the different heat and mass transfer conditions of the used
experimental apparatus. To obtain more insights for reactor and system design, the current
study used two different kinetic models to analyze the proposed sorption-SCR system. One
represents the ideal performance of the sorbent and reactor with extremely good heat and
mass transfer, while the other one represents a relatively practical scenario with limited
heat and mass transfer.

The kinetic model developed by Veselovskaya and Tokarev is based on the large
temperature jump (LTJ) method [33]. A monolayer of sorbent weighing 0.833 g is placed on
flat metal support in the LTJ test unit so that the ammonia adsorption and desorption can
process with negligible influence of heat and mass transfer. The LTJ method emulates real
operation conditions where the adsorption/desorption is driven by a temperature jump at
isobaric conditions. The time-dependent variation of conversion degree, x(t), is expressed
by the following equation:

x(t) = exp(−t·k) (5)
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where x is the conversion degree from 0 to 1; the rate constant k is believed to have a linear
relationship with the temperature equilibrium drop, ΔTeq, as expressed in Equation (6).

k = cΔTeq =
α·S

ΔHr·ΔN
·ΔTeq (6)

where S denotes the surface area of the heat exchanger, equal to the surface of the metal
plate (1.96 × 10−3 m2 in [24]), α is the heat transfer coefficient between the grains and
the metal plate, which was calculated as 90 ± 10 W/(m2K) in [33], ΔHr is the enthalpy
of the chemical reaction, and ΔN is the maximal amount of ammonia exchanged; hence,
the multiplication of ΔHr·ΔN in Equation (6) represents the total enthalpy change during
the adsorption/desorption of the tested composite. The value of c can be calculated to be
0.000333 K−1 s−1 based on the parameters given in [33]. ΔTeq is the main driving force for
the chemical reaction in the isobaric sorption process, and can be calculated by Equation (7):

ΔTeq = Teq(Pc)− Tc (7)

where Teq is the equilibrium temperature of the sorbent corresponding to the working
pressure Pc; Tc is the constrain temperature, which is equal to the heat-exchanging fluid
temperature and approximates the sorbent temperature in the test. Although this model
was developed based on BaCl2 test data, considering the similarity of MHA reaction activity
and heat and mass transfer performance on the grain scale, it is reasonable to apply it to
other MHAs under similar conditions. The value of c for SrCl2 in the current work was
calculated to be 0.000129 K−1 s−1 using the enthalpy change of SrCl2-ammonia sorption.

Another kinetic model of SrCl2-NH3 sorption expressed in Equation (8) was reported
by Huang et al. [34] using a test rig that consisted of a cylindrical reactor and an evapora-
tor/condenser. The cylindrical sorbent had a diameter of 150 mm and length of 100 mm,
with an 8 mm hole in the center for gas diffusion; the volume of the sorbent was around
1.8 L, and the mass amount was in the magnitude of hundreds of grams.

dx
dt

= sd exp
(−Ed

RT

)
(1 − x)md

Pc − Peq(T)
Peq(T)

(8)

where T is the sorbent temperature and Peq is the equilibrium pressure corresponding to the
sorbent temperature. The kinetic parameters sd, Ed, and md were determined as 0.125 s−1,
9000 J/mol and 3.02, respectively, for desorption by fitting to experimental results. This
model is intended to be a local model; only the local degree of conversion can be referred
to and the use of an experimental global degree of conversion to fit the kinetic model must
be avoided. Huang et al. built heat and mass transfer equations together with a kinetic
model for small elements to determine those parameters. Hence, theoretically, Huang
et al.’s model depresses the influence of heat and mass transfer on kinetics. However, to
some extent, the model still reflects the relatively practical performance of the sorbent and
reactor with limited heat and mass transfer.

With the calculated desorption rate, the released ammonia flow rate ṁNH3 can be
calculated by the following equation:

.
mNH3 =

dx
dt

ρV f
Ms

γMNH3 (9)

where ρ is the bulk density of the sorbent, V is the sorbent volume, f is the salt mass fraction
in the sorbent, γ is the stoichiometric coefficient of the sorption, and Ms and MNH3 are the
molar mass of the salt and ammonia, respectively.

5. NOx Emissions of a Diesel Engine

A heavy-duty diesel engine (Cummins ISBe 5) was experimentally tested to obtain
NOx emissions data under different operating conditions. The schematic diagram of the
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diesel engine test bench is shown in Figure 4. The specifications of the tested engine are
shown in Table 2. All exhausts were measured by a HORIBA© MEXA 1600D gas analyzer,
and solid particle data were collected by a HORIBA© MEXA 1000 SPCS. The diesel engine
ran for more than 30 min for warm-up prior to it being considered to have steady-state
performance. A more detailed description of this engine test can be found in the previous
work [24].

Figure 4. Experimental test rig of NOx emissions of diesel engine [24].

Table 2. Specification of the tested diesel engine [24].

Specification Values

Engine type Vertical-inline, turbo-charged, water cooling, 4-stroke
Cylinder 4
Chamber ω type

Displacement 4.5 L
Bore × Stroke 107 mm × 124 mm
Max. power 152 kW@2300 rpm
Max. torque 760 Nm@1400 rpm

Compression ratio 17.3
Emissions standard Euro V

According to the European stationary cycle, 12 different operation modes with three
different rotation speeds (1680 rpm, 1810 rpm, and 1940 rpm) and four load levels ranging
from 25% to 100% were tested. The specification of the operation modes is shown in
Table 3. The real-time NOx emissions of 10 modes are presented in Figure 5 (the other two
curves overlap and tangle with other curves, so they are not shown for the sake of clear
presentation). The highest average NOx emission of 196 mg/s occurred in Mode 8 with a
25% load and the highest exhaust flow rate; the lowest average NOx emission of 112 mg/s
happened in Mode 6 with the same load, but the lowest rotation speed. The emission
data of operation Mode 6 and 8, respectively, representing two extreme cases, will be
considered in the performance evaluation and comparison for the proposed sorption-SCR
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system. In each operation mode, the instantaneous NOx emission appeared in a slightly
wavy profile, but was almost stable with a small amplitude. Therefore, it is sensible to
use the average NOx emission for stable engine operation. The average emissions are also
presented in Table 3.

Table 3. European stationary cycle test modes and corresponding average NOx emission [24].

Mode
Engine Speed

(rpm)
Load (%) Weight (%)

NOx Emission
(mg/s)

NH3 Flow Rate
Required (mg/s)

1 1680 100 8 132.26 72.34
2 1810 50 10 157.55 86.17
3 1810 75 10 152.06 83.17
4 1680 50 5 159.82 87.41
5 1680 75 5 145.02 79.32
6 1680 25 5 111.67 61.08
7 1810 100 9 142.77 78.09
8 1810 25 10 196.08 107.25
9 1940 100 8 135.04 73.86

10 1940 25 5 172.93 94.59
11 1940 75 5 131.10 71.71
12 1940 50 5 182.10 99.60

 
Figure 5. Real-time NOx emission in different operation modes, specifications of the operation modes
are given in Table 3 [24].

According to the reactions between NOx and NH3 described by Equations (10) and (11),
to fully converse NOx to nitrogen and water, the required molar ratio of ammonia to
NOx is 1:1.

4NH3 + 4NO + O2 ↔ 4N2 + 6H2O (10)

2NH3 + NO + NO2 ↔ 2N2 + 3H2O (11)
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6. Results and Discussion

The ammonia charging of the start-up unit occurs simultaneously when the SCR
chamber receives ammonia dominantly from the main reactors. This requires a pressure
difference between the main reactor and the start-up unit. For example, if NH4Cl, which
has an equilibrium pressure of 5 bar at the ambient temperature (assumed as 25 ◦C in this
work), is used as the start-up MHA, the desorption pressure of the main MHA has to be
higher than 5 bar to expel ammonia to the start-up unit and SCR chamber at the same time.
This therefore sets a threshold of desorption temperature for the main MHA. This work
evaluated the performance of the sorption-SCR system using the SrCl2 (main)/NH4Cl (start-
up) pair based on two different kinetic models, as explained in Section 4. The desorption
temperature of the main MHA was set as 80 ◦C, 90 ◦C, and 100 ◦C, with an allowance of
more than 1 bar pressure equilibrium drop for the adsorption of the NH4Cl ammine at the
ambient temperature.

In general, a full AdBlue tank is designed to enable the average user to continue
driving for one year. The size of the AdBlue tank depends on many factors, including
the diesel vehicle’s engine and mileage, as well as several additional factors, such as
the type of driving, the ambient temperature, or the type of journey. The estimated
average use of AdBlue vs. diesel for trucks is between 4% and 8%, so approximately
500 L AdBlue is needed for local distribution in one year [35]. According to the volume
factor of SrCl2 ammine/ENG-TSA composite shown in Table 1, it can be estimated that
a sorption ammonia storage system using such a composite needs a main unit with an
overall 180 L capacity for one-year operation. Different layouts using different sizes of
replaceable reactors (from 10 L to 180 L) were discussed and compared; for example, a
possible layout could be 9 × 20 L, 6 × 30 L, 3 × 60 L, 2 × 90 L, or 1 × 180 L.

6.1. LTJ Model and Huang et al.’ Model

Comparing the dynamic desorption based on two different kinetic models, as shown
in Figure 6, the LTJ model represents the more desirable kinetics with a faster reaction rate.
In contrast, the curves of Huang’s model change rapidly before the desorption conversion
degree reaches 0.4. Afterward, the reaction rate slows down quickly, and the ammonia
conversion degree hardly changes once it goes beyond 0.8. It is not shown in Figure 6,
but the ammonia conversion degree is still lower than 0.9 after 3 h of reaction. The LTJ
model reflects relatively pure chemical reaction kinetics in a microscopic grain scale, as
the equilibrium drop dominates the evolution and almost eliminates all other possible
influences. These excluded influences, such as the heat conduction at the pellet level, should
have been coupled into heat transfer property and have a prominent impact on the reaction
rate of bulk reactant. Huang et al.’s model was developed by fitting the experimental results
on a reactor containing a few hundred grams of bulk reactant. At such a testing scale,
besides the dependence of pressure and temperature, the kinetics also involve a function
of conversion degree, f (x), which is the term representing the reactant reactivity as the
progression of the reaction and the changes in the physical structure of the reactant [36,37].
The reaction rate is directly related to the conversion degree, as shown in Equation (8). The
higher the conversion degree is, the lower the reaction rate. The reaction rate drastically
decreases when the desorption is halfway through. This implies that the quantity/scale
of the bulk MHA directly impacts the reaction rate and the final conversion degree, and
therefore the actual capacity of ammonia storage and delivery.

6.2. The Main Reactor

As described in Section 5, when the diesel engine operates at a stable condition, the
NOx emissions can be considered at a constant rate; therefore, a stable ammonia dosing rate
is required, as given in Table 3. However, it is the nature of the MHA-ammonia chemical
reaction that the desorption rate of MHA is an extremely unstable process if it is subject
to a fixed constraint pressure and temperature. The desorption is violent within the first
few minutes and then slows down quickly. Therefore, the current study proposed using a
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pressure valve to adjust the backpressure to achieve stable ammonia dosing. This valve is
located downstream of the reactor, but upstream of the exhaust mixer, as shown in Figure 1.
The opening area of the orifice of the valve is adjusted by the signal given by the DCU after
processing the pressure signal.

°
°

Figure 6. Kinetic curves of SrCl2-ammonia desorption based on LTJ model and Huang et al.’s model.

The constraint pressure that should be imposed on the sorbent to generate the ammo-
nia stream at a required flow rate is shown in Figure 7 when the engine operates with the
highest NOx emissions (Mode 8). If using the LTJ model, i.e., the heat and mass transfer of
the reactor are under ideal conditions, the unrestrained kinetics enable ammonia release
for a longer time, and all the ammonia stored in the sorbent composite can be released,
regardless of different reactor layouts; the backpressure of desorption can be almost con-
stant, and there is no need for it to go down for the purpose of creating a higher pressure
difference to propel ammonia release. The operation duration of the whole unit is almost
the same, independent of the heating temperature and layout design. It is noticeable that
there is a small point-down tail on the curves of the 10 L reactor; this small tail gradually
disappears as the reactor size becomes larger, as shown in Figure 7. Since the LTJ kinetic
model has no item directly representing the conversion degree, the calculated conversion
degree is solely time-dependent. However, for a comparatively small reactor, the constraint
pressure has to decrease to a relatively lower level to release the last bit of ammonia. For a
relatively larger reactor, the larger total reactive ammonia ensures that the ammonia dosing
can be persistently supplied at a required rate, even when the desorption rate is low as it
approaches reaction completion. This is more evident in Equation (9).
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(a) 

 
(b) 

°
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(c) 

°

°
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Figure 7. Working pressure and desorption conversion degree of sorption-SCR system in Mode 8,
calculated with LTJ model and Huang et al.’s model: (a) 10 L reactor; (b) 20 L reactor; (c) 180 L reactor.
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The conversion degree of the sorbent has an evident impact on the reaction rate in
Huang et al.’ model. In the case of a bulk reactor/sorbent with limited heat transfer,
as the ammonia content within the sorbent decreases with the evolving desorption, the
equilibrium pressure drop should increase to retain the continuously stable ammonia
stream at the required flow rate with a given desorption temperature. For this instance,
the constraint pressure Pc should decline to create the equilibrium drop required. Once
the ammonia conversion degree reaches around 0.4–0.5, it can be observed in Figure 7 that
Pc declines drastically; when Pc decreases to 1 bar (exhaust pressure), there is still some
ammonia detained within the sorbent.

Figure 8 shows the final desorption conversion degree in each reactor with different
volumes and heating temperatures. The value of the conversion degree in a reactor with
100 ◦C heating temperature for Mode 6 and Mode 8 is an average of 0.86% and 1.05% higher
than that with 80 ◦C heating temperature, respectively, because higher heating temperature
leads to higher equilibrium pressure, resulting in a higher equilibrium drop to maintain
the required ammonia dosing rate for a longer time. Meanwhile, the reactor volume has a
significant influence on the conversion degree. To meet the required ammonia flow rate,
a relatively larger desorption rate (dx/dt) is required for a smaller reactor, according to
Equation (9), leading to a quicker drop in ammonia content. In a mutual coupling of a
vicious circle, the decrease in the value of x results in a declining reaction rate. In this
instance, as the desorption is ongoing, a larger equilibrium drop, according to Equation
(8), is the only way to achieve the desired desorption rate. However, since there is a floor
limit of desorption backpressure, the equilibrium drop cannot infinitely be enlarged with
a given desorption temperature. Consequently, when the conversion degree reaches a
certain value, the smaller reactor becomes incapable of providing the required ammonia
flow rate. For example, for the operation of Mode 6 at the same heating temperature of
80 ◦C, when the conversion degree reaches 69.1%, the ammonia output from 2.5 L reactor
cannot meet the flow rate demand (107.25 mg/s). In contrast, a 10 L reactor can still provide
the required ammonia until the conversion degree grows to 80.5%. The actual achievable
ammonia storage capacity of a small reactor deviates more from its theoretical expectation
than a large reactor. Another obvious indication is that, unlike the results of the LTJ model,
the duration of the effective ammonia release in a 30 L reactor is not straightforwardly
half that of a 60 L reactor but less; likewise, a 180 L reactor lasts longer than two 90 L
reactors combined. Hence, using a layout consisting of small reactors requires a large total
volume of the main unit for a certain storage capacity or requires more frequent reactor
replacement or ammonia charging. For example, for the operation of Mode 8, a system
with a 6 × 30 L reactor layout would need an extra 25 L sorbent composite to fulfill the
total 180 L capacity, not to mention the collateral volume penalty of fitting and piping
arrangements between reactors.

6.3. The Start-Up Unit

The start-up unit was adopted to deliver ammonia during the warm-up time of the
main unit. As a matter of fact, a layout with a few small replaceable reactors composing
the main unit is preferable over one large reactor if considering the warm-up time for
the main unit. Since the storage tank and the whole bulk of sorbent should be heated up
until the sorbent reaches the desorption point with proper working pressure in order to
activate ammonia release, the less its thermal mass, the faster the unit can begin to function
effectively. Alternatively, to offset the relatively retarded action at the outset, the size and
capacity of the start-up unit can be enlarged so that it can last a longer time before the main
reactor is ready.
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Figure 8. Desorption conversion degree using three different heating temperatures.

This warm-up time has been calculated using the common design of double-tube
reactors for the main unit as an example. In a double-tube reactor, the heat-exchange fluid
flows through the inner tube and the solid sorbent is compressed into the annular space
between the inner and outer tubes. The geometric parameters of the reactors in different
sizes are assumed and given in Table 4. The reactor is not necessarily straight; meandering
in multiple U shapes or spiral shapes could be possible, especially for large volume design.
According to the ratio of coolant water flow rate to brake power as a function of engine
speed [38], the coolant water flow rate can be estimated for engine operation Mode 6 and
Mode 8 at about 0.31 ± 0.01 kg/s. The temperature of the coolant water entering the
reactor is assumed to be 90 ◦C. The start-up unit using NH4Cl/ENG-TAS composite has
an equilibrium pressure of around 5 bar at 25 ◦C and begins to adsorb ammonia when
it is subject to a pressure equilibrium drop of 1 bar. This means that the main reactor
should be heated and pressurized up to around 6 bar before it can release ammonia for
both NOx conversion and for charging the start-up unit. After that, the required volume
of the start-up unit can be estimated based on the ammonia storage capacity of the used
start-up MHA and the NOx emissions during the warm-up period.

Table 4. Parameters of different reactors and the corresponding start-up units.

Inner Tube
Diameter (mm)

Outer Tube
Diameter (mm)

Length (m)
Total System

Volume (litre)
Volume of the Start-Up

Unit Required (mL)
Warm-Up Time

(min)

10 L 20 100 1.35 10.60 91 5.95
20 L 20 100 2.7 21.20 104 6.75
30 L 20 100 4 31.42 117 7.63
60 L 20 100 8 62.83 165 10.78
90 L 20 100 11.95 93.85 219 14.25

120 L 20 100 15.95 125.27 274 17.9
180 L 20 100 23.9 187.71 387 25.25

Table 4 shows the warm-up time required for different sizes of reactors and the
required volume of the start-up unit corresponding to different layouts. The warm-up
time of the main unit is from 5.95 min to 25.25 min, with the reactor size of the main unit
ranging from 10 L to 180 L. Although the start-up volume increases from 0.104 L to 0.387 L,
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this volume is at least two orders of magnitude smaller than that of the main unit. As
aforementioned, a smaller main unit requires less warm-up time, so the start-up unit can be
smaller. However, the volume difference between start-up units for different layouts cannot
offset the extra volume required for the layout with smaller reactors compared to that with
a larger reactor. In fact, the capacity of the start-up unit onboard the vehicle should be
rationally designed greater than that calculated in Table 4 for more reliable operation and
resistance to unexpected driving conditions. On the other hand, considering the potential
safety issue of ammonia leakage from high-pressure containers (>1 bar) at the ambient
temperature in the scenario of eruption, the capacity of the start-up unit should be as small
as possible.

Therefore, choosing a layout with a higher conversion degree and shorter warm-up
time would be preferable. However, these two values are contradictory. Consequently,
a trade-off is necessary for optimal performance, as one or the other is compromised. It
is reasonable to compromise the desorption conversion slightly and choose the smaller
reactor, i.e., a 60 L reactor, with a much shorter warm-up time and an acceptable conversion
degree larger than 0.9.

7. Conclusion

This work studied a new design of sorption-SCR system for improved ammonia
storage density and delivery for high NOx conversion efficiency at a relatively lower driven
temperature (<100 ◦C) compared to urea-SCR systems. The system mainly consists of a
main unit and a start-up unit that contain, respectively, the main metal halide ammine
and a secondary metal halide ammine as sorbents. The selection criteria of metal halide
ammine for each unit have been discussed. Taking the SrCl2 and NH4Cl as working pairs
for an example, the dynamic performance of the sorption system in different layouts has
been investigated. Ammonia demand for 100% NOx conversion efficiency was compared
between two kinetic models.

Although the actual NOx emissions from engines in real driving conditions are more
complex, the European stationary cycle test data of a diesel engine was used to explore
the feasibility of this sorption-SCR system as a preliminary study. The modeling results
indicated that this system is promising. Some conclusions are given as follows:

(a) Among the commonly used metal halide ammines, NH4Cl and NaBr can be the
ideal candidates for the start-up unit due to their relatively high equilibrium pressure at
ambient temperature; and SrCl2 and LiCl have the potential to be competent as the main
metal halide ammine.

(b) A 20 ◦C growth in desorption temperature can lead to a 1% improvement of
utilization efficiency of ammonia storage. Although the volume of the reactor had a
significant influence on the conversion degree of the sorbent, larger reactors benefit from
the final desorption conversion degree. The conversion degree of a system with a 10 L
reactor is 16.6% higher than that with a 2.5 L reactor under a heating temperature of 80 ◦C
for Mode 8. Namely, a larger reactor can release more ammonia than the combination of
several small reactors with the same overall sorbent volume.

(c) When the volume of main reactor was increased from 10 L to 180 L, the warm-up
time was extended by 19.3 min. Due to the thermal mass of the reactor and the solid
sorbent, larger reactors require longer warm-up times before they can effectively deliver
the ammonia at the desired flow rate. This necessitates a larger capacity of the start-up unit
to cover up the warm-up period and increases the risk of unsatisfied ammonia delivery
during non-ideal driving conditions. The optimal design should be a trade-off between the
total desorption conversion degree and the warm-up time.

(d) For further work, a more suitable kinetic model based on a reactor design similar
to a real system will be needed. A better kinetic model influenced by more practical factors
and closer to true kinetic behavior can provide more insights for system design.
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Nomenclature
ΔN Ammonia exchange amount [mol]
ASDS/AdAmmine Ammonia storage and delivery system
AT Ammonia transfer
AW Ammonia warning
ΔHr Chemisorption enthalpy [J/mol (NH3)]
x Conversion degree [−]
DESs Deep eutectic solvents
ρ Density [kg/m3]
DCU Dosing control unit
ENG-TSA Expanded graphite treated with sulfuric acid
R Gas constant [J/(mol K)]
S Heat exchange area (m2)
α Heat transfer coefficient [−]
ILs Ionic liquids
LTJ Large temperature jump
LNT Lean NOx trap
ṁ Mass flow rate [kg/s]
MHA Metal halide ammine
M Molar mass [kg/mol]
NOx Nitrogen oxides
m Parameter in kinetic model [−]
E Parameter in kinetic model [J/mol]
c Parameter in kinetic model [K−1 s−1]
s Parameter in kinetic model [s−1]
P Pressure [Pa]
k Rate constant [s−1]
f Salt mass fraction in composite [−]
SCR Selective catalytic reduction
γ Stoichiometric coefficient [−]
T Temperature [◦C]
ΔT Temperature difference [◦C]
t Time [s]
V Volume [m3]
Subscripts
amb Ambient
NH3 Ammonia
c Constrains
d Desorption
eq Equilibrium
exh Exhaust
ms Main salt
sou Source
ss Start-up salt
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Abstract: Compared with traditional cables, superconducting multi-stage cables have the natural
advantages of greater transmission power and less energy loss, which have gradually attracted
attention. However, conventional multi-stage cables are based on low temperature superconducting
(LTS) technology and there is considerable scope for improvement in their performance. In this paper,
a novel structure of the multi-stage high temperature superconducting (HTS) twisted cable prepared
by the soldered-stacked-square (3S) wire is proposed. The AC loss characteristics of the twisted cable
are deeply studied by experiments and simulation. Through the experiment, the influence of the
voltage-leads on the AC loss measurement accuracy is eliminated, and frequency dependent is shown
in the AC loss of the twisted cable. Besides, the simulated value of AC loss is consistent with the
experimental value, which verifies the accuracy of the simulation. The AC loss of twisted cable is
only 20% of that of the thin strip model, which reveals its outstanding advantages in AC loss.

Keywords: AC loss; HTS twisted cable; 3S wire; experiment; simulation

1. Introduction

Due to the significant features of high critical current density and high irreversible field,
REBCO tapes are gradually applied in high temperature superconducting (HTS) cables [1,2].
Researchers have been working to further improve the current-carrying capacity of REBCO
tapes by twisting or stacking, such as twisted stacked-tapes cable (TSTC) [3], conductor
on round core cables (CORC) [4], Roebel coated conductor cables [5], HTS cross conductor
(HTS-CroCo) [6], quasi-isotropic strand (QIS) [7,8], soldered-stacked-square (3S) wire [9],
highly flexible REBCO cable (HFRC) [10], and so on. They also promote possible wide
applications, such as electrical machine [11] and fault current-limiting superconducting
cable [12].

Based on the design of multistage twisted CICC cable used in the superconducting
fusion magnet of ITER and other projects, an HTS twisted cable composed of soldered-
stacked-square (3S) wires is designed. Compared with the low temperature superconduct-
ing (LTS) wires utilized in traditional CICC design, HTS 3S wires effectively makes up for
its deficiencies in current-carrying capacity, mechanical strength, AC loss, and cooling cost.
The structure of the HTS twisted cable is shown in Figure 1. First, several 2-mm-wide HTS
narrow tapes and copper tapes are stacked in a certain order and packaged into an HTS
3S wire. Then, seven 3S wires are twisted to form the first-stage cable, which is named
2 mm-7-cable. Six first-stage cables can be further twisted into the second-stage cable. As
shown in Figure 2, the 3S wire indicated by the red rectangle is made up of two HTS tapes
and ten copper tapes with 2 mm width, so we named it 3S (2s + 10c)-wire. The HTS tapes
used in this paper are the YBCO materials without artificial pinning centers, manufactured
by Shanghai Superconducting Technology Company (SSTC). Specifications of the used
HTS tapes, 3S (2 + 10c)-wire and 2 mm-7-cable are listed in Table 1. The fabrication and
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critical current evaluation of the twisted cable have been studied specifically in our pre-
vious work [13]. In this study, copper tapes are used instead of the HTS tapes to reduce
experimental costs while realizing the cable structures. Meanwhile, copper tapes can also
enhance the mechanical strength and provide a certain overcurrent protection.

Figure 1. Conceptual illustration of multistage cable structure using 3S wires.

Figure 2. Cross-section view of 2 mm-7-cable and structure of 3S (2s + 10c)-wire with 2 mm width.

Table 1. Specifications of HTS tape, 3S (2s + 10c)-wire, and 2 mm-7-cable.

HTS tape

Width and thickness 2.0 mm × 70 μm
Thickness of superconducting layer ~1.3 μm

Thickness of silver layers ~1 μm
Thickness of substrate layer (plus buffer) ~10 μm

Thickness of copper plating layer, each side 90 A @ 77 K
Critical current of HTS tapes 30 A ± 5 A

3S (2 + 10c)-wire

Width and thickness 2.09 mm × 1.85 mm
Number of HTS tapes 2

Number of copper tapes 10
Width and thickness of copper tape 2.00 mm × 150 μm

2mm-7-cable

Diameter 9.7 mm
Critical current, self-field, average 300 A @ 77 K

Twist pitch 100 mm
Number of 3S wires 7

For superconducting cables that carry large current, AC loss is another important
characteristic to be investigated. AC loss will lead to heating and increase the burden on
the cooling system, and in serious cases, it may also decrease the critical current of the cable,
affecting the stability of the system. Therefore, we focus on the AC loss of the 2 mm-7-cable
in this paper. The measuring method of the AC loss is firstly introduced, and the influences
of different voltage leads arrangement and different voltage-lead heights on AC loss are
discussed. Then, the frequency dependence of AC loss of the twisted cable is tested. Finally,

120



Energies 2022, 15, 7454

the finite element method (FEM) is used to calculate AC loss of the 2 mm-7-cable and the
simulation and experimental results are contrasted in detail.

2. AC Loss Measurement

The AC loss measurement system used in this paper is mainly composed of a wave-
form generator, a current source, a current transformer, an amplifier, an oscilloscope, and a
compensation coil. The schematic diagram of the whole measurement system is shown
in Figure 3a, and the actual picture is shown in Figure 3b. The experimental steps are as
follows: Controlled by the waveform generator, the current source sends out AC current
signals with specified cycle, frequency and amplitude. The transformed current signal is
collected by the oscilloscope through the filter amplifier by adjusting the relative position
of the compensation coil. The voltage signal in the same phase as the current signal is also
collected by the oscilloscope after being filtered and amplified. The experimental value of
AC loss can be obtained by integrating the compensated voltage and current data. In this
study, all the AC loss measurements were carried out in 77 K liquid nitrogen.

Figure 3. AC loss measurement system. (a) Schematic diagram; (b) Actual picture.

Four-point method is adopted for AC loss measurement. The two ends of 2 mm-7-cable
are inserted into copper terminals which is slightly larger than the cable, and solder is
poured to fill the gap between 2 mm-7-cable and copper terminals for fixation and electric
conduction. The current-leads are connected to the copper terminals of 2 mm-7-cable.
For voltage-leads, as there is no precedent to measure the AC loss of this twisted cable
structure, two connection methods are designed. The first connection method is the same
as the traditional voltage-lead connection. Keep the voltage-leads parallel to the surface
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of 2 mm-7-cable and wind them into one at the place where the voltage-leads meet, as
shown in Figure 4a. A rectangular gap is formed between the voltage-leads and the surface
of 2 mm-7-cable. This voltage-lead arrangement is named as square-lead arrangement.
Another method is to keep the voltage-leads parallel to the surface of the 3S wires and let it
spirally wrap on the 2 mm-7-cable, as shown in Figure 4b. The voltage-leads also meet in
the middle. The second connection method is named spiral-lead arrangement. Only when
the voltage-lead is high enough and the rectangular area is large enough can the complete
loss voltage induced by saturated magnetic flux be collected on the voltage-lead.

Figure 4. Schematic diagram of two voltage lead arrangements. (a) Square-lead arrangement;
(b) Spiral-lead arrangement.

Comparative experiments are carried out on these two connection methods. The AC
loss is measured and compared under the condition of keeping the same distance between
the voltage-leads and surface of the 2 mm-7-cable and the same frequency. The distance
between the voltage-leads and surface of the 2 mm-7-cable ranges from 0 mm to 5 mm,
10 mm, and 15 mm. The measured frequencies include 25 Hz, 50 Hz, 100 Hz, and 200 Hz.
In sixteen groups of comparative tests, all the results show that the AC loss is almost the
same under the two voltage-leads arrangements. Figure 5 shows the AC loss measurement
results of two groups of comparative experiments. Therefore, it can be seen that these two
arrangements of voltage-leads have no effect on AC loss measurement.

In addition, the influence of voltage-lead height on AC loss measurement is studied.
For a single HTS tape, in order to measure the loss voltage correctly, the distance between
the sample surface and the voltage lead should be kept at the distance about three times the
tape half-width [14]. However, for the twisted cable structure in this study, the influence
of voltage-lead height on AC loss is not clear, so we design an experiment to evaluate the
influence of voltage-lead height to guide the application of high current HTS twisted cable
in the future. As shown in Figure 6, four voltage-leads with different heights are welded on
the same 2 mm-7-cable at the same time, and the two ends of the voltage lead are fixed on
the same solder joint. The voltage leads are kept parallel to the surface of the 2 mm-7-cable.
The distance between the voltage-taps is 770 mm. As we can see in Figure 7, when the
height of voltage-leads increases from 0 mm to 5 mm, 10 mm, and 15 mm, the value of AC
loss does not change significantly.
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Figure 5. Comparison of AC loss of 2 mm cable under two voltage−lead arrangements. (a) AC loss
values when the distance between the voltage−leads and the cable sample is 0 mm and the frequency
is 25 Hz; (b) AC loss values when the distance between the voltage−leads and the cable sample is
15 mm and the frequency is 50 Hz.

Figure 6. Schematic diagram of voltage-lead height of 2 mm-7-cable.

Figure 7. Dependence of height of voltage-lead configuration on AC loss for 2 mm−7−cable.
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Next, the frequency dependence of the AC loss of the twisted cable was tested, and
the measurement results are shown in Figure 8. It can be seen that the AC loss of the cable
has obvious frequency dependence, and the value is approximately proportional to the
current frequency, indicating that the eddy current loss accounts for a large proportion of
the AC loss of the cable.

Figure 8. Effect of frequency on AC loss of 2 mm−7−cable.

3. AC Loss Simulation

The electromagnetic field distribution inside the superconductor under the complex
geometric model is often solved by the finite element method (FEM) [15]. FEM modeling
can separate the different components of AC loss in HTS cables, which helps to judge the
hysteresis loss in superconducting layers and eddy current loss in copper layers and further
analyze the AC loss characteristics. The FEM modeling normally has three numerical
methods, all named after the variables used in the partial differential formulations: one
is the A-V formulation based on the magnetic vector potential, the second is the T-Ω
formulation based on the current vector potential, and the third is the H-formulation based
on the magnetic field. Considering the transition process of superconductors from the
superconducting state to the normal conducting state, the nonlinear E-J relationship is often
used concurrently with these formulations [16]. For the simulation of superconducting
cables, the H-formulation is selected as the mathematical basis of the three-dimensional
model, and its outstanding advantages are as follows:

(1) For the A-V formulation and the T-Ω formulation, four variables are required for5three-
dimensional problems, while the H-formulation has only three variables, namely Hx,
Hy, and Hz. Fewer variables and no second derivative make the H-formulation less
computationally intensive and faster than the other two formulations.

(2) In many scenarios, the model needs to consider both the transport current and the
background field. The H-formulation is most used in integral boundary conditions.
The background field can be achieved by setting the boundary conditions of the
H-formulation, while the transport current can be injected into the model by Ampere’s
law. Furthermore, there is no need to distinguish vector potentials that could lead to
computational errors.

(3) The A-V formulation uses the electric field E to calculate the current density J, a
small change in E will cause a dramatic change in J, which makes the formulation
very unstable. The H-formulation is just the opposite, using the current density J to
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calculate the electric field E, successfully avoiding the non-convergence problem that
may occur in the A-V formulation.

The H-formulation is essentially another representation of Maxwell’s formulations,
which is equivalent to a quasi-static process for HTS. The specific formula is shown
as follow:

∇× E = −μ0μr
∂H
∂t

J = ∇× H
Enorm = ρΩ·Jnorm

(1)

In this model, the Cartesian three-dimensional coordinate system is used, and the mag-
netic field strength H is regarded as an independent variable, defined as H =

[
Hx, Hy, Hz

]T ;

the current density J is defined as J =
[

Jx, Jy, Jz
]T , current density modulus value Jnorm =√

J2
x + J2

y + J2
z

T
; electric field intensity E is defined as E =

[
Ex, Ey, Ez

]T , the electric field

strength modulus Enorm =
√

E2
x + E2

y + E2
z . According to Ampere’s law, the relationship

between J and H can be obtained as:

Jx = ∂Hz
∂y − ∂Hy

∂z

Jy = ∂Hx
∂z − ∂Hz

∂x
Jz =

∂Hy
∂x − ∂Hx

∂y

(2)

For the second-generation HTS tapes used in this study, the nonlinear relationship
between current and voltage can be described by the E-J characteristic:

E = E0

(
J
Jc

)n
(3)

According to Faraday’s law, the relationship between E and H can be described as:

∂Ez
∂y − ∂HEy

∂z = −μ0μr
∂Hx
∂t

∂Ex
∂z − ∂Ez

∂x = −μ0μr
∂Hy
∂t

∂Ey
∂x − ∂Ex

∂y = −μ0μr
∂Hy
∂t

(4)

The entire model is divided into three subdomains: HTS domain, copper domain, and
air domain. Different subdomains are assigned different resistivities:

ρHTS = Ec
Jc
·
(

Jnorm
Jc

)n−1

ρCu = 1.97 × 10−9 Ω·m
ρAir = 1 Ω·m

(5)

The influence of the external magnetic field and the pinning centers is important for
the critical current [17,18]. In the complex HTS cables, each HTS tape is affected by the
magnetic field produced by other tapes in the same cable. To simplify the calculation, the
critical current in FEM model is set as the measured value of the cable instead of the initial
value of the HTS tape. Therefore, the overall critical current of the HTS cable is considered
here, and the measured value of the critical current has represented the self-field influence
caused by the interaction of the HTS tapes.

The geometric dimensions and parameters of 2 mm-7-cable are set as shown in Table 1
so as to correctly compare the difference between the experimental value and the simulation
value. In order to speed up the calculation speed, some parameters have been optimized:
the width of the HTS layer in the REBCO tape is 2 mm, while the thickness is only 1 μm.
In COMSOL, such a large width-to-thickness ratio will lead to a surge in the number of
meshes, increasing the calculation convergence difficulty. Thus, in this model, the thickness
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of the superconducting layer is increased by 10 times to 10 μm, which will not affect
the accuracy of the calculation results and greatly speed up the calculation speed [19].
In addition, the cable length is set as the half-twist pitch, which also greatly reduces the
degree of freedom and speed up the calculation. The substrate layer, copper layer, and
other parts of the HTS tape except the superconducting layer are regarded as the copper
domain, and the distance between the two superconducting layers is 150 μm. The 3D view
and side view of the geometric model are shown in Figure 9.

Figure 9. Three-dimensional geometric model of 2 mm-7-cable.

The solution adopts parametric sweep, and five groups of 50 Hz sinusoidal alternating
currents pass through the cable, ranging from 0.4 times the critical current to one time
the critical current, respectively 120 A, 165 A, 210 A, 255 A, and 300 A. The formula for
calculating the AC loss is as follow:

QAC loss = 2
∫ T

T/2

(∫
V

E·J dV/L
)

dt (6)

Next, the simulated and experimental values of AC loss are compared, and the results
are shown in Figure 10. The experimental value is a set of data with the voltage leads
arranged in parallel, with a height of 0 mm and a current of 300 A. The parameters of
the simulation are kept consistent with the experimental values. From the figure, we can
see that the overall simulation value of AC loss is very close to the experimental value,
which verifies the accuracy of the simulation. Since there are many copper layers in this
cable, although there is almost no current flow in the copper layers, the loss of the copper
layers also accounts for about 20% to 30% of the total loss. In future designs, as the overall
proportion of the superconducting layer in the cable increases, the AC loss of the copper
layers can be ignored. In addition, when the transport current of the twisted cable is greater
than 0.4 times the critical current, compared with the theoretical value of the thin strip of
the Norris model, the twisted structure significantly reduces the AC loss. The larger the
transport current value, the greater the decrease in AC loss. When the current increases
to the critical current, the AC loss is only 20% of the thin tape, which indicates the unique
advantages of twisted cables in reducing AC loss.
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Figure 10. Comparison between experimental and simulation values of AC loss of 2 mm−7−cable.

4. Conclusions

In this paper, the AC loss characteristics of the HTS novel twisted cables are studied
by both experimental and simulation methods. Firstly, the devices and steps of AC loss
experimental measurement are introduced. Then, the experimental results are analyzed,
and the following important conclusions are drawn: The parallel arrangement of the voltage
leads and the spiral arrangement have little effect on the experimental measurement results
of AC loss. The voltage-leads are close to the surface of the cable to measure the saturated
magnetic flux of the sample is obtained. The AC loss of the cable has a certain frequency
dependence, indicating that the eddy current loss accounts for a large proportion of the AC
loss of the cable. The simulation value of AC loss is highly consistent with the experimental
value, which proves the effectiveness and accuracy of the simulation. Compared with the
thin strip model, the twisted structure can reduce the AC loss by up to 80%, highlighting the
outstanding advantages of the twist structure in terms of AC loss. This paper successfully
combined the CICC structure and 3S wire to form a second-stage HTS cable. The AC loss
reduction is also confirmed as a promising result, which enhances the application potential
of this cable design.
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Abstract: An ionic liquid, 1-methyl-3-propylimidazolium iodide (MPII), was solidified with an
organic hole-transporting material, 4,4′,4′′-tris[(3-methylphenyl)phenylamino]triphenylamine (m-
MTDATA), and the resulting solid-state redox mediator (RM) (m-MTDATA-solidified MPII) was
employed in solar devices to realize solid-state dye-sensitized solar cells (sDSSCs). Solar devices
with only MPII or m-MTDATA as an RM showed almost 0 mA/cm2 of short-circuit current (Jsc) and
thus 0% power conversion efficiency (PCE). However, an sDSSC with the m-MTDATA-solidified
MPII exhibited 4.61 mA/cm2 of Jsc and 1.80% PCE. It was found that the increased Jsc and PCE
were due to the formation of I3

−, which resulted from a reaction between the iodie (I−) of MPII
and m-MTDATA cation. Further enhancement in both Jsc (9.43 mA/cm2) and PCE (4.20%) was
observed in an sDSSC with 4-tert butylpyridine (TBP) as well as with m-MTDATA-solidified MPII.
We attributed the significant increase (about 230%) in PCE to the lowered diffusion resistance of
I−/I3

− ions in the solid-state RM composed of the m-MTDATA-solidified MPII and TBP, arising from
TBP’s role as a plasticizer.

Keywords: dye-sensitized solar cell; solid-state redox mediator; ionic liquid; 4-tert butylpyridine;
m-MTDATA

1. Introduction

A conventional dye-sensitized solar cell (DSSC) typically comprises an organic-solvent-
based liquid redox mediator (RM) and two electrodes (i.e., dye-adsorbed TiO2 photoanode
and Pt-coated counter electrode). It has a three-layered structure in which the liquid RM
is sandwiched between the two electrodes [1–4]. For the last three decades, numerous
studies have been performed, and a power conversion efficiency (PCE) as high as 14.3%
has been achieved [5]. However, the potential problems caused by organic-solvent-based
liquid RMs, such as their leakage, the volatilization of solvents at high temperatures, and
the precipitation of salts at low temperature, are considered critical reasons for limiting
the commercialization and practicable use of DSSCs [6]. By replacing the liquid RM with
a solid-state (s) RM or hole-transporting material (HTM) in DSSCs, the above problems
can be solved, and dye desorption can also be prevented [7]. There are two types of
sDSSCs: one is a sandwich-structured cell with a basic configuration of glass/F-doped
tin oxide (FTO)/mesoporous TiO2:dye/sRM/platinized FTO/glass, and the other is a
metal-back-contact-structured device with a configuration of glass/FTO/mesoporous
TiO2:dye/sHTM/metal electrodes (Au or Ag). The sandwich-structured sDSSCs include
several-micrometer-thick sRM layers. Therefore, they are disadvantageous in improving
PCE compared to the metal-back-contact-structured sDSSCs, in which the thickness of
sHTM layers is typically under 1 μm.
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Recently, photovoltaic properties of sandwich-structured sDSSCs have been re-
ported [8–12]. When inorganic sRMs, such as CsSnI2.95F0.05 doped with SnF2 [8] and
Cs2SnI6 with additives [9], were applied, sandwich-structured sDSSCs showed PCEs of
up to 10.2% and 7.8%, respectively. It has also been reported that PCEs of sandwich-
structured sDSSCs ranged from 5.68% to up to 11%, when metal complexes (Cu2+/+ or
Co3+/2+) in combination with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and
4-tert-butylpyridine (TBP) [or 4-(trifluoromethyl)pyridine] were employed as sRMs [10–12].
As another approach to creating sRMs for sandwich-structured sDSSCs, the solidification
of ionic liquids has been attempted [13–19]. Ionic liquid, a salt in liquid state at room
temperature, features high ionic conductivity, negligible vapor pressure, high thermal
stability, and a wide electrochemical window [6,15]. Dialkylimidazolium iodides, such as
1-methyl-3-propylimidazolium iodide (MPII), 1-butyl-3-methylimidazolium iodide (BMII),
and 1-ethyl-3-methylimidazolium iodide (EMII), have been used for the liquid and/or
sRMs of DSSCs as an iodide (I−) source. These ionic liquids were solidified by mixing them
with conductors, semiconductors, or insulators to apply them to sRMs for sDSSCs. A 5.4%
PCE was achieved in a sandwich-structured sDSSC when MPII in combination with LiTFSI
and TBP was cast on a solid-state polymerized poly(3,4-ethylenedioxythiophene) (P3HT)
as a solidifying agent [13]. In addition, several ionic liquid/solidifier systems, such as MPII
(without I2)/polyaniline-loaded carbon black (5.81%) [6], BMII + BMISO3CF3(with I2)/SiO2
(4.83%) [14], BMII(with I2)/TiC (1.68%) [15], EMITFSI + EMII(with I2)/SiO2 (3.7%) [16],
BMIBF4(with I2)/silica (4.98%) [17], EMITFSI + EMII(with I2)/TiO2 (5.0%) [18], EMITFSI
+ EMII(with I2)/carbon fiber (4.97%) [18], and MPII(with I2)/silica (7.0%) [19], were also
reported. In most of these reports, iodine (I2) was added to solidified ionic liquid systems
to produce triiodide (I3

−) via a reaction with the iodide (I−) [14–19]. However, the corro-
sive nature of iodine can limit the use of metallic-grid electrodes in the manufacturing of
multi-cell modules [6,13].

This study aims at providing an iodine-free and volatile-organic-solvent-free sRM,
which applies to even several-micrometer-thick hole transporting layers for applications to
sandwich-structured sDSSCs. We prepared an iodine-free sRM based on an ionic liquid
(MPII) as an iodide source and a hole-transporting triphenylamine compound, 4,4′,4′′-
tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA), as a solidifier. m-MTDATA is one
of the most well-known arylamine compounds applied in organic light-emitting diodes
and perovskite solar cells as a hole injection or transporting material, and devices with
m-MTDATA have shown good performance [20–22]. Compared with polymeric solidifiers
such as P3HT [13] and polyaniline [6], low-molecular-weight m-MTDATA is highly advan-
tageous in terms of pore-filling property because polymers are poorly penetrated into the
TiO2 mesopores, which arises from mismatches between the polymer and mesopore sizes.
Uniform pore-filling property is essential to ensuring higher PCEs of DSSCs. The viscous
liquid of MPII was solidified with m-MTDATA by simply mixing them and then applying
them to sDSSCs as an sRM. We fabricated sandwich-structured sDSSCs with the solidified
MPII, and their photovoltaic performance was investigated. To the best of our knowledge,
sandwich-structured sDSSCs with m-MTDATA-solidified MPII as an sRM have never been
reported. The reported photovoltaic parameters [i.e., short-circuit current density (Jsc),
open-circuit voltage (Voc), fill factor (FF) and PCE] of sandwich-structured sDSSCs with
solidified ionic liquid are summarized in Table 1, including those of our device with the
m-MTDATA-solidified MPII.

Table 1. Reported photovoltaic performance of sandwich-structured sDSSCs with an sRM based on
ionic liquids and solidifying agents.

Ionic Liquids
Solidifying

Agents
Jsc

(mA/cm2)
Voc
(V)

FF
(%)

PCE
(%)

Ref.

MPII (without I2) P3HT 14.2 0.64 60 5.4 [13]
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Table 1. Cont.

Ionic Liquids
Solidifying

Agents
Jsc

(mA/cm2)
Voc
(V)

FF
(%)

PCE
(%)

Ref.

MPII (without I2)
polyaniline-

loaded carbon
black

12.20 0.737 65 5.81 [6]

MPII (without I2) m-MTDATA 9.43 0.610 73.0 4.20 This study

BMII + BMISO3CF3
(with I2) SiO2 11.3 - - 4.83 [14]

BMII (with I2) TiC 3.40 0.6686 74 1.68 [15]

EMITFSI + EMII
(with I2) SiO2 10.4 0.592 62 3.7 [16]

BMIBF4 (with I2) Silica 8.60 0.621 69.9 4.98 [17]

EMITFSI + EMII
(with I2) TiO2 11.45 0.675 65 5.00 [18]

EMITFSI + EMII
(with I2) Carbon fiber 11.11 0.688 65 4.97 [18]

MPII (with I2) Silica 13.67 0.700 73.1 7.0 [19]

2. Experimental Details

2.1. Materials

FTO glass with a sheet resistance of ~7 Ω/square (TCO22-7), TiO2 paste for the meso-
porous layer (Ti-nanoxide T/SP), TiO2 paste for the scattering layer (Ti-nanoxide R/SP),
N719 dye (Ruthenizer 535-bisTBA), and hot-melt adhesive (Metlonix 1170-25, DuPont
Surlyn) were purchased from Solaronix (Aubonne, Switzerland). Titanium diisopropoxide
bis(acetylacetonate) (TPA), TiCl4, MPII, m-MTDATA, TBP, and LiTFSI were procured from
Sigma-Aldrich (St. Louis, MO, USA). Platinum paste (PT-1) from Dyesol-Timo JV (Seoul,
Korea) was selected as the source for the Pt-coated counter electrode. All of the chemicals
for DSSC fabrications were used without further purification.

2.2. Fabrication of Sandwich-Structured sDSSCs

Except for the preparation of the sRM, the same procedures mentioned in our pre-
vious reports were employed to fabricate working (glass/FTO/TiO2:dye) and counter
(glass/platinized FTO) electrodes for sandwich-structured sDSSCs [23,24]. A 25-μm-thick
hot-melt adhesive was sandwiched between the working and counter electrodes and then
annealed for 10 min at 120 ◦C to seal the two electrodes.

The preparation processes of the sRM are as follows: m-MTDATA (50 mg) as a solidi-
fying agent was dissolved in 1 mL of chloroform. An ionic liquid solution was separately
prepared by dissolving MPII (1 M, 252 mg) in 1 mL of chloroform. For comparison, TBP-
and TBP/LiTFSI-containing ionic liquid solutions were also prepared by adding TBP (0.2 M,
27 mg) and TBP (0.2 M, 27 mg)/LiTFSI (0.066 M, 19 mg) into the MPII solution, respec-
tively. The m-MTDATA and ionic liquid solutions were mixed with a volume ratio of 3:1 to
apply to the sRM. The mixed solutions were then injected into the sealed cells through a
pre-drilled hole formed on the counter electrodes, and the cells were dried in a vacuum
oven for 60 min at 50 ◦C. The injection and drying process was repeated four times to
fully fill a space between the mesoporous TiO2 layer and the platinized FTO layer, thereby
fabricating sandwich-structured sDSSCs with a 25 mm2 active area. The detailed fabrication
conditions of sandwich-structured sDSSCs are provided in the electronic supplementary
information (ESI).
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2.3. Fabrication of Hole-Only Devices

Hole-only devices (HODs) with a layer configuration of glass/platinized FTO/TiO2:
N719 dye/sRM with or without additives/platinized FTO/glass were fabricated using the
same procedures presented in our earlier work [24]. The detailed fabrication conditions are
provided in the ESI.

2.4. Measurements

The cross-sectional morphology of the sandwich-structured sDSSCs was visualized via
field-emission scanning electron microscopy (FE–SEM; S-4800, Hitachi High-Technology;
Tokyo, Japan) equipped with energy-dispersive X-ray spectroscopy (EDS) (Horiba EX-250,
Horiba; Kyoto, Japan). The photocurrent–voltage measurements were performed using
a CompactStat potentiostat (Ivium Technologies B.V.; Eindhoven, The Netherlands) and
a PEC-L01 solar simulator system equipped with a 150-W xenon arc lamp (Peccell Tech-
nologies, Inc.; Yokohama, Japan). The light intensity was adjusted to 1 sun (100 mW/cm2)
using a silicon photodiode (PEC-SI01, Peccell Technologies, Inc.; Yokohama, Japan). The
monochromatic incident-photon-to-current conversion efficiencies (IPCEs) were plotted as
a function of light wavelength using an IPCE measurement instrument (PEC-S20, Peccell
Technologies, Inc.; Yokohama, Japan). The UV–vis absorption spectra were obtained using
a SINCO NEOSYS-2000 spectrophotometer (Seoul, Korea). Electrochemical impedance
spectroscopic (EIS) analyses were performed using an electrochemical analyzer (Com-
pactStat, Ivium Technologies B.V.; Eindhoven, The Netherlands). The active areas of the
dye-adsorbed TiO2 films were estimated using a digital microscope camera (SZ61, OLYM-
PUS Corporation; Tokyo, Japan) equipped with image analysis software.

3. Results and Discussion

3.1. Photovoltaic Performance of sDSSCs with m-MTDATA-Solidified MPII

We could prepare the sRM composed of MPII (iodide source) and m-MTDATA (so-
lidifier) by simply mixing and drying the corresponding solutions, i.e., a viscous liquid
phase of MPII was solidified with a solid powder of m-MTDATA. As shown in Figure S1
of the ESI, the viscous flow behavior of MPII disappeared by mixing it with m-MTDATA.
In addition, a solid-state was maintained when additives (TBP and LiTFSI) were added
to the m-MTDATA-solidified MPII. We first investigated the pore-filling property of the
solidifier (m-MTDATA) into TiO2 layers in DSSCs. As shown in Figure 1, carbon atoms
from the low-molecular-weight m-MTDATA are uniformly distributed throughout the TiO2
layer. This is beneficial to obtain higher PCE in DSSCs due to effective hole collection at
the counter electrode and dye regeneration near the TiO2:dye layer. In our previous report,
the pore-filling into the TiO2 layers was not completed when polymeric hole-transporting
materials were used [24].

  

Figure 1. Cross-sectional SEM (a) and EDS mapping images showing the distribution of carbon (b) in
a decapped sDSSC with m-MTDATA. N719 dyes containing carbon atoms were not adsorbed on
TiO2 surface.

Using the MPII, m-MTDATA, or m-MTDATA-solidified MPII, sandwich-structured
DSSCs with or without additives were fabricated, as shown in Table 2, and their photo-
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voltaic properties were investigated. The average photovoltaic properties measured using
four cells are compared in Figure 2 and Table 3, and their raw data are presented in Table S1
of the ESI. Solar devices with only MPII (DSSC-a) or m-MTDATA (sDSSC-b) showed
0.22 ± 0.05 and 0% PCE, respectively; on the other hand, a significant increase in average
PCE (1.42 ± 0.42%) was observed in the sDSSC-c with m-MTDATA-solidified MPII. When
TBP was added to m-MTDATA-solidified MPII, the average PCE value (3.75 ± 0.43%) of the
sDSSC-d was further increased compared to that of the sDSSC-c without TBP. Unexpectedly,
by additional incorporation of LiTFSI as well as TBP into the m-MTDATA-solidified MPII,
the photovoltaic performance (1.50 ± 0.12%) of the sDSSC-e was again decreased from that
of the sDSSC-d.

Table 2. Fabricated DSSCs with five different types of RM for comparison.

Solar Cells Components of RM Phase of RM

DSSC-a MPII Viscous liquid

sDSSC-b m-MTDATA Solid powder

sDSSC-c MPII, m-MTDATA Solid-state (nonfluidic composite)

sDSSC-d MPII, m-MTDATA, TBP Solid-state (nonfluidic composite)

sDSSC-e MPII, m-MTDATA, TBP, LiTFSI Solid-state (nonfluidic composite)

  

Figure 2. Box plots for photovoltaic performance of the DSSCs with five different types of RM; (a) Jsc,
(b) Voc, (c) FF, and (d) PCE measured under the AM 1.5 condition.

Among the four cells prepared in each condition, we selected the champion cells
to compare their photovoltaic properties. Here, we denote the champion cell with the
m-MTDATA-solidified MPII by sDSSC-c’. The same denotation is applied for the champion
sDSSC-d and e. Figure 3a,b shows the current density (J)-voltage (V) and dark-current
curves of the champion devices, respectively, and their photovoltaic parameters are listed
in Table 4. Photovoltaic performance largely varied with the types of RM, i.e., PCEs ranged
from 0% to 4.20%. We investigated the origins of the performance variations, and the
examination results are described in detail in the following sections.
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Table 3. Averages and standard deviations of cell performance measured using four cells with five
different types of RM.

Solar Cells Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

DSSC-a 0.54 ± 0.13 0.722 ± 0.052 57.38 ± 5.25 0.22 ± 0.05

sDSSC-b 0.001 ± 0.002 0.275 ± 0.082 0 0

sDSSC-c 3.48 ± 1.20 0.553 ± 0.017 74.90 ± 2.30 1.42 ± 0.42

sDSSC-d 8.38 ± 1.08 0.603 ± 0.006 74.34 ± 1.19 3.75 ± 0.43

sDSSC-e 3.45 ± 0.19 0.553 ± 0.007 78.82 ± 0.91 1.50 ± 0.12

Figure 3. J–V characteristics (a) and dark-current (b) curves for the champion devices with MPII,
m-MTDATA, or solidified MPII layer with or without additives.

Table 4. Photovoltaic performance of champion cells with MPII, m-MTDATA, or solidified MPII layer
with or without additives.

Champion Cells Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

DSSC-a’ 0.72 0.708 56.86 0.29

sDSSC-b’ 0.004 0.304 0 0

sDSSC-c’ 4.61 0.544 71.81 1.80

sDSSC-d’ 9.43 0.610 73.03 4.20

sDSSC-e’ 3.28 0.546 77.53 1.39

3.2. Hole Conduction Mechanism in sDSSCs with m-MTDATA-Solidified MPII

As mentioned earlier, DSSCs with only MPII or m-MTDATA showed almost 0 mA/cm2

of Jsc and thus 0% PCE. In the DSSC-a’ with MPII, triiodide (I3
−) was barely present in

the RM because iodine (I2) was not added [25]. This fact indicates that hole transportation
from the oxidized dye to the platinized counter electrode cannot be completed, leading
to very low Jsc and PCE. In the case of the sDSSC-b’ with m-MTDATA, hole conduction
cannot occur because the carrier diffusion length in a solid organic semiconductor is very
short, typically around 100 nm [24,26,27]. When considering that the layer thickness
of m-MTDATA in the sDSSC-b’ is about 10.6 μm (Figure S2 of the ESI), effective hole
transportation is impossible, inducing approximately 0 mA/cm2 of Jsc. However, the
sDSSC-c’ with the m-MTDATA-solidified MPII as an RM exhibited 4.61 mA/cm2 of Jsc and
1.80% PCE (Table 4). By adopting the m-MTDATA-solidified MPII, the PCE of the sDSSC-c’
was significantly enhanced compared to that of the DSSC-a’ (only MPII) or the sDSSC-b’
(only m-MTDATA). This tendency for variations in the Jsc value is quite consistent with
that in the dark currents, as shown in Figure 3b.

It is important to elucidate the origins of the considerable improvement in the photo-
voltaic performance of the sDSSC-c’. Figure 4 depicts the UV-visible absorption spectra of
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MPII and m-MTDATA solutions in chloroform. The MPII solution exhibited an absorption
peak at 245 nm, attributable to iodide (I−) [28,29], and two absorption peaks at 316 nm and
345 nm were observed from the m-MTDATA solution [20,30]. Surprisingly, the absorbance
of the two peaks derived from m-MTDATA was increased by adding pure MPII to the
m-MTDATA solution, even though the concentration of m-MTDATA was maintained. It
has been reported that the absorption peaks of triiodide (I3

−) are around 290 nm and
360 nm [28,29]. The triiodide’s absorption regions are substantially overlapped with the
two absorptions peaks of m-MTDATA. We thus noticed that the increased absorbance at
both 316 nm and 345 nm was due to the generation of triiodide by any reaction between
MPII and m-MTDATA. Meanwhile, although the concentration of MPII in the MPII/m-
MTDATA mixture was increased, the absorbance at 316 nm and 345 nm was not further
increased. In contrast, the absorbance of iodide (MPII) at 245 nm was increased, as shown in
Figure S3 of the ESI. This fact also indicates that the increase in absorbance (at 316 nm and
345 nm) for the MPII/m-MTDATA mixture, compared to that of the pristine m-MTDATA,
is not attributable to MPII but instead to the triiodide produced by a chemical reaction
between MPII and m-MTDATA. To obtain other evidence of the triiodide formation, IPCEs
of the sDSSC-c’ were measured as a function of wavelength. Relatively low IPCE at around
360 nm is generally observed in I−/I3

−-based DSSCs, because triiodides (I3
−) absorb

the 360 nm light, and therefore N719 dye cannot effectively absorb the light [28]. As
displayed in Figure S4 of the ESI, a valley ranging from 350 to 400 nm was observed in
the IPCE spectrum of the sDSSC-c’, indicating the presence of triiodides in the sRM (i.e.,
m-MTDATA-solidified MPII) layer.

Figure 4. UV–visible absorption spectra of MPII, m-MTDATA, and their mixture in chloroform.

A possible mechanism for triiodide formation can be explained by chemical reactions
(1)–(4): m-MTDATA can absorb near UV and blue regions of visible light and can then
be excited, as expressed in reaction (1). The excited m-MTDATA reacts with the oxygen
molecules infiltrated during the fabrication of cells, and therefore m-MTDATA cations and
oxygen anions are formed. It is known that the reduction potential of oxygen molecules
is −0.35 V versus a normal hydrogen electrode (NHE) [31], and the lowest-unoccupied-
molecular-orbital (LUMO) energy level of m-MTDATA is −2.0 eV of the absolute vacuum
scale (AVS) [32], corresponding to −2.5 V versus NHE (EAVS = −ENHE − 4.50 eV) [33].
Thus, reaction (2) can occur spontaneously because of the low-lying energy level of oxygen
molecules compared to the LUMO level of m-MTDATA. Similar results, i.e., reactions
between excited semiconductors and oxygen gases, have been reported [34–36]. Finally,
triiodides can be formed via reaction (3) between m-MTDATA cations and some parts of io-
dides (MPII), and thereby they exist throughout the RM (m-MTDATA-solidified MPII) layer.
This occurs because the highest-occupied-molecular-orbital energy level of m-MTDATA
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(0.60 V versus NHE or 5.1 eV versus AVS) is approximately 0.25 V higher than the reduc-
tion potential of the I−/I3

− redox couple (0.35 V versus NHE). Reaction (4) means that
the generated oxygen anions can be stabilized with the imidazolium cations (MPI+) to a
certain degree. Overall, by mixing MPII and m-MTDATA, triiodides were formed in the
m-MTDATA-solidified MPII. The residual (unreacted) I− and the produced I3

− led to the
completion of the hole conduction, i.e., the dye regeneration (3I− + 2D+ → I3

− + 2D, where
D indicates N719 dye), near the TiO2:dye layer and the hole collection (I3

− + 2e− → 3I−) at
the platinized counter electrode. As another contribution to hole conduction, m-MTDATA
can transport holes from oxidized dyes to platinized counter electrodes. As presented
in Equation (2), oxidized species (m-MTDATA+) was formed by a reaction between m-
MTDATA and oxygen molecule, resulting in p-doping of m-MTDATA. This indicated that
holes were presented throughout the sRM layer under illumination, enhancing conductivity
and faster hole mobility [34].

2m-MTDATA + hv → 2m-MTDATA* (1)

2m-MTDATA* + 2O2 → 2m-MTDATA+ + 2O2
− (2)

2m-MTDATA+ + 3I− → 2m-MTDATA + I3
− (3)

2MPI+ + 2O2
− → 2MPI+····O2

− (4)

Meanwhile, oxygen molecules permeated into cells during their fabrication can cause
the degradation of organic semiconductors [37,38]. It has been reported that the quantum
yield for degradation of N719 dye bound on TiO2 surfaces increases with increasing
amounts of oxygen molecules, probably due to the generation of active oxygen species.
Thus, oxygen gases in the cells can function as beneficial p-dopant and a harmful medium
for dye degradation.

3.3. Effects of Additives on Performance of sDSSCs with m-MTDATA-Solidified MPII

In both metal-back-contact-structured and sandwich-structured sDSSCs, additives such
as TBP and LiTFSI were widely utilized for improving photovoltaic performance [7,9–13].
To examine the effects of TBP and LiTFSI incorporated into the m-MTDATA-solidified MPII,
we fabricated the sDSSC-d and the sDSSC-e (Table 2), and photovoltaic performance was
compared, as shown in Figure 3 and Table 4. By incorporating TBP into the m-MTDATA-
solidified MPII, a PCE of 4.20% (Jsc = 9.43 mA/cm2, Voc = 0.610 V, and FF = 73.03%)
was achieved in the sDSSC-d’, which corresponded to a 230% enhancement in efficiency
compared to that (1.80%) of the sDSSC-c’ without TBP. It has been reported that TBP
can be adsorbed onto the free area of the TiO2 surface, resulting in the shifting of the
TiO2′s conduction band edge (CBE) to a negative direction [39]. This negative shift of the
CBE can lead to an increase in Voc due to a broadened potential gap between the CBE
(TiO2) and the redox potential (electrolyte) and a decrease in Jsc due to a reduced electron
injection efficiency [23,39]. However, in this study, by the addition of TBP, the Jsc value
was dramatically increased, from 4.61 mA/cm2 for the sDSSC-c to 9.43 mA/cm2 for the
sDSSC-d. As a reference, weight ratios of TBP, m-MTDATA, and MPII in the sDSSC-d’
were calculated to be 6.0, 37.9, and 56.1 wt%, respectively. We attributed the large increase
(around 205%) in Jsc in the sDSSC-d’ to the plasticizer effect of TBP. In other words, it was
considered that the liquid phase of TBP (Tm = −41.0 ◦C) at room temperature played the
role of a plasticizer in the m-MTDATA-solidified MPII. When a small amount of bulky
TBP (6.0 wt% or 8.7 vol%) was added to the m-MTDATA-solidified MPII, it could be
inserted between the m-MTDATA molecules, thereby broadening the distance between the
solidifying agents. This could induce the faster diffusion of both I− and I3

− through the
m-MTDATA-modified MPII layer.

To confirm this, we conducted EIS analysis for the sDSSC-c’, the sDSSC-d’, and the
sDSSC-e’. The Nyquist plots of the EIS spectra for the sDSSCs measured under AM 1.5
one-sun illumination are shown in Figure 5, providing the sheet resistance (Rs) and interface
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resistances [40]. Three distinct semicircles were observed. The first and second semicircles
corresponded to the carrier transport resistances at the Pt/RM (R1) and TiO2/N719/RM
(R2) interfaces, respectively. The last semicircle was ascribed to the Warburg diffusion
resistance (w1) for the ionic transport within the RM. The fitted resistances using Z-view
software are compared in Table 5. The w1 value of the sDSSC-d’ with TBP was lowered
to 22.02 Ω from 46.98 Ω of the sDSSC-c’ without TBP. By adding TBP, the ionic diffusion
resistance was largely decreased, indicating that more efficient ion (I− and I3

−) diffusions
between the Pt counter electrode and the dye-adsorbed TiO2 layer were accomplished in
the sDSSC-d’. This fact suggests that TBP acts as a plasticizer in the m-MTDATA-solidified
MPII. As a result, redox reactions, such as the dye regeneration (3I− + 2D+ → I3

− + 2D) near
the TiO2:dye layer and the hole collection [I3

− + 2e− (Pt) → 3I−] at the platinized counter
electrode, can occur more effectively. This can lower both R1 and R2 values in the sDSSC-d,
as shown in Table 5. Eventually, the sharp reduction in the ionic diffusion resistance in the
DSSC-d’, compared to that in the sDSSC-c’, induced about a 205% increase in Jsc (Table 4).
As a reference, when the EIS measurement is conducted under illumination (open-circuit
condition), the R2 value is affected by the entire resistances, i.e., the electron injection from
excited dyes to the conduction band of TiO2 (Rinj), transportation through TiO2 layer (Rtra),
recombination between injected electron and electrolyte (Rrec), and dye regeneration (Rreg).
The Rinj, Rrec, and Rreg values are relatively low because electrons move to lower energy
levels. However, in the case of Rtra, electrons move through the same energy level of TiO2.
Thus, when the EIS measurement is conducted at open-circuit voltage (under illumination),
the R2 value almost depends on the electron transfer resistance [41–43]. As tabulated in
Table 5, a lower R2 value (15 Ω) in the sDSSC-d’ indicates a more efficient charge transfer
through the TiO2 layer, and, thereby, a lower recombination rate between photoinjected
electrons and sRM, compared to those of sDSSC-c’ and e’.

Rs

CPE1

R2 W1R1

CPE2
s

Figure 5. Nyquist plots of EIS spectra for the sDSSC-c’, sDSSC-d’, and sDSSC-e’, measured in an
open-circuit condition under the illumination of simulated AM 1.5 solar light. Inset shows the
equivalent circuit for sDSSCs; where CPE indicates constant phase element.

Table 5. Fitted resistances for the sDSSC-c’, sDSSC-d’, and sDSSC-e’ based on the m-MTDATA-
solidified MPII with or without additives.

Champion Cells Additive Rs (Ω) R1 (Ω) R2 (Ω) w1 (Ω)

sDSSC-c’ None 8.36 7.43 19.78 46.98

sDSSC-d’ TBP 8.39 4.41 15.00 22.02

sDSSC-e’ TBP and LiTFSI 8.89 6.53 29.39 103.81

Meanwhile, it has been reported that LiTFSI as a p-dopant can increase conductivity
and hole mobility when it is doped in various organic small-molecular and polymeric
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HTMs [34,35,44]. We thus fabricated the sDSSC-e with an sRM composed of m-MTDATA-
solidified MPII, TBP, and LiTFSI, and compared its photovoltaic performance to that of the
sDSSC-d without LiTFSI. The PCE of the sDSSC-e’ was decreased from that of the sDSSC-d’,
mainly due to a decrement in Jsc (Table 4). In addition, the ion diffusion resistance surged
with the addition of LiTFSI (Table 5). We first considered that the LiTFSI addition would
lead to an improvement in cell performance by its doping effect, but a decrement in PCE
was observed in the sDSSC-e’ with LiTFSI. Xiong and Meng et al. reported that a wax-like
complex was formed by mixing TBP with LiTFSI via an interaction between Li+ (LiTFSI)
and a nonbonding electron pair of nitrogen (TBP). The TBP-LiTFSI complex could alleviate
the hygroscopicity of LiTFSI and the corrosive effect of TBP, achieving enhanced device
efficiency and stability [44]. From this point of view, it is believed that TBP and LiTFSI
form a wax-like complex in the sDSSC-e’, and thus TBP can no longer act as a plasticizer.
As a result, we can attribute the decreased PCE and increased diffusion resistance to the
formation of a wax-like TBP-LiTFSI complex in the sDSSC-e’.

To further confirm the influence of additives (TBP and LiTFSI), we fabricated HOD-c
(with m-MTDATA-solidified MPII), HOD-d (with m-MTDATA-solidified MPII and TBP),
and HOD-e (with m-MTDATA-solidified MPII, TBP, and LiTFSI), and their J-V characteris-
tics were measured. J-V curves of HODs fabricated using three different sRMs are shown
in Figure S5 of the ESI. We selected the best-performing HODs among 3 devices in each
condition to compare their J-V properties. As compared in Figure 6, by incorporating TBP
into m-MTDATA-solidified MPII, dark currents of the HOD-d’ were sharply increased from
those of the HOD-c’ without TBP, indicating that TBP acted as a plasticizer in m-MTDATA-
solidified MPII. Furthermore, dark currents of the HOD-e’ were again decreased by adding
LiTFSI, probably due to the formation of wax-like TBP-LiTFSI complexes, causing a loss
of TBP’s function as a plasticizer. These tendencies in the dark currents of the HODs
were quite consistent with the Jsc values of their counterparts, i.e., sDSSC-c’, sDSSC-d’,
and sDSSC-e’.

Figure 6. J-V characteristics of the HOD-c’, HOD-d’, and HOD-e’.

Figure 7 compares IPCE spectra for the champion cells such as sDSSC-c’, d’, and e’.
As can be expected, higher IPCEs were recorded in the sDSSC-d’ by incorporation of TBP
into the sDSSC-c’ with m-MTDATA-solidified MPII. IPCE values of the sDSSC-e’ were
again reduced by adding LiTFSI. The tendencies of IPCE variations with additives were
well consistent with the measurement results of the Jsc values (Figure 3a), dark currents
(Figure 3b), interface resistances (Figure 5), and HOD’s dark currents (Figure 6).

As a result, the highest PCE of 4.20% in an sDSSC was achieved by adopting an
sRM composed of m-MTDATA-solidified MPII and TBP. Although this efficiency was
lower than those of iodine-free P3HT/MPII (5.40%) [13] and polyaniline-loaded carbon
black/MPII (5.81%) [6], this study’s result has great importance. It is because the efficiency
was accomplished in sandwich-structured sDSSCs, in which the thickness of the hole-

138



Energies 2022, 15, 2765

transporting layer was approximately 10 μm as shown in Figure S2. In P3HT/MPII-based
sDSSC, adhesives for sealing working and counter electrodes were not used, and thus
TiO2 photoanode was directly contacted with a counter electrode, allowing very short
ion diffusion length [13]. In sDSSC with polyaniline-loaded carbon black/MPII, carbon
blacks coated on counter electrode functioned electrical conductive pathway from counter
electrode to TiO2 photoanode, and therefore ion diffusion length could be minimized [6].
Overall, it is believed that the PCE of 4.20% is an impressive achievement because it is
extracted from the sDSSC with a 10 μm-thick hole transporting layer.

Figure 7. IPCE spectra for sDSSC-c’, d’ and e’ as a function of wavelength.

4. Conclusions

An sRM based on an ionic liquid (MPII) and a hole-transporting triphenylamine com-
pound (m-MTDATA) was successfully prepared and applied for applications to sDSSCs. The
sDSSC-c’ with the m-MTDATA-solidified MPII showed a PCE of 1.80% with 4.61 mA/cm2 of
Jsc, 0.544 V of Voc, and 71.81% of FF. The UV-visible absorption and IPCE studies disclosed
that a chemical reaction between MPII and m-MTDATA cation resulted in the formation of
triiodides (I3

−), allowing hole conduction from the oxidized dye to the counter electrode.
In addition, by incorporating TBP as an additive into the m-MTDATA-solidified MPII, the
PCE of the sDSSC-d’ was sharply increased by 4.20% (Jsc = 9.43 mA/cm2, Voc = 0.610 V, and
FF = 73.03%), due to improvements in all photovoltaic parameters, and the ion diffusion
resistance was considerably decreased. These results were ascribed to the plasticizer effect
of the bulky-structured TBP. As a result, the sRM composed of m-MTDATA-solidified MPII
and TBP appears to be a promising material for replacing conventional organic-solvent-
based liquid RMs, and thereby for realizing the sDSSCs.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/en15082765/s1. Figure S1: Photographs of redox mediators;
(a) MPII, (b) m-MTDATA-solidified MPII (MPII + m-MTDATA), (c) m-MTDATA-solidified MPII +
TBP, and (d) m-MTDATA-solidified MPII + TBP + LiTFSI. Table S1: Photovoltaic parameters of DSSCs
with five different types of redox mediator. Figure S2: Cross-sectional SEM image of the sDSSC-b’
with only m-MTDATA. Figure S3: Absorbance variations of the m-MTDATA/MPII mixtures with
increasing concentrations of MPII; the concentration of m-MTDATA in the mixture was constant.
For comparison, the absorption spectra of m-MTDATA and MPII were included. Figure S4: IPCE
spectrum of the sDSSC-c’ with m-MTDATA-solidified MPII. The arrow-marked valley ranging from
350 to 400 nm was attributed to absorption by I3

− ions in sRM (i.e., m-MTDATA-solidified MPII)
layer. Figure S5: Dark current density-voltage characteristics of HODs with three different types of
RM; (a) HOD-c with m-MTDATA-solidified MPII, (b) HOD-d with m-MTDATA-solidified MPII/TBP,
and (c) HOD-e with m-MTDATA-solidified MPII/TBP/LiTFSI.
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Abstract: Dielectric electroactive polymers have been widely used in recent applications based on
smart materials. The many advantages of dielectric membranes, such as softness and responsiveness
to electric stimuli, have lead to their application in actuators. Recently, researchers have aimed
to improve the design of dielectric electroactive polymer actuators. The modifications of DEAP
actuators are designed to change the bias mechanism, such as spring, pneumatic, and additional
mass, or to provide a double cone configuration. In this work, the modification of the shape of the
actuator was analyzed. In the standard approach, a circular shape is often used, while this research
uses an elliptical shape for the actuator. In this study, it was shown that this construction allows a
wider range of movement. The paper describes a new design of the device and its model. Further,
the device is verified by the measurements.

Keywords: DEAP actuator; dielectric electroactive polymers; dielectric elastomer actuator;
smart materials

1. Introduction

Due to the dynamic development of automation and robotics, alternative actuator
solutions have increasingly been used in recent times. This can be seen in particular in
soft robotics, where actuators or sensors are used to convert energy in smart materials.
One group of such smart materials are Dielectric Electroactive Polymers (DEAPs). DEAPs
offer excellent performance, are flexible, lightweight and inexpensive. These materials
have developed very dynamically in recent times and are increasingly used in innovative
constructions, such as pumps, robots, valves or micro-positioning systems [1–3].

Accurate modeling of the DEAP actuator phenomena is important for designers
working with these materials. It is an important problem which is still extensively analyzed
in the literature [2,4–6]. One of the interesting issues is the analysis of actuator shapes. The
most common actuators used in the solutions presented so far have the shape of a circle.
This paper presents an elliptical actuator model described with a circular approximation.
The paper presents the experiments carried out for three different actuators with different
geometries. Finite element model (FEM) modeling of the behavior of DEAPs is useful to
understand such systems better and help in the optimal design of prototypes [7,8]. An
FEM-based simulation was performed, which demonstrated its applicability to compare
stress distribution in the three configurations of DEAP actuators.

DEAP actuators can operate with a variety of input and output signals, but in the most
common configuration the voltage is the input and displacement is the output [4,9,10]. In
order to increase the operating range of DEAP actuators, various biasing mechanism are
used, for example, a mechanical spring [3,4,9]. There are also other solutions to achieve
greater tension, such as magnetic coupling [11]. In this research, the actuator membranes
were loaded with additional mass, similar to the works [6,12,13].

Measurements of the displacement of elliptical and circular actuators were analyzed,
and then the process of identifying model parameters was discussed. The process of identi-
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fying the dynamic parameters of the model with the use of the actuators’ displacement
responses to the step input voltage is presented and illustrated.

2. Motivation

In this section, the motivation of this study is presented. In recent times, the circular
shape of DEAP actuator has commonly been applied in different configurations [14–16].
In the presented work, the idea is to exploit the anisotropy of many devices (such as,
for instance, a pipe with an installed pump), which allows one direction to be extended
while the second must be limited. The motivation of our modification is to provide more
energy in the device. Let us consider two cases: a circle with radius r1 and an ellipse with
semi-minor axis r1 and semi-major axis r2, satisfying r2 > r1. The area of circle Sc = πr2

1
and area of ellipse is Se = πr1r2; hence, Se > Sc. If the circle or ellipse is covered by the
electrodes like in the DEAP actuators, the capacity of both devises approximated by parallel
plate capacitor will be:

Cc = ε Sc
d Ce = ε Se

d . (1)

where d is the distance between the electrodes and ε is the permittivity of the material. It
is clear that Cc < Ce; therefore, the energy stored in the elliptical device under a constant
voltage (E = 1

2 Cu2, [17]) is larger than in the circular device. Therefore, it is expected that
the elliptical shape will cause different responses compared to the circular shape.

3. DEAP Elliptical Actuator Model

The DEAP actuator models have been widely studied in the literature [1,6,18,19],
showing the most significant phenomena in these devices. This work applies the knowledge
of these works to analyze the proposed elliptical actuator. The mass biased actuator was
chosen for simplicity of biasing mechanics [6]. However, it is also possible to apply
the proposed work with different bias mechanics [15,16,19]. The aim is to model the
elliptical actuator as an extension of the circular one. The elliptical shape actuator model
was defined using two circular model actuators (N = 2), as presented in Figure 1. The
approximation was based on the use of a model consisting of two circular actuators with
radii corresponding to the minor (r1) and major (r2) semi-axis of the elliptical actuator.

Elliptical actuator

Circular actuators

r1

r2

Figure 1. Elliptical DEAP actuator approximated by two circular actuators.

In the first step, the basic relationships for two circular models (indexed by j = 1, 2 for
simplicity) are redefined. In general, the DEAP membrane has the following property:

λrjλzjλc = 1 (2)
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which comes from the assumption on the constant volume of material during deformation.
The variables λrj, λc and λzj are radial, circumferential, and vertical stretches (taking
into account also the initial prestretch of the DEAP membrane applied in the production
process [20]).

The basic formulas of the DEAP actuator are defined for two circular actuators:

λrj =
lj

l0j
=

√
l2
0j + y2

l0j
=

√
sj(y), λzj =

zj

z0
, λc = 1 (3)

The variables for the undeflected state (without applied mass and voltage) are given by z0
and l0j, which are the membrane initial thickness and the electrode width. The membrane
is assumed to be the same for all elliptical shapes (with circular prestretch); therefore, the
initial thickness is common for both models. The electrode width depends on the length
of minor/major semi-axis; hence, it must include the index of the actuator. In the case of
the deflected state (with applied mass or voltage), the variables are zj and lj. In this case,
both variables are different due to different stretch for small and large circular actuators.
The function sj(y) is applied to clarify the notation. To simplify the analysis of relationship,
the cross-sections of both actuators (for short and long axis) are presented in Figure 2. It
is assumed that both actuators move over the same distance y because they express the
single elliptical actuator. However, it is worth pointing out that angles θj will be different
for both axes:

sin(θj) =
y√

l2
0j + y2

. (4)

fixed frame fixed frame

load mass
DE

AP
membra

neyl1

l01

movement range under voltage excitation

θ1

(a) short axis

fixed frame fixed frame

load mass

DEA
P membrane

yl2

l02

movement range under voltage excitation

θ2

(b) long axis

Figure 2. The variables of DEAP actuator for cross-section through short/long axes of the elliptical actuator.

In the second step, the vertical force equilibrium is considered taking into account the
biasing mass:

ÿ = g −
N

∑
j=1

αj

[
2πrzj

m
sin(θj)

(
− ε0εr

z2
0

sj(y)u2 + σj

)]
(5)

where g denotes the standard gravity and r is the radius of the internal mass m, ε0 is
vacuum permittivity, εr is the relative permittivity of the actuator membrane, u is the
applied voltage and σj is the mechanical stress of the individual circular actuators.

The influence of small and large circular actuators on the elliptical one is weighted
by the choice of the appropriate coefficient αj ≥ 0. It was assumed that the behaviour of
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the elliptical actuator will be between the small and large actuator; hence, the sum of these
factors is 1:

N

∑
j=1

αj = 1. (6)

It is worth emphasizing that the presented model of the elliptical model extends the circular
model. If it was considered that an ellipse is a circle (r1 = r2), then the model is reduced to
single circle, as presented in [6].

Circular actuators approximating the description of the elliptical actuator have differ-
ent mechanical stresses σj:

σj = σhj + σv1 j + σv2 j (7)

where: σhj defines the Ogden model representing the hyperelastic properties of the DEAP
membrane, σv1j is the viscoelastic stress and σv2j specifies the viscous damper.

The applied third level (i = 1, 2, 3) Ogden model, with two parameters, βi and γi,
integrates the prestretch into the strain energy function. The identification of the βi and
γi parameters was carried out taking into account prestretch; thus, the obtained values of
the Ogden model take into account the phenomenon of initial stretching of the actuator
membrane.

σhj =
3

∑
i=1

(
βiλ

2i
rj − γiλ

−2i
rj

)
(8)

The phenomenon of viscoelasticity of the individual circular cylinders was modeled by a
series connection of a viscous damper and an elastic spring (σv1 j) and the viscous damper
(σv2 j) connected parallel to them, as presented in Figure 3.

mass

σh(λr1)

k1

η1

η2, λ̇r1ε11

σh(λr1) + σv11 + σv21

σh(λr1)

k1

η1

η2, λ̇r1ε11

σh(λr1) + σv11 + σv21

σh(λr2)

k1

η1

η2, λ̇r2ε12

σh(λr2) + σv12 + σv22

σh(λr2)

k1

η1

η2, λ̇r2ε12

σh(λr2) + σv12 + σv22

Figure 3. The composition of two material models and their placement in the elliptical actuator.

σv1 j = −k1ε1j + k1(λrj − 1)

ε̇1j = − k1

η1
ε1j +

k1

η1

(
λrj − 1

) (9)

σv2 j = η2λ̇rj = η2 ϕj(y)ẏ

ϕj(y) =
y

l0j

√
l2
0j + y2

(10)

Each of the circular actuators has different λrj, so they have different strains of the damper
ε1j, while maintaining the same material properties (k1, η1 and η2), whose values and other
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information are listed in Table 1 (the identification process is described in the following
section).

The Stress Analysis of the Actuator’s New Geometries

In this section, FEM analysis of the proposed actuators is performed. The FEM
simulation was included to show the stress distribution in circular and elliptical actuators
for the same material parameters. The goal of analysis is to see the influence of geometry
change on the DEAP actuator. The main advantage of circular geometry is its radial
symmetry. However, as will be shown in the experimental section, the elliptical shape
allows a wider range of movement. As an example, three geometries are considered:
circular, small elliptical and large elliptical. The internal plate has a constant shape of
the cylinder. The outer side of the membrane is fixed and a pressure is applied to the
internal plate. The Young modulus and Poisson ratio are the same for all configurations.
The simulations were performed by the FEM module in FreeCAD software. In all cases,
the membrane deformed to counteract pressure. The deformation was largest for the large
elliptical shape and smallest for the circular shape. Using these simulations, it was shown
that this distribution depends on the shape of the actuator. In Figure 4, the stress in all
cases is shown. It is visible that for the circular shape the stress has a radial symmetry. In
the case of the elliptical shape, the stress is larger for the shorter axis than for longer axis. It
is especially visible for the large elliptical shape. However, the ultimate goal is to control
the object-oriented model of elliptical actuators. The simulations included in this section
are only a visualization of the distribution of these stresses in the three DEAP actuator
configurations.

(a) circular (b) elliptical-small (c) elliptical-large

Figure 4. Comparison of stress in the three configurations (circular and small/large elliptical).

4. Experiments

The model presented above was experimentally verified with the use of three DEAP
actuators with different geometries. The actuators were made of acrylic membrane (3M
VHB tape), which was stretched on a plexiglass frame. The VHB tape was also prestretched,
similarly to [20]. To obtain the same prestretch for all actuators, the prestretch was carried
out for a circular frame larger than the largest elliptical actuator. The prestretch factor was
5, providing a change in thickness from 1 mm to 200 μm. The membrane is elastic (with a
Poisson ratio slightly below 0.5), and hence the volume of the membrane during stretching
process was constant. The electrodes were made of carbon grease and covered the entire
surface of the actuators on both sides. The electrodes created a capacitor whose electrostatic
field caused membrane compression. One actuator was circular, while the other two had
elliptical shapes. The dimensions of the actuators are presented in Table 1. In the center of
each actuator, there was a plexiglass circle on which additional mass was placed during
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the experiments. Two copper connections were glued to the carbon electrodes to apply the
supply voltage (Figure 5).

The experiments were performed on the following hardware: a high voltage amplifier
TREK MODEL 10/10B-HS, a laser distance sensor Micro-Epsilon optoNCDT ILD1320-10
with 1 μm accuracy, and an Inteco RT-DAC/USB data acquisition card. The laboratory
set-up is presented in Figure 6. The system was measuring data with a probe time of 1 ms.

Electrode

Copper connections

Plexiglass frame

Plexiglass circle

(a) schema

(b) samples

Figure 5. The schema of DEAP actuators and performed samples.

147



Energies 2021, 14, 5633

Figure 6. The laboratory setup of DEAP actuator measurement.

Table 1. Parameters of DEAP actuator models.

Parameter Symbol Value Units

Actuator name Circular Elliptical small Elliptical large
Inner radius r 1 cm

Outer radius (short) r1 4.5 cm
Outer radius (wide) r2 4.5 6 7.5 cm

Electrode surface S 60.5 81.7 102.9 cm2

Membrane initial thickness zini 1 mm
Membrane final thickness z0 200 μm

Standard gravity g 9.81 m s−2

Coefficient α1 0.73 -
Coefficient α2 0.27 -

Vacuum permittivity ε0 8.85 · 10−12 N m−1

Relative permittivity εr 6.87 -
Coefficient of viscoelastic model k1 23.5 MPa
Coefficient of viscoelastic model η1 177.2 MPa s

Damping coefficients η2 62.4 kPa s
Hyperelastic model coefficient β1 13.4 kPa
Hyperelastic model coefficient β2 34.8 kPa
Hyperelastic model coefficient β3 35.8 kPa
Hyperelastic model coefficient γ1 −0.41 kPa
Hyperelastic model coefficient γ2 −113 kPa
Hyperelastic model coefficient γ3 −34.2 kPa

4.1. Identification-Static Parameters

The identification procedure of the circular actuator was studied in the previous works [6,19].
The presented approach extends the previous procedure to identify three models with
the same set of mechanical and electromechanical parameters. Firstly, the measured static
characteristics were exploited to search the values of the Ogden model coefficients, the
weight coefficients α1, α2 and relative permittivity. To find the model parameters, the
following optimization problem is solved:

J(εr, β1, β2, β3, γ1, γ2, γ3, α1) =
P

∑
p=1

M

∑
k=1

1
2

[
mpg −

N

∑
j=1

αj

(
c1jc2yku2

k −
c1jyk

sj(yk)
σhj(yk)

)]2

. (11)

148



Energies 2021, 14, 5633

where c1j =
2πrz0

l0j
is the geometry coefficient, M is the number of the steady state responses

and P is the number of different masses applied in the identification process. The opti-
mization process required only the determination of the α1 value, because according to
Formula (6), the α2 parameter was the difference 1 − α1.

The actuator displacement measurements were carried out for the range 0 w to 7 with
loads of 17.9 and 22.45 g. After changing the voltage, there was a 30 s wait before the
actuator displacement was stabilized. The steady state responses of distance obtained for
the following voltages were used to optimize the parameters of the Ogden model, the
weight coefficients α1 and relative permittivity. The SciPy python package [21] was used
to run a Nelder–Mead simplex algorithm which efficiently found the optimal parameters.
The values of the obtained parameters are presented in Table 1. The figures illustrating the
comparison of models and measurements for three different actuators and two values of
additional masses prove that the values obtained in the process of identifying static param-
eters are correct (Figures 7 and 8). The experiments take into account the pure mechanics at
the points of zero supply voltage. This applies to both analyzed weights 17.9 and 22.45 g.
The process of identifying static parameters (hyperelastic model coefficients and relative
permittivity) took place for all parameters simultaneously. This approach allowed us to
perform only one optimization. This approach is in line with the literature [19]. It is worth
pointing out that the placement of the distance versus voltage characteristics is correlated
with the shape of the actuators. It can be seen that the large elliptical actuator is more
sensitive for the same mass than the circular or small elliptical actuator.

Figure 7. The static response of DEAP actuator for a mass of 17.9 g.

Figure 8. The static response of DEAP actuator for a mass of 22.45 g.
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4.2. Identification of Viscoelastic Parameters

The viscoelastic parameters k1, η1 and η2 can be only obtained by measuring the
dynamic behavior of the DEAP models. Determining their values is a key issue in the
process of identifying dynamic parameters. To achieve this, additional experiments were
carried out in which the step responses of the DEAP actuators in the long duration horizon
were analyzed. The responses of the actuators to the excitation by a step change in voltage
from 0 kV to 3.5 kV were tested in two ranges of masses loading the actuators membranes
(similar to the static parameter identification—17.9 and 22.45 g). To find the unknown
parameters, the following optimization problem was tackled:

min
k1,η1,η2

N

∑
j=1

⎡
⎣ 1

Ns

Nf

∑
n=0

e2
j,y(n)

⎤
⎦ (12)

where Ns is the number of points in the step response and ej,y is the distance error between
the j model and corresponding experiment.

The characteristic of the response for load 17.90 g is presented in Figure 9. Figure 10
shows the same response in the zoom version for a shorter time. The responses for the
22.45 g load are presented in an same way. Figure 11 shows the complete answer and
Figure 12 shows its zoom version.

It can be seen that for all three actuators that the step responses are in good agreement
with the experimental data for both loads. Further, the dynamic parameters k1, η1 and η2
are also the same for all models.

The DEAP actuator has a relatively long settling time due to the relaxation process
which exists in the VHB tape. The DEAP actuators are widely described by a few time
constants [18]. In this work, the settling times between different shapes are similar and the
differences are not correlated with the shape. For instance, the settling time of oscillations
is 2.12 s, 2.38 s and 2.34 s for the circle, elliptical small and elliptical large cases, with a mass
equal to 17.9 g. For the case with a mass of 22.45 g, the times are as follows: 2.28 s, 2.36 s
and 2.27 s.

Figure 9. Response of the DEAP actuator for a step voltage signal from 0 kV to 3.5 kV with load of
17.9 g.
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Figure 10. Response of the DEAP actuator for a step voltage signal from 0 kV to 3.5 kV with a load of
17.9 g (zoom version).

In the DEAP actuators exist a hysteresis between voltage and distance. The case
of the circular geometry was reported in previous works [6]. The shape of hysteresis
is different at varying frequencies and levels of signal. The identified models allow the
calculation of the hysteresis between distance and voltage. All three models were tested
with sinusoidal voltages u(t) = u0 + u1sin( 2π

Ts
t). In the first case, the constant signal was

set u0 = 0 kV and amplitude was equal to u1 = 1 kV. In the second case, the constant signal
was set u0 = 3.5 kV and amplitude was equal to u1 = 3.5 kV. The results for both cases are
presented in Figure 13, showing that the influence of shape on hysteresis is minimal .

Figure 11. Response of the DEAP actuator for a step voltage signal from 0 kV to 3.5 kV with a load of
22.45 g.
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Figure 12. Response of the DEAP actuator for a step voltage signal from 0 kV to 3.5 kV with a load of
22.45 g (zoom version).

(a) Ts =0.1 s (b) Ts =0.1 s

(c) Ts =1 s (d) Ts =1 s

Figure 13. Cont.
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(e) Ts =10 s (f) Ts =10 s

Figure 13. The hysteresis between voltage and distance for different types of actuator models. Zero level input signal
u0 = 0 kV, u1 = 1 kV (a,c,e); nonzero level input signal u0 = 3.5 kV, u1 = 3.5 kV (b,d,f).

4.3. Quantitative Comparison

In this section, a quantitative comparison between different shapes of actuators is
described. To make said comparison, the random step responses with a voltage level
between 0 kV to 7 kV with switch every 30 s were applied to actuators. The excitation and
responses are presented in Figure 14. Further, for all responses, the difference between the
minimal and maximal distances were measured. The results are presented in Table 2. The
actuator large elliptical actuator has the larger movement range for both masses. It can be
seen that the elliptical shape increases the moving range compared to the circular shape.

Figure 14. Cont.
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Figure 14. The response of actuators on voltage pseudo-random steps.

Table 2. The increase in moving range for different configurations.

Mass of 17.9 g Mass of 22.45 g
Actuator Name Distance Range Percentage Distance Range Percentage

Circular 1.64 mm 100% 1.75 mm 100%
Elliptical small 1.86 mm 114% 2.16 mm 123%
Elliptical large 2.06 mm 126% 2.37 mm 135%

5. Conclusions

This paper has developed an elliptical DEAP actuator. An approximation of the
elliptical actuator model was made with the use of circular models and the coefficients
of individual components for the elliptical model were determined. The research was
supplemented with the finite element models of the actuators used in the experiments.
Finally, the elliptical model parameters were identified for three different geometries in
two load modes. The experimental comparison of step responses for all actuators proves
the correctness of the assumptions made in the model. Our research has shown that the
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elliptical shape of the actuator allows for a wider range of movement. This paper leaves
many interesting research directions open for further investigations. In particular, it would
be interesting to model other shapes of the actuator by analyzing the active surface of the
membrane covered with electrodes. In further research, the authors would also like to
verify various methods of control of elliptical DEAP actuators. The accurate modeling, as
well as the analysis of performances carried out in this paper, are certainly useful steps in
the direction of this challenging goal.
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Abstract: In this paper, we have carefully studied the scientific literature dealing with the use of
passive radiative surfaces within the construction industry. The aim of this paper is to highlight
technologies and materials for daylight radiative cooling under study today—or already on the
market—and to report their main characteristics, performance and, where possible, costs. Following
a review of the available scientific literature, the advantages and limitations of such an option were
highlighted, seeking to capture opportunities and future lines of research development. This review
also provides the physical laws that evaluate the energy balance of passive radiative surfaces as well
as the criteria to quantify all the terms of these equations.

Keywords: passive radiative cooling; buildings; sub-ambient temperature; urban heat island

1. Introduction

1.1. Background of the Review

The planetary emergence of climate change requires the search for innovative strategies
and technologies, with reduced anthropogenic impact, to limit the effects of global warming.
The European Directive 2018/844 states that buildings contribute to 36% of greenhouse
gas emissions and that 50% of final energy consumption in the European Union is used
for heating and cooling [1]. The latter is widely considered a challenging issue, simply
due to the constraints of the second law of thermodynamics [2]. Furthermore, in hot
climates, cooling is becoming more and more a driver of the electric energy demand. Much
attention is being regarded worldwide to passive radiative materials, which provide a path
to dissipate thermal energy from surfaces toward the ultracold extra-terrestrial space [3].
The idea of passive cooling of surfaces to sub-ambient temperatures, using the night sky
as an effective heat sink dates to the earliest studies by Granqvist et al. [4]. Such cooling
capacity has been exploited for climatization, since ancient times, in tropical areas [5]. A
similar behaviour has been observed not only in artificial structures, but also in butterflies
that regulate the wing temperatures using radiative cooling [6], and in nano-structured
wild moth cocoon fibres [7], providing effective radiative cooling for the moth pupae by
controlling optical reflection as well as radiative heat transfer. Finally, Shi et al. have
demonstrated that Saharan silver ants [8] (Cataglyphis bombycine) efficiently dissipate heat
back to the surroundings due to the high emissivity for wavelengths higher than 2.5 μm,
and high reflectivity in the wavelength range of solar radiation.

If, on the one hand, night-time radiative cooling has been extensively studied so
far [9], daytime cooling would indeed represent a challenging option to face peak cooling
demand (mainly occurring during the day) [10] as well as heat island effects [11] and
other similar challenging issues regarding the anthropogenic footprint due to energy
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consumption. Figure 1 summarizes the many interactions between radiation emitted by
the Sun with the atmosphere and the Earth’s surface [12–16]. Incident solar radiation
(at low wavelengths) undergoes absorption, reflection and scattering phenomena as it
interacts with the atmosphere and the Earth’s surface. At the same time, the Earth’s surface
emits electromagnetic radiation at higher wavelengths (in the infrared range) towards
the atmosphere. This radiation can be again scattered, absorbed or reflected, or can even
be transmitted through the atmosphere to free space. All these phenomena contribute to
the overall thermal balance of the Earth’s surface and regulate its average temperature.
Passive cooling may thus represent an interesting opportunity for sustainable development,
mitigating both the causes and the effects of global warming, offering a source of off-
grid energy and even a water source by night cooling of surfaces below the dew point
temperature [17].

 
Figure 1. Energy exchange at the Earth’s surface. The interactions of solar radiation and terrestrial
radiation with the earth’s atmosphere and surface are finely balanced to regulate the temperature of
our planet.

1.2. Problem Statement and Motivation

A fundamental watershed in the research field regarding passive radiative coolers is
undoubtedly represented by Aaswath P. Raman’s seminal paper published in Nature in
2014 [18], which paved the way for research on radiative heat dissipation systems operating
during daytime hours, exposed to solar radiation. This was a fundamental step, opening
up new opportunities for the exploitation of heat dissipation. This paper aims to review the
recent investigations in the field, with special reference to the construction sector, especially
from that year to the present. This review may be useful to a wide audience of students,
researchers and professionals who are interested in the effectiveness of new strategies to
increase energy efficiency in buildings. With this aim, we have tried to identify the most
suitable strategies to introduce radiative surfaces in buildings and to achieve significant
energy savings in summer air conditioning operation. To this end, we took special con-
sideration of publications that appeared after Aaswath P. Raman demonstrated, for the
first time—supporting the assumption with an experimental activity—that it is possible to
achieve sub-ambient temperature surfaces, even in the presence of solar radiation during
daylight hours. This means that passive strategies may be exploited to achieve effective
heat rejection without using energy. This is an important issue, especially in urban contexts,
where urban heat islands represent more and more of an open issue [19].
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1.3. Objective and Structure

This review is mainly devoted to gather the most relevant investigations about daytime
passive coolers’ technologies for the construction sector, within the time interval that
separates us from the publication of Aaswath P. Raman’s seminal paper published in
Nature in 2014 [20], which fostered research relating to radiative heat dissipation systems
operating during daytime hours. Hereafter, the design principles, the most investigated
materials, and main applications of radiative sky cooling will be reviewed, with reference to
the construction sector, with the intention of studying the effectiveness of such technologies,
to ensure the reader’s awareness of the benefits and limits of these technologies, with a
highly quantitative approach. The structure of this review paper consists of an introduction
reporting a background of the review, the problem statement and motivation faced in this
activity, and the objective and structure of the manuscript; a short methodology section;
principles of radiative cooling; a wide literature review section for building integration of
radiative cooling surfaces; a part regarding switchable materials and systems applied to
radiative sky cooling in buildings; and the concluding remarks, containing limitations and
future directions for this investigation.

2. Methodology

For the reasons stated above, most of the publications reviewed in this investigation
date from 2014 to 2024, beyond those strictly necessary to explain the principles underlying
the design and physics of (passive and active) radiative systems. In the text, the main works
that regarding building integration of radiative systems are reported, with special reference
to materials, modes of operation, and cost, when the literature in the field also makes such
elements available. We found the articles reported here by querying the Scopus database,
using the most recurrent keywords in articles published in this field of investigation.
Moreover, a table has been created, reporting the main technologies investigated in the
current state of the art of building integrated radiative surfaces and the relevant figures of
merit that express their performance.

3. Principles of Radiative Cooling

Though it was anticipated already in the 1980’s, only in the last decade has passive
radiative cooling been experimentally demonstrated by the seminal studies reported by
Raman and co-workers [18]. This means that a passive cooling strategy may allow daytime
cooling of structures to temperatures below ambient air, even in the presence of the Sun
radiation. Such surfaces would be able to operate without any external energy, in a “passive”
mode. In fact, the atmosphere of our planet shows a relatively wide transparency window
for electromagnetic waves, in the infrared (IR) wavelength range between 8 μm and 13 μm
(Figure 2b), due to the very low atmospheric emission in that spectral region [21]. This fact
leads us to find suitable ways to exploit such a special feature of the atmosphere composition
for the purpose of heat dissipation either from buildings or cities and industrial plants [22].
The existence of such “open window” paves the way towards the possibility to cool objects
at an ambient temperature (≈300 K), by means of thermal radiation taking place between
bodies on the Earth’s surface and the extra-terrestrial space, roughly at ≈3 K. Coincidentally,
according to Planck’s law, the thermal radiation of a blackbody at 300 K shows its peak
of radiation, precisely, at about 10 μm. In this way, the emitted radiation might escape to
the extra-terrestrial space, which can be considered an outstanding heat sink. For daytime
applications, the surface of a cooler must show selective features; at the same time, it should
absorb as little solar radiation as possible but also emit the maximum radiation within
the atmospheric window, using the extraterrestrial space as a thermal sink. This can be
achieved by maximizing the reflectance of the cooler in the wavelength range from 250 nm
to 2.5 μm (Figure 2a) and maximizing the emissivity in the wavelength range from 8 μm to
13 μm (Figure 2b). Structures capable of simultaneously working as broadband mirrors for
the solar radiation (solar reflectors) and strong thermal emitters in the atmospheric window
(IR radiators) may effectively act as daytime radiative coolers: achieving sub-ambient
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temperatures (for the whole day and night) may represent a milestone for engineering and
materials science. Moreover, daytime cooling would match with the profile of peak energy
uses for cooling in buildings and other applications.

Figure 2. (a) Example of solar spectral irradiance at mid-latitude under a cloudless sky at sea level.
(b) Atmospheric transmittance: the atmosphere shows high transmittance in the wavelength range
between 8 and 13 μm. (c) Energy balance of a radiative cooler’s surface: Psun and Patm represent
the absorbed solar irradiation power and the absorbed atmospheric radiation power, respectively.
Prad is the thermal radiation power from the surface, and Pnon-rad is the non-radiative heat transfer
between the surface and the environment; all these terms contribute to the net cooling power Pcool, as
expressed by Equation (1).

In essence, radiative coolers should maximize the radiative term of their full energy
balance (Figure 2c), which is expressed as follows [20]:

Pcool(T) = Prad(T)− Patm(Tamb)− Psun − Pnon−rad (1)

which not only takes into account the radiative term (Prad) but also the one concerning
non-radiative (convective/conductive) thermal exchange (Pnon−rad), the absorbed solar
irradiation (Psun) and the absorbed power due to atmospheric thermal radiation (Patm).
Consequently, the term Pcool represents the net cooling power of a given structure that can
be considered a radiator providing practical cooling only when the radiated power exceeds
the sum of all the negative (absorbed) terms in Equation (1), which relates the net output
power of a surface to its temperature. If Pcool > 0 when the ambient temperature equals
the surface temperature, the surface may act as a daytime passive cooler. On the other
hand, if Equation (1) is solved for Pcool = 0, it is possible to find the surface steady-state
temperature, which must be lower than Tamb, to obtain effective radiative cooling [20]. The
term Prad(T) is calculated as follows:

Prad(T) = A·
∫ π

2

0
(2π·sinθ·cosθ·dθ)·

∫ ∞

0

2hc2

λ5 · 1[
e(

hc
λkBT ) − 1

] ·ε(λ, θ)·dλ (2)

which integrates the spectral radiance of a blackbody at absolute temperature T, according
to Planck’s distribution law, embodying the angular integral over a hemisphere. For
radiative sky cooling, it is generally acceptable to consider horizontal surfaces [23] and
assume azimuthal symmetry. The term h represents Planck’s constant, kB is Boltzmann’s
constant, c is the speed of light in the vacuum and λ is the wavelength. On the other hand,
ε(λ, θ) is the surface spectral angular emissivity, which is considered to vary only with
the zenith angle θ and, according to the assumptions of Kirchhoff’s law [24], replaces the
surface absorptivity.
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The term Patm (Tamb) represents the absorbed power due to incident atmospheric
thermal radiation, which can be calculated using the spectral angular emissivity of the
atmosphere and the spectral radiance of a blackbody at temperature Tamb as follows:

Patm(Tamb) = A·
∫ π

2

0
(2π·sinθ·cosθ·dθ)·

∫ ∞

0

2hc2

λ5 · 1[
e
( hc

λkBTamb
) − 1

] ·εatm(λ, θ)·ε(λ, θ)·dλ

(3)
where again the surface absorptivity is replaced by the emissivity. To quantify the spectral
atmospheric radiation, the spectral directional emissivity, εatm(λ, θ), of the atmosphere
is used, which is defined as the ratio between the atmospheric spectral radiance and the
blackbody spectral radiance calculated at the air temperature (Tamb) near the ground. This
is because the downward atmospheric thermal radiation comes mostly from the lowest few
hundred meters of the atmosphere for those wavelengths where water vapor and carbon
dioxide are strongly absorbing [25–27]. The atmospheric emissivity is angle-dependent
and is generally given by the following expression:

εatm(λ, θ) = 1 − t(λ)
1

cosθ (4)

where t(λ) is the atmospheric transmittance in the zenith direction. The values of the t(λ)
depend mainly on the concentration of some gases (H2O, CO2, O3, CH4, N2O) and aerosols
in the stratigraphy of the atmosphere and on the related temperature profile. To model the
atmospheric transmittance, commercial software can be used (e.g., MODTRAN version
6) which draws the radiative properties of individual gases from specific databases (e.g.,
HITRAN). It has been observed that the cooling effect is boosted in dry climates with clear
sky, as clouds and humidity may drastically reduce the value of Pcool [11,28].

The Psun term integrates the incident solar irradiance, considering the spectrum corre-
sponding to a value of 1.5 for Air Mass ( IAM1.5). and again, the spectral absorptivity equal
to the spectral emissivity.

Psun = A·
∫ ∞

0
IAM1.5·εatm(λ, θsun)·dλ (5)

Furthermore, the term reporting thermal power lost by non-radiative heat transfer is
lumped as follows:

Pnon−rad(T, Tamb) = hc·A·(Tamb − T) (6)

where hc is a suitable heat transfer coefficient that considers both the convective heat
exchange with air and the conductive heat exchange with external surfaces, in contact with
the radiative cooler.

To achieve high values of Pcool(T), the thermal emissivity of the cooler structure must
be as high as possible within the atmospheric window, and, at the same time, its absorption
should be very low throughout the wavelength range of the solar spectrum. Consequently,
a correct design of passive cooling structures aiming at dissipating thermal energy during
daytime hours minimizes the negative terms of the equation.

4. Literature Review for Building Integration of Radiative Cooling Surfaces

Several approaches have been explored towards the design of daytime radiative
coolers, as reviewed in several works [29]. An effective approach is represented by one-
dimensional photonic films obtained by depositing alternating layers of materials with
different refractive index, deposited on top of a highly reflective material substrate [30].
With this approach, Raman et al. [20] cooled their structures about 5 ◦C below the ambient
temperature, providing experimental evidence of the feasibility of daylight cooling. Chen
et al. [31] theoretically showed that ultra-large temperature reductions to 60 ◦C below
ambient can be achieved minimizing the parasitic heat losses (conduction and convection)
by means of a vacuum chamber evacuated to a pressure of about 1.333 × 10−4 Pa. Their
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structure consisted of layers of silicon nitride, amorphous silicon, and aluminium, with
thicknesses of 70 nm, 700 nm and 150 nm, respectively. A current trend of research for
daytime passive cooling involves polymers. Zhai et al. [32] demonstrated the passive
radiative cooling power of 93 W/m2 of glass–polymer hybrid polymethylpenthene (TPX)
membranes, embodying silicon dioxide microspheres, directly involved in the thermal
emission. The highly transparent polymer reflects solar irradiation when backed with a
silver thin film, deposited by E-Beam evaporation. Wang et al. [33] adopted the electrospin-
ning technique to fabricate polyvinylidene fluoride/tetraethoxysilane (PVDF/TEOS) fibres
with nanopores inside and silicon dioxide microspheres distributed on their surfaces. An
average radiative cooling power of 61 W/m2 was obtained, in May, in Shanghai. A radia-
tive cooling structural material was developed by Li et al. [2], who demonstrated a highly
resistant cellulose-based material embodying cellulose nanofibers capable of backscattering
solar radiation and can emit in infrared wavelengths, providing continuous daytime and
nocturnal cooling. More recently, Chen et al. reported the fabrication of a cellulose/SiO2
bulk material, with significant passive cooling properties (sub-ambient temperature decline
of about 7 ◦C) and mechanical properties. Current research trends also reported the use of
nanophotonic structures, reviewed by Ko et al. [29]. This review reports an exhaustive list
of best practices and research activities dealing with daytime radiative cooling applied to
the construction sector.

The main limit to practical applications of cooling materials is represented by the low
energy density provided, compared with design requirements. Apart from the intrinsic
spectroscopic properties, cooling performance is dramatically affected by location, weather
conditions, cooling profiles, cost of materials and maintenance, etc. Nevertheless, this field
of investigation is widely recognized as an intriguing technological challenge [34,35].

Energy consumption in buildings is a relevant topic with regards to energy transition
and reduction of environmental impacts of the construction sector responsible of 40% of
total energy use in developed countries, where most of this consumption is related to HVAC
(heating, ventilation, and air conditioning) systems. The impact of completely passive
technologies for heat dissipation would be welcome both in terms of energy saving and
in terms of CO2 emissions reduction. In fact, in Zhao et al. [23], the adjective “passive”
refers to technologies with zero energy input (i.e., with no fans or pumps to enhance
cooling power).

Generally, the use of passive cooling in buildings can be achieved by exploiting passive
and active approaches. The main difference is represented by the possibility of controlling
performance according to seasonal or operation requirements, which is only possible in
active systems. On the other hand, lower cost and complexity are the main advantages of
passive systems.

4.1. Passive Cooling Surfaces from Traditional “Cool Roofs” to Daytime Radiative Coolers

Large rooftop surfaces are ideal candidates to host passive cooling surfaces. Cooling
loads are compatible with values in the order of 100 W/m2, as reported by Pacheco
et al. [36]. With regards to passive technologies for buildings, cool roofs can be considered
indeed an energy efficient solution [37,38]. Roof materials can be considered “cool” if they
show—at the same time—high reflectance (or albedo) in the solar range of wavelengths and
high emissivity in the atmospheric window; two simultaneous figures are then required
to achieve acceptable performance in cool roofs [39], which can be considered highly
selective materials.

As reported by Zhao et al. [23], cool roofs, in the form of coatings, tiles and other
components, affect building performance by potentially reducing cooling loads, lowering
electricity consumption, extending roof lifetime, and eventually reducing building impact
on the heat island effect. According to ASHRAE [40], a cool roof must demonstrate a solar
reflectance index (SRI) of 78 or higher. This figure of merit was defined by ASTM E1980 [41],
as follows:

SRI = 123.97 − 141.35·χ + 9.655·χ2
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where the parameter χ depends on solar absorptance (α), on thermal emissivity (ε) and
on the convective heat transfer coefficient (hc) as well: the latest is evaluated for three
wind conditions.

Energy saving associated with building integrated cool roofs have been studied in
detail in several experimental and numerical works [42–44]. Akbari et al., in their study [42],
reported that raising the solar reflectance of conventional dark roofs by 25% can reduce
building cooling energy consumption by more than 10% and results in a lower ambient
temperature. On the other hand, they found that raising roof reflectivity to 0.60 may reduce
cooling energy use for buildings by about 20%.

A new prototyped cool clay tile on a traditional residential building was tested by
Pisello et al. [45] to quantify summer benefits and winter penalties associated to the use of
cool roofs in a temperate climate. The yearly analysis showed that the proposed technology
achieved a decrease in indoor overheating by 4.7 ◦C, whereas the winter overcooling
reduction is 1.7 ◦C. The substantial cooling benefits in summer are predominant with respect
to the penalties in the winter season. Maximum year-round benefits were found for Palermo,
in Southern Italy, with numerical simulations, corresponding to 14 kWh/m2 per year. In
fact, this technology may find application at low latitudes, in cooling dominated countries,
where heating may be considered a lower concern for energy consumption in buildings.

A 67 μm thick roof surface under the mid-summer sun was fabricated by Gentle and
Smith [46], suitable for large-scale production. Spectral selectivity of such materials allows
for very high solar reflectance and emissivity, in the atmospheric window, to obtain net
radiative power towards the clear sky. They met both of those criteria using specially
chosen polyesters, deposited on a silver layer (200 nm). Such surface remained sub-ambient
(2 ◦C) throughout a hot summer day (solar irradiance of 1060 W/m2), with ambient air at
27 ◦C and high infrared intensity from the atmosphere of 400 W/m2. Further numerical
simulations showed that the reduction of cooling energy achievable using this new material
would be 91 kWh/m2 in Orlando (FL, USA).

Cool roofs with high reflectance may also produce visual discomfort, like glare. For
this reason, cool-coloured roof tile coatings have been developed, with visible properties in
the visible range (0.4–0.7 μm), with almost typical colour, like those of standard roofs but
with much higher reflectance in the infrared wavelengths (0.7–2.5 μm).

Passive radiative cooling is well known to provide optimal figures in nocturnal hours,
though the peak cooling load in buildings occurs in the daytime. Better performance than
traditional cool roof materials can be achieved through recent results from photonics and
optics, which enable the chance to use nanomaterials to improve both solar reflectance and
infrared emissivity, with a useful diurnal net cooling power. With this regard, Baniassadi
et al. [47] studied the effectiveness of engineered spectral properties of “super-cool” roofs
showing reflectivity and emissivity values greater than 0.96 and 0.97, respectively, applied
to a building rooftop in a numerical simulation activity in eight US cities. They claimed that
the temperature rooftop remained lower than the ambient air temperature throughout the
year, producing an average daily sensible flux of 30–40 W/m2. Moreover, they found that
this new technology could double the attainable cooling energy saving, compared to typical
white roofs. At the basis of their simulation activities, they used the spectral properties of
super-cool surfaces demonstrated by Jyotirmoy Mandal et al. [48]. They proposed hierarchi-
cally porous poly(vinylidene fluoride-co-hexafluoropropene) coatings with a high passive
daytime radiative cooling capability: hemispherical solar reflectance Rsol = 0.96 ± 0.03 and
long-wavelength infrared emissivity εLWIR = 0.97 ± 0.02, with maximum sub-ambient
temperature drops of ~6 ◦C and cooling powers of ~96 with 750 W/m2 solar irradiance.

The approach used in daytime radiative coolers so far could be reconsidered according
to Wang et al. [49], in terms of real cooling potentials, depending on location and real
atmospheric conditions. If in a dry, sunny winter day in California, the multi-layered
cooling system designed by Raman et al. [20] reported radiative cooling to nearly 5 ◦C
below the ambient air temperature; numerical simulations by Lu et al. showed that when
hc equals 6.9 W/(m2K) in Bangkok, the temperature reduction in summer was as low as
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0.1 ◦C, with very low passive radiative cooling performance in the mid-latitudes. The same
surface may perform even worse in damp tropic zones due to the reduced transparency of
the atmospheric window, associated with water vapor. The above-reported considerations
suggest that new radiative coolers should be customized according to location and climatic
conditions. Moreover, photonic radiators generally require nanoscale-precision fabrication,
based on physical vapor deposition techniques which may act as a limiting factor in terms
of cost and mass production.

Photonic structures requires multilayer optical calculations [50] as well as complex and
expensive fabrication processes. Raman’s cooler consisted of seven alternate layers of HfO2
and SiO2, whose thicknesses were obtained after extensive numerical optimization. Similar
structures adopted other dielectric materials, like Ta2O5 or TiO2 [29,30]. The availability of
simple, bottom-up processes, based on chemical approaches, would be more compatible
with large scale production with lower production costs.

Wang et al. [33] reported a high-performance flexible hybrid membrane radiator based
on polyvinylidene fluoride/tetraethyl orthosilicate, with 61 W/m2 and a temperature
decrease up to 6 ◦C, under a surface solar irradiance of 1000 W/m2. Such a flexible hybrid
membrane reflected ≈97% of solar radiation and exhibited an infrared emissivity higher
than 0.96.

Zhai et al. [32] embedded dielectric microspheres randomly in a polymeric matrix,
resulting in a metamaterial that is fully transparent to the solar spectrum while having
an infrared emissivity greater than 0.93 across the atmospheric window due to phonon-
enhanced Fröhlich resonances of the microspheres. They deposited silver on one side
of the membrane, obtaining a noon-time radiative cooling power of 93 W/m2 under
direct sunshine. The described fabrication process is highly compatible with roll-to-roll
manufacturing of this novel technology. Chen et al. [51] reported a membrane containing
delignified biomass cellulose fibres and inorganic SiO2 microspheres.

4.2. Integration of Passive Radiative Surfaces in Buildings and HVAC Systems

Daytime radiative cooling may represent a reliable mitigation strategy to counter-
balance the impact of urban heat islands, using materials with high reflectivity [8] and
chromogenics [52]. Daytime coolers can be fabricated in the form of multilayered photonic
stacks, 2D–3D photonic structures—both require a top-down fabrication approach—paints
or polymer structures embedding nanostructures and fabricated using a bottom-up ap-
proach. In theoretical terms, a surface area of 1 m2 emits a maximum thermal power of
459.3 W, with a maximum radiation peaked at 9.67 μm, according to Wien’s displacement
law [53]. The amount of thermal power emitted by a blackbody at 300 K in the spectral
range of the atmospheric window is roughly 32% of the total emitted power, i.e., 148 W. The
latter represents the ideal reference value of the thermal power that can be emitted by a body
at ambient temperature with a ε = 1. After Raman’s seminal work [18,20], sub-ambient
daytime radiative coolers have been demonstrated that they are capable of reaching 4 ◦C
below ambient temperature when exposed to direct daylight and even 60 ◦C theoretical
maximum temperature reduction. Nevertheless, external conditions dramatically affect the
performance of a radiative cooler, apart from the amount of solar radiation impinging on
the dissipating surface. The Patm term of the energy balance may be dramatically influenced
by the relative humidity of ambient air. In fact, experiments carried out in low humidity
conditions or desert conditions in Israel have reported optimal results [54]. Atmospheric
transmittance spectra were accurately studied by Berk et al. since the first decade of this
century [55]. Thermal power emitted by the atmosphere may in fact be transmitted to the
cooler surface according to its emittance properties, according to Kirchhoff’s law.

Furthermore, the operation conditions of a radiative cooler should consider the great
variability of the convective term, i.e., the Pnon rad term: the convective heat power could
cancel out the radiative benefit if the air temperature and the convective heat transfer
coefficient are high, depending on wind speed. To reduce convective heat gains, wind
covers and windshields have been proposed in several works worldwide [49].
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Carlosena et al. [56] fabricated and tested daytime radiative materials consisting of a
Vikuiti substrate (0.97 reflectivity and 0.89 emissivity) covered with a 2 μm thick film of
polymethylsesquioxane with embedded silica nanoparticles, which have a competitive cost
of 0.3 €/m2. The surfaces reached 7.32 ◦C temperature reduction in daytime conditions
in moderate weather conditions, which is quite different from those used for experiments
in ideal settings (no convection and low relative humidity). They demonstrated that only
scalable and effective daytime radiative materials may be relevant in the context of future
applications in constructions.

Radiative Sky Cooling (RSC) is used to reduce indoor thermal loads in building
envelopes, both passively and actively. In active systems, unlike passive applications, a
certain amount of energy is required to utilize free cooling. This is achieved using fans,
pumps, or a combination of both in hybrid systems combined with radiative sky surfaces.
Active application may involve integrating RSC directly into HVAC systems to improve
overall cooling capacity and system efficiency. This emerging strategy demonstrates the
significant potential of RSC technology in various building applications [34]. Typically,
panels or surfaces that emit thermal radiation in the long-wavelength infrared spectrum
are used in Active Radiative Sky Cooling systems (ARSC). The process of radiative cooling
occurs during both day and night, but it is most effective at night: in both cases, the sky acts
as a natural heat sink. By utilizing more effective technologies, ARSC systems may offer a
sustainable and energy-efficient cooling method reducing active energy building loads.

A growing array of active cooling strategies has been proposed to enhance the effi-
ciency of RSC applications within roofing systems. Active cooling roofs generate cold water
or cold air through RSC mechanisms and subsequently convey it into indoor spaces for
cooling in alignment with the specific requirements of the building. Bergman [57] demon-
strated that spectrally selective surfaces for passive cooling could effectively match cooling
loads, surface area for heat rejection and increase the amount of thermal power transferred
from Earth to space. He adopted energy balances and heat transfer rate equations to predict
of the performance of a novel active daytime radiative cooling concept, proposing the use of
spectrally selective surfaces in conjunction with air conditioning and refrigeration systems.

Kousis et al. [58] discussed potential strategies and current progress in materials de-
velopment of daytime radiative coolers, highlighting challenges and roadmaps to achieve
effectiveness of their real-life applications. This gives rise to the need to design materials
capable of achieving high performance at reasonable costs, thanks to advanced nanomanu-
facturing and synthesis processes.

Yuan et al. [59] demonstrated a daytime radiative cooling application using a selective
polymer-based metamaterial to passively cool a full-scale model house, achieving a roof
surface temperature of 2–9 ◦C below the ambient, continuously, for 72 h. Moreover, they
claimed a further result: the indoor air temperature was also consistently below the ambient
during the daytime.

Liu et al. [60] recently proposed a dual-layer film consisting of ethylene-tetra-fluoro-
ethylene (25 μm) and silver (200 nm thick Ag layer), showing solar reflectivity of 0.94 and
average total emissivity of 0.84, capable of reaching 1.6 ◦C below ambient air at daytime in
Hefei (China).

Lim et al. [61] proposed high-energy band gap calcium carbonate (CaCO3) for all-day
radiative cooling, without any metal reflector. They adopted CaCO3 microparticles with a
diameter of 20–30 μm. The authors claimed cooling power of 93.1 W/m2 and a sub-ambient
temperature of 3.38 ◦C in daytime.

Huang et al. [62] reported a newly designed scalable-manufactured magenta-coloured
daytime radiative cooler (60 cm wide and 500 cm a long) fabricated by a roll-to-roll
deposition technique. Average temperature drops of 2.6−8.8 ◦C during the daytime
were reported.

Yu et al. [63] fabricated a self-sustained insulated cooler with two features: daytime
sub-ambient passive cooling (−3.3 ◦C in the field tests) and, on the other hand, the surface
can harvest atmospheric water at night.
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4.2.1. Air-Based Cooling Systems

A simple method of integrating RSC embodying a building cooling system is to use
an air-cooling system, where air acts as the heat transfer medium. Such integration may
be achieved through a simple air-based cooling system. This system includes an RSC
surface, a propelling fan, and a connecting loop. The cooling process is facilitated through
natural ventilation or fan-induced airflow, which directs the air through an RSC surface,
positioned atop the building. The effectiveness of the air-based cooling systems depends on
a restricted air passage beneath the radiator and a significant surface area, with the aim of
maximizing the cooling of the exchanged air [49]. Moreover, the efficiency of these systems
is usually determined by radiative cooling surface properties and climate conditions (e.g.,
ambient air temperature, humidity, wind speed).

According to Zhao et al. [23] three different air-based cooling system classes are
currently reported in the literature (Figure 3). The first class (Figure 3a) represents a
relatively simple air-based system, using the roof volume as a cooling sink, either directly
into the room or via a duct system. The net cooling power of air-based systems is typically
low, ranging from 20 to 40 W/m2 [49]. The second class (Figure 3b) represents an active
strategy combining HVAC hardware with an air-based system of ducts. The figure reports
only daytime systems, though the first investigation of effective radiative heat coolers dates
to the 1970’s and is performed during night time. Some milestones in such activities have
been reported hereafter.

Figure 3. Active and passive strategies to exploit radiative coolers to cool fluids generally used in
HVAC systems. (a) Air-based radiative sky cooling system using the roof as a radiator, (b) system
integrated with HVAC system.

In 1977, Givoni introduced one of the first air-based applications named Roof Radiation
Trap system. This system uses solar energy to heat buildings in winter and nocturnal
radiation to cool them in summer [64]. This innovative approach involved the placement
of a white-painted corrugated metal sheet on the roof to function as a nocturnal radiative
cooler. The intervening space between the cooler and the roof was utilized for air storage.
These corrugated metal sheets served the dual purpose of shielding against solar radiative
heat during the day and cooling the air during the night. The interspace functioned as
a cold reservoir, contributing to the cooling of the roof in subsequent days. Some vents
connected the roof volume to the tested room. The results indicated that the roof radiation
trap had the potential to yield a cooling capacity ranging from 29.7 to 55.8 W/m2 under
climatic conditions characteristic of Italy. The night sky radiant cooling performance of
duct-type heat exchangers under different surface material and weather conditions was
investigated by Liu et al. [65]. The differences between the inlet and outlet temperature of
the night sky radiation heat exchanger resulted in a drop of 6.8 ◦C.

Along this line, Paker et al. [66] introduced the innovative “NightCool” roof concept
designed to cool residential buildings. This approach involves establishing an attic area
beneath a metal roof, with the internal building being interconnected or isolated based on
airflow requirements within this space. The fan facilitated the airflow mechanism. The
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findings indicate that the “NightCool” roof resulted in an average cooling power of 5 to
10 W/m2 overnight, particularly in the Florida climate.

Kimball et al. [67] have developed an air box convector using RSC technology. This
system consists of a fan combined with two heat exchangers and is designed for cooling and
dehumidification in tropical climates. Empirical results show that the innovative configura-
tion using RSC has a potential energy saving of between 14% and 18% in the management
of latent heat loads, contributing to the achievement of an optimal indoor environment.

Furthermore, Hollick [68] performed a series of performance tests on a nocturnal RSC
roof. In this configuration, a sky radiative cooler was placed on the roof, and an air cavity
was added underneath to aid air cooling. Cold air was then circulated into the room at
night using a fan. The results showed that the RSC roof could lower the air temperature by
approximately 4.7 ◦C compared to the ambient temperature.

Khedari et al. [69] designed and implemented four variants of roof radiators within
an air-based system designed for a solar-powered school dormitory. Their experiments
showed that during the night, the temperature of the roof radiators showed a reduction
of 1 to 6 ◦C compared to the ambient air temperature, considering the prevailing weather
conditions in Thailand.

Hu et. al. [70] introduced an innovative passive air conditioning module that integrates
RSC and indirect evaporative cooling to boost efficiency. Results show that the system
reduces the supply air temperature by 0.88 ◦C compared to the indirect evaporative cooling-
only system. This corresponds to an 11.91% and 9.94% improvement in dew point efficiency
and cooling energy gain, respectively.

Proper thermal insulation is also crucial to enhance the efficiency of ARSC system.
Insulating materials prevent the reabsorption of heat from the surroundings, ensuring that
the radiative cooling process remains effective [65].

Galvez et al. [71] tried to optimize the efficiency of an air-based RSC by analysing
the performance of an air-based low-energy night-time radiative cooling system in Chile.
The system is composed of a series of specialized radiative air collectors, a mechanical
ventilation system, and a thermal storage wall, which is part of the indoor environment.
The radiative air collector is cooled by radiative cooling due to radiative interaction with
the sky. At night time, the fan is activated, and the cooled air is sent indoor to the gravel
mass. At daytime, the fan is switched off and the gravel mass absorbs thermal energy that
is accumulated indoor due to the internal loads and irradiation. Though this cannot be
considered a daytime cooler, this technology is designed to operate during the daytime.
This system aims at meeting the cooling demands of a building solely through natural
ventilation or fans. Moreover, given the need for a narrow air duct and a large radiative
cooling surface area, this air-based system is more suitable for use in detached houses or
on the top floor of multi-storey buildings.

On the other hand, the cooling effect in daytime conditions is strongly affected by
season (results presented in the first paper dealt with sunny days in winter conditions
and in low humidity conditions [20]), radiation, location, humidity and air conditions.
The non-radiative term of Pnon-rad is strongly affected by air speed. If the net nocturnal
cooling of air systems reach values higher than 100 W/m2 [9,72], the high convective heat
transfer coefficients could hinder the performance in daytime conditions. Pollution also
has a negative effect on coolers’ performance since particulate emission absorbs (or emit)
radiation, decreasing their cooling potential. According to Cui et al. [73], it is important to
assess the influence of weather and geographical location on coolers’ performance as well
as to design radiative coolers capable of reducing the detrimental effects of wind, vapor,
dirt, rain, and other external factors.

Zhao et al. [74] demonstrated the effectiveness of daytime cooling applied to a 1.08 m2

system built using a wood framework and an aluminium plate (Figure 4). The cooling
surface was protected with a polyethylene film acting as a convective shield. This pro-
totype coupled radiative sky cooling with attic ventilation for temperature reduction:
sub-ambient temperature reductions were between 5 and 8 ◦C, at nighttime, and between
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3 and 5 ◦C during daytime hours. Daytime effective cooling technologies, compatible
with passive air systems were demonstrated by Fu et al. [75] and by Torgerson et al. [76].
Wang et al. [77] reviewed typical materials and designs with adequate daytime radiative
cooling capability: they can be grouped in several approaches, including nanophotonic
materials obtained depositing alternating layers with suitable refractive properties, nano-
and microparticle-based radiative materials, polymer-based radiative materials, and other
radiative cooling designs.

Figure 4. Radiative air coolers integrated atop a building (a,b); sub-ambient temperature reduction (c)
and net cooling power attainable (d). [74].

Regarding the ideal component devoted to building integration of passive radiative
coolers, roofs have generally been considered the most eligible surface to host such compo-
nents. Nevertheless, Wu et al. [78] observed that roofs are generally responsible for only
10% to 20% energy consumption and such impact tends to be lower in high-rise buildings.

Passive radiative systems show limited effectiveness, highly depending on weather
conditions, which may significantly harness their performance. Switchable properties may
enhance their cooling capacity. In fact, if hot arid areas may benefit from passive coolers
with static spectral properties almost throughout the year, due to high temperatures, their
seasonal applicability is often hindered by lower temperatures and higher expenditures for
heating in winter. Moreover, if the term regarding atmospheric power (Patm) is strongly
dependent on climate and weather conditions, the non-radiative term may be effectively
attenuated by means of convective shields (Pnon rad).

4.2.2. Water-Based Cooling Systems

Other systems use water as a heat transfer fluid, with higher specific heat capacity
compared to air, using a cold storage unit, with net cooling power typically double, in the
order of 40–80 W/m2 [23].

Water-based cooling systems can be divided into two main types: open-loop and
closed-loop. The open-loop water system typically involves a shallow roof pond as a key
component, facilitating heat transfer to the environment through mechanisms such as
convection, radiation and evaporation from the roof immersed in the pond water [79–82].
They have been largely investigated and used in arid areas of the planet. Conversely, the
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closed-loop water system differs from its open-loop counterpart by using water as the heat
transfer fluid, with heat dissipation achieved through a flat plate radiator [69,83–85]. The
heat carrier—water, in this case—flows in pipes embedded in a flat-plate and the system
also includes an insulated water tank, a heat pump and the radiative plate.

The thermal energy derived from night-time radiative cooling, particularly in the
form of chilled water, has the potential to be used as a cooling resource during the day.
However, the typical low supply temperature of chilled water from conventional building
air conditioning systems, such as 7 ◦C, may render the water from the radiative sky cooling
system insufficiently chilled for direct use. Possible remedies include integrating the
water-based cooling system with a radiant floor/ceiling system, which does not require an
extremely low supply water temperature, typically in the range of 15–18 ◦C. Alternatively,
the use of radiantly cooled water to pre-cool the heat transfer fluid before it enters the
chiller is a viable solution.

Spanaki et al. [81] presented twelve different configurations of rooftop pools, providing
a comprehensive analysis of their advantages and disadvantages, and discussed the criteria
relevant to the design of rooftop pools.

Raeissi and Taheri [86] have shown that the implementation of a water-based open-
loop system can lead to a significant reduction in the cooling load of the air conditioning
system, through night-time radiative cooling, amounting to a 52% reduction during the
summer season for a single-story house of 140.6 m2 in Iran.

Meir et al. [87] proposed a radiative cooling system using water as a heat carrier,
circulating in flat plate radiators. The system was equipped with a 280 L water reservoir.
The cooling radiator consisted of sheets of polyphenylene oxide resin, arranged in twin-
wall sheets. This system could cover a significant fraction of the cooling demand of a
single-family house in Oslo (Norway).

Compared to the open-loop system, the closed loop results in higher efficiency. Zhou
et al. [88] used an RSC system in conjunction with a heat exchanger to manage fresh air
within the building environment. Cold water was generated using the radiative cooling
panel and then fed to the heat exchanger to cool the fresh air. Cold storage significantly
increases the drop in indoor air temperature, up to 12.7 ◦C. Any excess cooling capacity
was stored in the thermal storage tank, not only meeting immediate cooling requirements
but also providing additional thermal storage capacity.

Wang et al. [89] carried out numerical simulations for the HVAC system of a typical
medium-sized office building integrating the use of the photonic radiative cooler. With
reference to the cooling season, the free energy from the radiator addressed about 10%
of the cooling load in Miami. A photonic radiative cooler encased in a polyethylene film
in the air conditioning (AC) systems was designed to cool office buildings. Inside the
cooler, water pipes were strategically placed to cool the water. The sky radiative cooler was
positioned at the top of the building and connected to a water storage tank to form the RSC
loop. The distance cooling loop, including the chiller, pump and cooling connections, were
integrated with the RSC loop by heat exchange within the storage tank. This arrangement
facilitated the adjustment of operating modes by means of valve switching (Figure 5).
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Figure 5. Schematic design of the integrated radiative cooling system [89].

A particularly promising roadmap for the application of RC modules is their inte-
gration with air conditioning systems to increase operational efficiency. Various studies
have been carried out to explore the integration of either night or daytime RC structures
with HVAC or other cooling systems. Within these hybrid systems, the use of chilled
water from a radiative cooler helps to improve the efficiency of the air conditioning system
by acting as a coolant for the cooling coils. Jeong et al. [10] described the design of an
integrated radiative cooling, HVAC system with two different cooling coils—one supplied
by radiative cooling and the other conventional. In this proposed cooling configuration, the
conventional chillers used in the refrigeration cycle are replaced by an RC structure. The
proposed cooling system has the potential to achieve a remarkable 35% reduction in energy
consumption by complementing conventional space cooling equipment. Another study by
Zhang et al. [90] investigated the integration of cold-water storage with radiative cooling to
accumulate cooling energy. In addition, nighttime radiative coolers can be synergistically
combined with evaporative cooling systems to facilitate pre-cooling, thereby increasing
the overall systematic cooling efficiency. In this design, the radiative cooler generates cold
water during the night, and during the day this cold water passes through the cooling
coils to pre-cool the hot outdoor air before being subjected to a direct evaporative cooling
process [91].

Recently, Yoon et al. [92] proposed a hybrid HVAC system that integrates a solar
thermal collector and a radiative cooling panel as the heat source and heat sink, respectively.
Annual power consumption is reduced by 3~29% as compared to a solar-assisted heat
pump or radiative-cooling-assisted heat pump system.

With the spread of daytime passive radiative cooling, several studies [74,93] have
shown that integrating such panels into an air conditioning system, known as a Radiative
Cooling Assisted Heat Pump system, can reduce the electricity consumption in summer
by 9–45%.

Along this line, Jia et al. [94] proposed a hybrid system that combines a ground source
heat pump and all-day RSC radiators to improve the energy efficiency across China. It was
found that the average annual cooling potential varies from 149.7 W/m2 to 484.6 W/m2

in all regions of China, with the highest cooling potential of 336.5 W/m2 in cold northern
China and the lowest cooling potential of 178.3 W/m2 in tropical southern China.
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In contrast to the air-based system, water-based implementations improve operability
and controllability, thereby offering increased feasibility and efficiency. These systems can
provide a cooling capacity tailored to the specific requirements of the building. However,
their structural complexity is slightly increased, and their deployment is constrained by the
available roof space for placement of the coolers.

Zhao et al. [93] reported a kilowatt-scale innovative module for radiative cooling
named RadiCold, designed to cool water to 10.6 ◦C below ambient at daytime, and also
investigated the effect of different weather conditions on its performance. The system
surface area was 13.5 m2 and a maximum cooling power of 1296 W was reported.

Goldstein et al. [95] reported their panels that harness radiative sky cooling to cool
fluids 5 ◦C below the air temperature. Over three days of testing, we show that the panels
cool water up to 5 ◦C, with a heat rejection power of 70 W/m2. The authors also showed
results of modelling activities, reporting that radiative surfaces, integrated on the condenser
side of the cooling system of an office building, in a hot dry climate, reduced electricity
consumption by 21% for cooling during the summer.

Table 1 shows that there are several technologies and materials that could lead to
relevant results in terms of heat rejection. The determining factor, in the context of applica-
tions for the construction sector, will undoubtedly be that of cost (materials, installation,
maintenance, disposal). According to Yu et al. [96], it is reasonable to expect that polymer-
based porous structures and systems embodying randomly distributed particles (possibly
without reflective silver metal layers) may perform well, being a promising approach
for low-cost radiative cooling applications also in the construction sector, rather than
nanophotonic-fabricated surfaces with a nanophotonic approach. For example, the cost of
the RadiCold modules is estimated at about $25/m2 [97]. Several technologies are still at a
laboratory scale, and costs are only partially predictable. In general terms, polymers with a
chemical-based bottom-up approach represent a viable alternative to expensive fabrication
processes and will have more chances for building integration purposes. Apart from cost of
materials, a consistent benefit related to radiative cooling technology is to save electricity
used for cooling. A wide discussion of potential barriers to market adoption of radiative
cooling materials has been reported in [98]. Their analysis revealed that the incremental
cost of all components of the passive radiator should not exceed 8.25 $/m2 to 11.50 $/m2

of the total building floor area. It is quite easy to infer that materials with simple design
criteria may cut fabrication costs. For example, Felicelli et al. [99] reported a low-cost,
dual-layer system, comprising of a cellulose-based substrate as the bottom layer and a thin
BaSO4-based layer paint as the top layer. In the work by Zhang et al. [100], they estimated
26–46% saving of electricity consumption per year compared to split air conditioners in
San Francisco, with a simple payback period of 4.8–8.0 years, and maximum acceptable
incremental costs of 50.0–78.9 $/m2. Papers reviewed during the preparation of this work
reported limited information about costs of the radiators due to the low level of technology
readiness generally at a laboratory scale. Nevertheless, some works show that potential
benefits may be compatible with building integration. Furthermore, it should be observed
that polymer-based structures may be more prone to scalability, inherently lightweight,
and easy to install.

Radiators with a non-dynamic behaviour allow passive radiative heat dissipation
to be easily removed in the winter season since they could have undesirable effects in
the winter season, leading to increased heating consumption. Energy savings attained in
the cooling season may be counterproductive if the radiator is also used during winter.
This aspect may be relevant according to the location where radiators are installed. Wu
et al. [78] clearly reported that the location has a great impact in this balance between
energy saving and increase in winter losses due to the radiators. They observed that in
relatively high-temperature areas, the loss in winter is significantly lower than the energy
benefits observed in summer; conversely, in most regions, the loss in winter may be even
greater than the energy saved in summer. The location and season may dramatically affect
the performance of radiators. Lu et al. [100] demonstrated that the maximum temperature
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depression of the radiator designed by Raman et al. may underperform in the mid-latitude
region of Shanghai and work even worse in the hot and damp tropic areas.

Table 1. Main state of the art technologies and figures of merit of their performance.

Reference Technology Adopted Adaptiveness Main Features

Raman et al.
[20]

Integrated
photonic solar

reflector/thermal emitter
(seven layers of HfO2 and

SiO2).

No

R = 97% of incident sunlight; high selective
emittance in the atmospheric transparency window.

Exposed to direct sunlight >850 W/m2 cools to
4.9 ◦C below ambient Tair; cooling power of

40.1 W/m2 at Tair.

Pisello et al.
[45] Prototyped cool clay tile. No

Tiles decrease summer peak indoor temperature of
the attic by up to 4.7 ◦C. Winter maximum

temperature reduction was 1.2 ◦C

Gentle et al.
[46]

Birefringent polymer pairs,
with high index and one with

low index, for example
poly-ethylene terephthalate

(PET)/naphthalene
dicarboxylate and

polyethylene naphthalate.

No

For a 1000 W·m−2 incident, around 30 W/m2 of
solar energy is absorbed. Average thermal emittance

of 0.96 from 7.9 to 14 μm. In the absence of a
convective barrier, Tamb − Troof value is equal to 3 ◦C
for peak midday conditions on a clear summer day,

and to 7 ◦C at night.

Wang et al.
[33]

300 μm thick flexible hybrid
photonic

membrane radiator.
Polyvinylidene fluoride/

tetraethyl orthosilicate fibres
with randomly distributed

SiO2
microspheres.

No

Average infrared emissivity > 0.96 and Rsol ≈ 97%.
Average radiative

cooling power of 61 W·m−2 and a temperature
decrease up to 6 ◦C under

solar intensity of 1000 W/m2.

Zhai et al.
[32]

Resonant polar dielectric
microspheres randomly

embedded in a polymeric
matrix, backed with silver

coating.

No

Daytime radiative cooling power of 93 W/m2 under
direct

sunshine and economical roll-to-roll manufacturing
of the metamaterial.

Zhang et al.
[90]

Switchable radiative cooler
composed of a radiative

cooling coating and a
temperature-responsive part.

Yes

The prepared radiative cooler shows Rsol ≈ 96% and
95% infrared emission in the atmospheric

transmittance window (8−13 μm). The temperature
responsive part consists of nickel−titanium alloy

springs working as a thermal switch, showing low
thermal resistance (2.7 K·W−1) in the ON state. The

heat is blocked to escape the indoor space since a
high thermal resistance (20 K·W−1) is created when

the thermal switch is in the OFF state.

Deng et al.
[101]

Electro-controlled
polymer-dispersed liquid

crystal.
Yes

The device reaches near/sub-ambient temperature
when the solar irradiance is below 400 W/m2 and

can dynamically manage daytime cooling efficiency
by applying an external bias.

Carlosena et al.
[56]

Vikuiti substrate covered with
2 um thick film of

polymethylsesquioxane +
SiO2 microparticles.

No
Daytime radiative cooler with a cost of 0.3 €/m2.

>7 ◦C sub-ambient temperature in moderate
weather conditions.

Zhao et al.
[74]

“RadiCold” metafilm on top
of an aluminum sheet.

Polyethylene-based
convective shield.

No Sub-ambient temperatures of 3–5 ◦C during
daytime.
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Table 1. Cont.

Reference Technology Adopted Adaptiveness Main Features

Yuan et al.
[59]

Polymer-based spectrally
selective metamaterial; Rsol

about 96%.
No

When solar irradiation is 720 W/m2, a surface
temperature of the model house of 2–9 ◦C below the

ambient during a 72 h experiment period is
achieved.

Liu et al.
[60]

Dual-layer film consisting of
ethylene-tetra-fluoro-ethylene

(25 μm) and silver.
No Rsol = 0.94 and average total emissivity of 0.84,

capable of reaching 1.6 ◦C below ambient air.

Lim et al.
[61]

Single layer of a CaCO3
composite without any metal

reflector
No Daytime sub-ambient temperatures of 3.38 ◦C and

cooling power of 93.1 W/m2.

Huang et al.
[62]

Polymer–Tamm photonic
structure. No

Found theoretical thresholds for sub-ambient
cooling through coloured coolers. Temperature drop

of 2.6–8.8 ◦C during the daytime and 4.0–4.4 ◦C
during the nighttime is achieved.

Yu et al.
[63]

Porous
polyethylene film at the top,

an air layer in the middle, and
poly(vinyl

alcohol) hydrogel with
lithium bromide at the

bottom.

No Rsol = 0.91; εLWIR = 0.96; daytime sub-ambient
cooling ∼3.3 ◦C in the field tests.

Wang et al.
[89]

The photonic radiative cooler
consists of seven alternating
layers of two thin oxides, a

couple of metal layers, and a
silicon wafer substrate.

No

HVAC system integrating the use of the photonic
radiative cooler was proposed and modelled using
the whole energy simulation program, EnergyPlus.

During the cooling season, the passive cooler
addressed about 10% of the cooling load in Miami,
17–36% in Las Vegas, and 61–84% in Los Angeles.

Jia et al.
[94]

Hybrid system that combines
ground source heat pump and
all-day radiative sky cooling

radiators.

No
Annual average cooling power provided by

radiative sky cooling radiators ranges between 149.7
and 484.6 W/m2 across all regions of China.

Zhao et al.
[93]

Polymer-based hybrid film
(50 μm); silver (200 nm);
adhesive (90 μm); and

polycarbonate (0.5 mm).

No A 10.6 ◦C sub-ambient cooling of a large mass of
water in real experiments.

Goldstein et al.
[95]

Visibly reflective extruded
copolymer mirror (3M Vikiuiti

ESR film) to achieve
sub-ambient temperatures
under sunlight on top of a

silver
reflective surface.

No

Panels cooling water down to a 5 ◦C sub-ambient
temperature with water flow rates of

0.2 L/(min·m2), resulting in an effective heat
rejection flux of 70 W/m2.

5. Switchable Materials and Systems Applied to Radiative Sky Cooling in Buildings

The persistent thermal radiation of cooling materials during winter seasons may
increase the heating cost and consequently affect indoor thermal comfort. For this reason,
great attention is being paid to the design of switchable radiative cooling technologies, to
dynamically cool or heat objects, according to changing external conditions, to address
internal requirements throughout the year time. They have been classified according to the
external stimuli that activate their operation [102]. Switchable cooling technologies should
possess a switching ability between cooling and heating (or even intermediate behaviours)
modes: high solar reflectance and high infrared emissivity during summer and low solar
reflectance and emissivity during cold seasons, as shown in Figure 6. An exhaustive
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review about switchable radiative cooling surfaces was also proposed by Myung Jin Yoo
et al. [103] in 2023. Different mechanisms for switchable radiative cooling were investigated
thoroughly: wetting/drying switching mechanism, mechanical switching mechanism,
thermochromic switching mechanism and electrochromic switching mechanisms. Novel
technologies make it possible to dynamically adjust the optical characteristics of materials
surfaces, enabling smart thermal management.

 
Figure 6. Ideal adaptiveness of spectral properties in selective radiative coolers.

The emittance modulation (ΔεLWIR) is due to the change of the intrinsic molecular
structure of materials: Yoo et al. [104] showed that some molecular bonds, namely C–O–C
(peaked in the wavelengths 7936–9009 nm), C–OH (8071–9709 nm), and C–F3 (8711 nm)
affect vibrational energy resonance within the long-wavelength infrared range and cause
an increase in infrared absorbing (emittance) features of the material. For example, the high
value of εLWIR typically observed in polydimethylsiloxane at 9,813 nm and 11,455 nm is
due to the resonating molecular bonds Si–O and Si–CH3, respectively.

At high latitudes, a switching operation of roof properties would be welcome, with
the ability to change reflectance properties when buildings switch from cooling to heating
mode. Self-adaptive or smart radiative cooling materials should be designed for this
purpose. Cool roofs, in fact, may unwantedly increase heating energy in winter. This
point was accurately discussed by Testa et al. [104]. According to their studies, coatings
with effectively switchable reflectance can improve annual energy savings by up to 6%
compared to a static cool roof. Though static materials may produce overall energy savings
in several climate conditions, switchable reflectance coatings may offer larger benefits,
when applied to both roofs and opaque exterior walls.

Innovative dual-mode devices with both heating and cooling capacities can save
energy of 236 GJ/year, 1.7 times more than cooling-only and 2.2 more than heating-only
materials [102]. In this roadmap, passive adaptive cooling would be ideal to reduce
maintenance and production costs. For example, the temperature-dependant behaviour
of refractive indexes of VO2 [105] would be compatible with the required operation of
switchable passive coolers. Materials with stimulus-dependant characteristics represent
a suitable field for further investigation. Such highly customized materials would enable
adaptive regulation of IR emissivity and solar reflectance, creating an all-season energy-
saving technology. In other words, switchable cool roofs should have the ability to change
reflectance throughout the year, according to changes in external conditions.

Zhang et al. [106] proposed a switchable radiative cooler composed of a radiative
cooling coating and a temperature-responsive part, based on nickel−titanium springs as
temperature-responsive actuators, capable of changing thermal resistance from 2.7 K/W
in the “on” state to 20 K/W in the “off” state, with possible temperature drops of 11 K
in daytime.

Deng et al. [101] proposed a switchable polymer-dispersed liquid crystal to design
a smart window showing on-demand passive radiative cooling efficiency that was de-
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signed and prepared by incorporating mid-infrared emitting monomers into the material
matrix. They demonstrated the effectiveness of their device during a daytime experiment
performed in Beijing, in spring.

In conclusion, the goal of an efficient radiative thermal management is related to the
capability of a simultaneous, effective control of Rsol and εLWIR, and to avoid any unwanted
performance in precise seasonal conditions. If reflectance control may be associated with
a decrease in transmittance, one further benefit attainable may be the improvement of
indoor visual comfort. The scattering observed in hydroxypropylcellulose and similar
hydrogels, for example, may reduce high glare effects, in addition to increasing reflectance
and emittance in hot and sunny summer days [107].

6. Conclusions

This work aims to quantify the effectiveness of radiative systems applied to the
construction sector, with reference to their operation during daytime. This review provides
the physical laws that evaluate the energy balance of passive radiative surfaces and provides
the tools to quantify all the terms of these energy balances. Above all, the materials and
technologies that allow—according to the current state of the art—for the production of
passive radiative surfaces operating in daytime conditions and therefore under incident
solar radiation, are reviewed, considering the effectiveness of the various technologies
available today, both on the market and still at a laboratory scale. Different approaches in
the fabrication of radiative systems have been reviewed, including photonic and polymeric
membranes containing nanoparticles resonant with infrared radiation between 8 and 13 μm.
Furthermore, different ways of integrating passive radiative systems inside buildings are
shown to achieve air or water cooling in different system configurations. The most recent
and high impact works appeared in this field of investigation were considered, with special
attention to applications of switchable materials. Some references to the costs of available
products are also provided, when available. The great scientific interest aroused by the
possibility of producing surfaces intended for heat rejection, even under daylight, bodes
well for the availability, in a few years, of several materials for applications in various fields.
A separate discussion has been dedicated to the development of adaptive materials, which
will give further degrees of freedom to a technology already endowed with disruptive
potential. A driving element, in this intriguing roadmap, will be the cost of these materials,
particularly in the construction sector, as well as the benefits that can be achieved. Indeed,
in this review paper, we have reported the performance and cost of several materials, some
of which are already patentable and commercially available, while others are still at a
laboratory development level, with advantages and disadvantages. Some considerations
have also been made in this aspect, when available in the scientific literature. Not every
research group has reported cost considerations, and this represents a limit of this review
but also of the field investigated, as well as the limited availability of LCA analysis on
these types of materials and systems. These limitations, duly pointed out here, could be a
warning to increase the level of information in the articles produced in this area of research.
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