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ARTICLE INFO ABSTRACT
Keywords: This experimental study presents the design, development, and testing of a micro-scale vapor compression (VC)
Thermal comfort heat pump prototype tailored for novel Personalized Environmental Comfort Systems (PECS). The system em-

Personalized environmental comfort systems
PECS cooling
Micro heat pump

ploys a natural refrigerant (HC-290) to align with new environmental regulations, and integrates both
compressor speed and expansion valve modulation, enabling continuous and precise control of cooling power
and temperature — features rarely found in miniaturized systems. A key innovation is the integration of a 20-liter

HC-290
heat thermal energy storage unit (either sensible or latent) to buffer condensation heat and support standalone
operation up to 8 h, without outdoor ducting or heat rejection. Experimental results show that localized cooling
at approximately 20 °C can be maintained even in ambient conditions up to 36 °C, with an average Energy
Efficiency Ratio (EER) of around 2 when using a latent heat thermal storage system based on phase change
materials. The optimized configuration delivers a stable cooling output of ~200 W, sufficient to meet the thermal
needs of a single occupant while minimizing the impact on indoor air conditions. By reducing the volume of
conditioned space and enabling direct user-level control, the proposed system supports a shift toward decen-
tralized comfort solutions, with the potential to relax central HVAC setpoints and reduce overall building energy
consumption. The study also provides a comprehensive experimental characterization.
continued
Symbols ( )
eva at the evaporator
cond at the condenser
H,0 water
HC-290 propane refrigerant
EER Energy Efficiency Ratio
PECS Personalized Environmental Comfort Systems
TCC Temperature Correction Capacity .
® Heat flow rate w 1. Introduction
Pel Absorbed electrical power w
T Temperature °C Since the early 20th century, centralized air conditioning systems
p Refrigerant pressure bar has been the dominant solution for ensuring thermal comfort during hot
i} Outlet/inlet pressure ratio at compressor - . . T -
0 Efficiency i seasons. However, this approach presents intrinsic limitations: it pro-
h Enthalpy KI/kg vides uniform thermal conditions across entire rooms, failing to address
s Entropy kJ/kgK individual comfort needs, and it requires significant energy by condi-
Q1 Water volume flow rate at evaporator mz/s tioning the full room volume, even though only a small portion is
Q Water volume flow rate at the condenser m/s typically occupied. To overcome these inefficiencies, Personalized
m Mass flow rate Kg/s .
Environmental Comfort Systems (PECS) have been proposed as a more
I Compressor absorbed current A o R
v DC Compressor voltage supply Ve targeted and energy efficient alternative.
¢ Water specific heat capacity kJ/kgK PECS are apparatuses that “can provide individually controlled
Superscript/Subscript thermal, air quality, acoustic or luminous environments in the imme-

(continued on next column) diate surroundings of an occupant, without affecting directly the entire
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space and other occupants’ environment ” [1]. By enabling personal
control over comfort parameters, such as temperature, air quality,
lighting, and acoustic, PECS allow users to tailor their microclimate to
individual preferences [2-5]. This flexibility can, in theory, reduce
thermal discomfort to zero, surpassing the 5 % dissatisfaction threshold
typical of centralized HVAC systems [6] and may also improve occupant
productivity [7-11].

PECS also offer substantial energy-saving potential, a critical
advantage in the context of climate change [12]. By conditioning only
the space immediately surrounding the occupant, rather than the entire
room volume, energy use can be significantly reduced while maintaining
comfort. This is particularly effective in workplaces with intermittent
and/or non-continuous occupancy. Several studies report notable en-
ergy savings achievable with PECS [13]. Verhaart et al. [14] estimated
energy savings up to 34 % during the hot season, while other works
show reductions from 4 % to 60 % when PECS allow ambient temper-
atures to deviate 4-5 K from standard set-points [15]. In cooling sce-
narios, typical savings range from 15 % to 20 %, with peaks of 50-60 %
in specific cases [16-22].

In both heating and cooling modes, energy savings are achieved by
relaxing background temperature control, by raising or lowering
ambient setpoints, while preserving comfort through PECS [23]. To
compensate, an additional heat flux, AL* (ideal supplementary power
[24]), must be supplied locally.

AL* varies with air velocity (typically ranging from 0.1 to 0.9 m/s)
and the background operative temperature(T,p): during the heating
season, it ranges from 0 to 140 W as T, drops from 23 °C to 8 °C; during
the cooling season, it ranges from 0 to -100 W, as the T, rises from 23 °C
to 34 °C. Even with low-efficiency’ devices, the required power remains
below 500 W, far less than that of typical centralized HVAC units.

PECS can be categorized according to the nature of conditioning
action exerted on occupants [13]. Limiting the analysis only to those
devices operating thermo fluid dynamic actions (hence excluding
acoustic, lighting, and IAQ), five typologies can be identified.

1.1. PECS classification

1) Heating PECS: used in heating-dominated spaces with indoor air
temperatures between 10 and 18 °C. These systems warm the whole
human body or targeted areas via heat radiation and conduction,
without air movement. Examples include heated chairs, carpets,
footwarmers, local radiant panels, and hand warmer [25-30].

2) Heating and Ventilation PECS: also for heating-dominated environ-

ments, but suitable for broader temperature ranges (below or above

20 °C). They combine convection, radiation, and conduction, offer-

ing greater user control and more uniform heat distribution (often

preferred for thermal comfort). Typical examples are the fan heaters.

Cooling PECS: designed for cooling-dominated buildings (typically

28-32 °C, up to 34 °C), these systems remove heat from the human

body via radiation and conduction, without airflow. Examples

include cooled chairs, carpets and local radiant panels.

Ventilation PECS: most common in cooling-dominated buildings,

typically used at 23-28 °C (rarely above 30 °C). These devices do not

cool the air, but increase air velocity to enhance heat loss and
evaporation, producing cooling a sensation. For this reason, also
known as “isothermal cooling” devices. Typical examples include
ceiling fans, stand/table/box fans, desk fans, ventilated chairs, and
isothermal jets (e.g., nozzle, slot diffuser in desk or partition)

[31-35].

Cooling and Ventilation PECS: operate in similar temperature ranges

as cooling PECS, but supply slightly cooler fresh air than the ambient
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AL* :
i where ®pgcs is

the actual heating/cooling power that is absorbed by the PECS.

! The PECS energy efficiency is defined as[24]: fjpgcs =
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via convective jets, improving cooling efficiency. Often use nozzles
or diffusers like those in ventilation PECS.

1.2. Temperature correction capacity and PECS efficiency

1.2.1. Heating, heating and ventilation

To evaluate PECS performance, Zhang et al. [23] introduced the
concept of “Corrective Power” (CP), later refined by Perino et al. [24] as
the “Temperature Correction Capacity” (TCC) . The TCC quantifies the
temperature difference required to achieve the same comfort level with
and without PECS, assuming all other conditions remain unchanged. In
heating mode (where data availability is lower), TCC values range from
+7 K to +10 K for heated chairs and from +2 K to +6 K for foot, leg, or
hand warmers [23], often powered by Joule-heated metallic or ceramic
elements [36-38].

“Heating and ventilation PECS”, such as fan heaters, are widespread
but less efficient. Convective heating increases air velocity, which can
intensify heat losses from the body, requiring higher air jet temperatures
to maintain comfort. Despite achieving TCC values similar to “Heating
PECS” (e.g., TCC from +7 K to +8 K [24]), their Temperature Correction
Capacity Efficiency (TCCE) is low, around 150 W/K. Where the TCCE is
the heating/cooling power needed to produce +1 K of temperature
correction”.

Whether heating or heating and ventilation PECS are used, both
categories require thermal energy transfer via air or other fluids,
commonly using electric resistance heating—a simple, low-cost but
inefficient method from a thermodynamic standpoint. In addition to
their low energy efficiency, these systems do not offer any control over
humidity, often producing overly dry airflows that may further
compromise thermal comfort, particularly during prolonged use or in
already dry environments.

1.2.2. Cooling, ventilation, cooling and ventilation

Cooling mode has been more extensively explored, yielding a
broader dataset on performance [131,[23],[39]. Among the various
approaches, “Ventilation PECS” are the most widely adopted due to
simplicity and ease of installation. However, as Zhang et al. [23] noted,
the TCC of isothermal convective cooling is modest and highly depen-
dent on local air velocity near the skin. Key findings include:

at background temperature (Thack) of 26-27 °C, and local air speeds
of 0.36-0.60 m/s, TCC ranges from -1 K to -3 K;

at Tpack of 28 °C, and local air speeds of 0.40-0.60 m/s, TCC ranges
from -2 K to -3 K;

at Tpack of 30 °C, and local air speeds of 0.80-1.00 m/s, TCC ranges
from -2 K to -4 K;

at Tpack of 32 °C, at least 2.00 m/s are required for comfort, yielding a
TCC of -4 Kto -5 K;

above Tpack Of 32 °C, isothermal air cooling alone is insufficient to
assure comfort.

Ceiling and box fans offer similar performance, often achieving 1-2 K
greater TCC than frontal air jets at equal conditions. Ceiling fans, for
instance, can ensure comfort up to a Tpack Of 33 °C. Rawal et al. reported
similar findings[13], where most “Ventilation PECS” achieve TCC values
between -2 K and -4 K, with few cases reaching -6 K at the cost of
significantly higher local air velocities. Users, typically tend to increase
local air velocity when in control, often up to 0.90 m/s [16],[401,[41],
with rare cases reaching 3.00 m/s [42]. However, excessive air veloc-
ities may cause localized discomfort [43],[44]. In summary, frontal air
jets and fans typically provide -3 K TCC when local air speeds range from
0.30 to 0.60 m/s, which can be increased to -5 K if airspeed reaches up

2 The smaller the TCCE value, the higher the energy efficiency of the device
is.
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to 0.60-1.00 m/s.

Achieving greater TCC requires additional air jet cooling, making
“Cooling and Ventilation PECS” necessary. For instance, lowering supply
air temperature by 2-5 K can further enhance TCC by -2 to -3 K. Cooled
air jets typically supply air at 19-25 °C [45], with temperature differ-
ences of up to -2.5 °C between the background and micro-environment
[42],[46]. Nonetheless, although isothermal convective cooling can
achieve appreciable TCC values, its effectiveness is ultimately limited by
two critical factors. First, air velocities above 1.5 m/s—often required to
enhance performance—can lead to localized discomfort and are gener-
ally not acceptable for prolonged exposure. Second, and perhaps more
importantly, isothermal cooling offers no means of controlling humidity.
In humid environments, this lack of dehumidification can drastically
reduce its cooling effectiveness, making it unsuitable for maintaining
comfort under such conditions.

The highest TCC values in cooling mode are achieved with “Cooling
PECS.” For example, cooled chairs easily provide a TCC of -5 K, while air
sleeves, cooled seats, radiant panels, and phase-change garments can
maintain comfort even when Ty, reaches 30-32 °C.

1.2.3. Personal thermal management systems (PTMS)

To enhance mobility and bring thermal control closer to the body,
Personal Thermal Management Systems (PTMS) have been proposed [39].
These systems are, in theory, more energy-efficient than conventional
PECS [24], with active devices typically consuming <30 W [39]. PTMS
include both passive and active solutions: passive systems regulate heat
exchange by altering fabric and garments properties, while active sys-
tems integrate heating/cooling elements that directly influence body
heat balance. Heating is commonly achieved using electric resistive el-
ements (e.g., wires, fabrics) or thermoelectric devices, which can also
enable cooling. Cooling techniques include evaporative cooling (EC),
phase change materials (PCM), thermoelectric cooling (TEC), liquid
cooling (LC), and air cooling (AC) [39]. While EC is extensively used
outdoors and could theoretically enhance “Ventilation and Cooling
PECS”, it is unsuitable for indoor applications due to increased latent
loads and humidity. In contrast, AC and LC-based PECS require
pre-cooled air or a cold heat carrier fluid.

1.2.4. Challenges in heating and cooling PECS

The state of the art analysis shows that many types of PECS require
air or other fluid to be cooled or heated. However, directly applying
traditional solutions like chillers/heat pumps is impractical. Standard
HVAC technologies rely on extensive ducting and wiring, which limits
occupant mobility, reduces flexibility, and complicates building main-
tenance operations. Additionally, few commercially available cooling/
heating systems provide thermal output in the range needed for PECS (e.
g., 100 - 200 W).

Thermoelectric cooling (Peltier-based) has been explored as a
compact, static, ductless solution. However, its cooling capacity is often
inadequate, and disappointing results are frequent. For example, a 48 W
Peltier element integrated into an air terminal device (a local air jet)
achieved negligible TCC of -0.3 K, dissipating rejected heat via water
pipes [47-49]. Similarly, Zhao et al. [50] developed a portable ther-
moelectric energy conversion unit (TECU) for PTMS with a cooling
power limited to 2-15 W (again treating a small air flow). However, its
EER was quite poor (0.58 at 10 W of cooling) and the maximum TCC was
limited to -2 K.

Considering this background, standalone appliances with a cooling/
heating capacity of 100-500 W, minimal environmental impact, and
good energy efficiency are necessary. These key points represent the
main challenge for future research in the PECS field. In addition, due to
their low efficiency and limited cooling capacity, Peltier-based tech-
nologies for the same reason of low efficacy and cooling capacity, would
result inadequate in the eventual control of the RH surrounding the
human body.

A promising development path involves compact inverse Vapor
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Compression (VC) systems. These small-scale multifunctional heat
pumps use miniaturized compressors with electric power absorption
comparable to isothermal fan coolers. They can operate with natural and
environmentally friendly refrigerants, like propane (HC-290).

Nonetheless, VC-based PECS face a major challenge: heat rejection.

Outdoor heat discharge requires cumbersome ducting and compro-
mises the stand-alone requirement. On the other hand, indoor dissipa-
tion could lead to discomfort (overheating/overcooling) or energy
inefficiency as centralized HVAC systems (if present) must compensate
for this heat rejection (even if it’s a small power compared to typical
building cooling/heating loads).

An alternative approach involves storing the rejected heat on board
when the equipment is operating during the occupancy time and
releasing the stored heat indoors/outdoors during off-peak hours (e.g., 8
PM to 8 AM). This strategy appears optimal if applied to PECS, whose
use is inherently designed to be intermittent and “on demand” (only
when and where people occupy their position/workplace). The heat
storage must be designed to accommodate the heat rejected during
about 6-8 hours of operation, without being overly bulky. An innovative
solution to manage heat rejection in compact vapor compression sys-
tems, especially when outdoor dissipation is not viable, involves inte-
grating small-scale thermal energy storage (TES or LHTES) units. This
approach allows temporary heat buffering, enabling ductless operation
and supporting portable or desk-integrated deployment. While a few
studies have investigated the use of PCM in the LHTES configuration for
PECS applications [51-58] the coupling of micro heat pumps with
PCM-based LHTES for personal comfort applications is underexplored.
In addition, despite these studies confirm the potential of PCM-based
solutions systems, they highlighted open issues related to long-term
cycling performance, integration complexity, and control strategies.
Ling et al [2] proposed a ductless, portable PECS called Roving
Comforter (RoCo), featuring a 150 W micro-HP that rejects waste heat
into a PCM storage. RoCO can provide 8 hours of conditioned air,
lowering the supply air temperature by 4 K (e.g., 19 °C supply vs 23 °C in
the background environment). While RoCo represents an interesting
example of innovative “Ventilation and Cooling” or “Cooling PECS”, a
systematic research activity on this kind of appliance is still lacking.
Several questions about feasibility and performance are still open.
Moreover, RoCo relied on an R134a-heat pump system, which conflicts
with current EU “F-gases” regulations [59].

1.3. Research objectives

A compact water-to-water VC unit, operating with a natural and
environmentally sustainable refrigerant (HC-290), was conceived,
designed, and built to address the critical limitations of current PECS
technologies. The prototype was developed specifically for integration
into a stand-alone PECS, with particular attention to regulatory
compliance and environmental impact. A key feature of the system is its
dual active control strategy, which enables continuous and independent
modulation of compressor speed and expansion valve aperture. This
architecture allows for real-time tuning of both cooling power and
supply temperature, offering a high degree of flexibility and adaptability
to user needs, an innovation not found in comparable PECS systems.

The micro-heat pump can be coupled with either a TES or a LHTES
unit based on PCM, enabling onboard heat rejection and supporting
autonomous operation for several hours.

This paper presents the design rationale, technical implementation,
and an extensive experimental characterization of the prototype. The
results, spanning from steady-state to dynamic operating conditions,
provide unprecedented insight into the energy efficiency, performance
range, and controllability of VC-based PECS systems.
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2. The micro-HP design and development
2.1. Generadlities

Fig. 1 schematizes the working principles of an active PECS inte-
grated with a centralized HVAC system. Here, “active” indicates that the
unit actively heat or cools a heat carrier fluid to a temperature different
from the background ambient (T,). This category includes PECS units for
heating, cooling, and ventilation. An active PECS typically comprises:

i) a thermal interface that transfers the supplementary power (AL*) to
the human body through convection, radiation, or conduction [24];

ii) a thermal unit that generates fluid (usually air) at a suitable tem-
perature (Tj), relative humidity (RH;), and velocity (vj).

While much of the literature has focused on improving the interface
with the occupant, little attention has been paid to developing compact
heating/cooling units suited to PECS applications. To fill this gap, our
research explores viable thermal generation technologies.

Table 1 compares five heating/cooling strategies, summarizing their
pros and cons. Evaporative and desiccant cooling present humidity-
related challenges or limited thermal control. Thermoelectric solu-
tions, such as Joule and Peltier devices, offer miniaturization potential
but suffer from low efficiency and limited capacity. Among the options,
VC heat pumps stand out due to their higher energy efficiency and
flexibility in output temperature regulation. Moreover, the temperature
levels at which the heat carrier fluid is produced can be varied within a
relatively wide range with minor adjustments of the operative param-
eters of the cycle. This feature is very important since:

- it makes the system versatile and suitable to be coupled with various
heat transfer interfaces (e.g., heated/cooled chairs, carpets, panels,
air jets, heating/cooling fans),

- it allows an ample range of regulation and, consequently, occupants
can widely personalize their comfort conditions, such as Tj, and,
eventually, RH;, vj.

Therefore, in principle, VC heat pumps seem to stand out as the most
promising, flexible, and energy-efficient solution for active PECS. The
major drawbacks of this technology are the need to reject a certain
amount of heat to the environment, and the difficulty of finding com-
mercialy available apparatuses suitably sized for the power levels
required by a PECS.

To address these limitations, a compact and stand-alone micro heat
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pump (micro-HP) prototype was developed. The system was designed
to:

e operate without ducting or hydronic connections;

e allow user-level control of temperature and thermal power;

e function without direct heat rejection to the outdoor environment;
e minimize the adverse effects of indoor heat rejection.

This study focuses on the cooling performance of the micro-HP,
though the system is fully reversible and capable of heating operation
as well.

2.2. Prototype structure and features

The proposed prototypal micro-HP is based on a single-stage inverse
vapor compressor cycle and is equipped with an adjustable lamination
valve that acts on the refrigerant pressure at the evaporator (picture of
the prototype in Fig. 2a). This feature allows for controlling the mini-
mum temperature of the cooling cycle. Likewise, a compressor with
adjustable rpm is adopted to regulate the refrigerant flow in the circuits
and to vary the total exchanged heat at the evaporator (i.e., the cooling
power). In particular, the expansion valve is electronically controlled
and can adjust the aperture of the orifice by varying the diameter be-
tween 0 and 0.8 mm in 500 regulation steps. The compressor is a twin
rotary compressor driven by a 48 VDC motor, having the possibility of
modifying the rotation speed, linearly, from 1800 to 6000 rpm (which
corresponds to an absorbed electrical power from 20 to 200 W). The
RPMs are modulated by changing the resistance (between 1 and 50 kQ)
of a potentiometer connected to the compressor controlling shield.

Particular care was paid to the choice of the refrigerant fluid. Starting
from 2025 [59], the European Regulation 2024/573 forces a mandatory
phase-down of hydrofluorocarbons (HFCs) with a Global Warming Po-
tential (GWP) greater than 150. This regulation aligns with the global
shift towards reducing the environmental impact of refrigeration gases.
While hydrofluoroolefins (HFOs), with ultra-low GWP, were initially
considered as potential replacements of HFCs, their short atmospheric
lifespan leads to the rapid formation of persistent organic pollutants,
which makes them subject to restrictions under the upcoming PFAS
(PerFluorinated Alkylated Substances) regulations. These concurrent
limitations on HFCs and HFOs will likely drive the refrigeration industry
toward adopting flammable refrigerants.

In agreement with these trends, it was decided to use the HC-290
(propane gas) as a refrigerant in the micro-HP prototype. HC-290,
classified under the A3 flammability risk class, has a GWP of 0.02,
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Table 1
Possible cooling/heating technology for active PECS.
Technology Control action on: /P Cons Pros
Category T; RH; vj heating  cooling
isothermal none none relevant - >1 - limited TCC in cooling - low energy consumption
convection - higher TCC at very high air speed - flexible integration
Joule relevant none or only 0.1 - - limited to heating - wearable integration
effect pejorative with - - energy intensive - potentially no limits on TCC in heating
fans 0.5
Peltier limited limited only <1 0.1 - requires a support media surface for - high level of miniaturization for localized
effect capacity with - heat transfer cooling on small body areas
in fans 0.5 - requires heat rejection - no ducting
cooling - low-density power - static unit (mainly, fans are usually needed to
- limited air temperature reduction/ enhance the heat transfer)
increase - can be used in heat transfer interfaces,
exploiting whichever heat transfer mechanism*
evaporative wet pejorative only >1 - increase the relative humidity of the - high efficiency
cooling bulb with surrounding environment - highly portable
limitation fans - requires water-feeding
- may degrade IAQ
- can only be used in heat transfer
interfaces based on convection
desiccant none relevant only <1 - requires electricity for material - highly effective on skin evapotranspiration
with regeneration - high level of miniaturization
fans - low energy efficiency - possible implementation in clothing
- no control over the temperature
- can only be used in heat transfer
interfaces based on convection
heat both relevant only >1 >1 - requires heat rejection - highly effective in local temperature and
pump cooling with - requires ducting humidity control
and fans - requires miniaturization for portable - high energy efficiency
heating devices - low power consumption

large air temperature reduction/increase

easy to adjust the temperature levels

can be used in heat transfer interfaces,
exploiting whichever heat transfer mechanism*

* . . . .
Conduction, convection, radiation.
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Fig. 2. (a) Photograph of the heat pump prototype. (b) Experimental setup showing different heat rejection configurations. In (c), condensation is done using water
and a LAUDA RE630S thermostatic bath, while in (d) condensation heat is stored through sensible (water) or latent heat (PCM) exchange, respectively. (e)
Photograph of the PCM, the heat exchanger, and the mixer used to obtain the configuration of the Case #3.
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making it an environmentally favorable option. It has an autoignition
temperature of 470 °C and a lower flammability limit (LFL) of 0.038 kg/
m? (equivalent to 2.1 % v/v in dry air) [60].

Recent updates to the safety standards for refrigerating appliances in
residential buildings set strict guidelines on the maximum allowable
charge of flammable refrigerants. These standards limit the total amount
of HC-290 to up to 13 times its LFL based on the system’s circuit internal
volume, with a maximum allowable charge of 1.2 kg. Moreover, more
stringent safety requirements, such as the selection of welding materials,
temperature tolerances, and pressure limits, apply if the system contains
more than 150 grams of flammable refrigerant [61].

Such constraints constitute a challenging barrier to develope air
conditioning units designed to be applied to rooms, flats, and/or entire
buildings because the power in play requires refrigerant charges that
often exceed these limits.

On the other hand, the field of PECS appears to be a natural candi-
date for the successful application of vapor cycles using flammable
refrigerants.

In the case of the proposed prototype, the amount of HC-290
necessary to provide a cooling capacity of several hundred watts is
relatively small and comparable to the mass of propane that is contained
in few standard portable gas lighters (approximately 10 grams per
lighter [62]). This makes the HC-290 a viable and optimal choice.

By varying the charge of the refrigerant and the pressure levels at the
evaporator and condenser, the temperatures at which “heat” and “cold”
are exchanged can be varied to some extent.

Since the future idea is to integrate the micro-HP in a cooling and
ventilation and/or cooling PECS, the lower temperature of the heat carrier
fluid was chosen to be around 20 °C (or somewhat below).

Finally, two heat exchange apparatuses, one for the evaporator and
one for the condenser, were designed.

At this research stage, the attention was focused on exploiting only
the cooling side of the heat pump. For these reasons, the evaporator has
been designed adopting a very traditional structure (typical of the water-
to-water heat pump), that is a miniaturized plate heat exchanger. The
cooling load is simulated using a thermostated water flow on the sec-
ondary side of the heat exchanger. Instead, various configurations were
designed and tested for the condenser. This is because the heat
exchanged in this component represents, in a real application, the
thermal energy that must be rejected towards the environment.

The first configuration (case #1 in Fig. 2¢) mirrors the evaporator
structure based on a plate heat exchanger. This, again, would be the
typical solution for a water-to-water heat pump working in a quasi
steady-state regime. The rejected heat is then removed using a ther-
mostated water flow. In such conditions, the temperature at which the
condensation occurs is fixed, can be controlled, and is constant over
time. This configuration was used to test the efficiency of the VC cycle in
reference conditions (to compare its performance with those of chillers
available on the market).

However, as previously highlighted, this solution, if applied to a
PECS, has the great disadvantage of requiring the management of the
rejected heat. Thus, it most likely needs extensive ducting. To avoid such
a drawback, two different alternative configurations were conceived and
tested. The base idea is to operate the heat pump in a non-steady state,
buffering the rejected thermal energy at the condenser using miniatur-
ized heat storages. For case #2, the choice fell on a sensible heat Ther-
mal Energy Storage (TES) consisting of a 20 liter water reservoir
(Fig. 2d). Alternatively, case #3 uses a Latent Heat Thermal Energy
Storage (LHTES) of equivalent volume, which combines water and a
suitable PCM (Fig. 2d). In particular, Rubitherm RT35HC PCM was used,
with a melting temperature between 34 and 36 °C and a heat storage
capacity of 240 kJ/kg within the 27-42 °C temperature range [63].
Despite the fact that a lower phase transition temperature would
improve the overall energy efficiency of the heat pump and the system, a
melting temperature around 35 °C was selected to ensure reliable
re-solidification of the PCM via passive heat exchange with the
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surrounding environment, thus guaranteeing full storage availability
even under unconditioned background conditions. In this preliminary
prototype, to enhance heat transfer between the water, the PCM, and the
microchannel heat exchanger connected to the micro-HP, a mechanical
stirrer rotating at 200 rpm was used to continuously mix the water and
prevent the formation of boundary layers. Features of sensors and
components are shown in paragraph 3.2. The 20 liter capacity was
selected as an upper limit to allow seamless integration of the
TES/LHTES unit into a standard desk layout, maintaining both the visual
appeal and functional usability of the workspace.

With condensers of cases #2 and #3, the VC system does not operate
continuously but follows a working cycle. During the active phase, the
PECS cools while storing the rejected heat into the TES/LHTES. During
the off phase, the stored heat is passively released, resetting the TES/
LHTES to their initial state. The condensation temperature is not fixed or
strictly controlled from the thermodynamic perspective. In the case of
TES, the condensation temperature gradually increases, limiting the
operability of the VC cycle to a certain duration. As the outlet temper-
ature of the compressor rises, it eventually reaches a safety threshold, at
which point the compressor must be halted.

Using the LHTES technology the operating time can be extended. In
this case, the rejected heat is stored at a nearly constant temperature
corresponding to the transition phase of the PCM. Only after the entire
PCM mass has fully melted does the condensation temperature begin to
rise, ultimately requiring the compressor to stop.

3. Performance evaluations
3.1. The test plan

An extensive experimental campaign was conducted to assess the
micro-HP’s performance across various configurations and operating
conditions. The experiments were divided into two groups, each with
distinct objectives.

The first set of tests (“static tests” using configuration #1, as shown
in Fig. 2¢) focused on evaluating the VC cycle under reference and
steady-state conditions at the evaporator and condenser. These tests
provided a baseline for comparing the nominal performance of the
micro-HP with similar products, supporting labelling and ranking pur-
poses. The experiments kept the cooling service at 20 °C, while adopting
the condenser configuration #1. The measured quantities included the
condensation temperature (which varied from 25 °C to 33 °C) and the
aperture of the lamination valve. Table 2 summarizes the key parame-
ters of these tests, with each test labelled sequentially.

The static tests were performed to analyze four distinct operating
phases of the micro-HP:

e Starting Phase: during this initial stage (typically under 3 min), the

HP remains inactive while the water circulators for the evaporator

and condenser operate. This ensures temperature equilibration be-

tween water and refrigerant throughout the loop, stabilizing the
system under the predefined test conditions.

Transient Phase: the compressor is powered on, initiating a transient

period during which its rotational speed stabilizes. During this phase,

refrigerant temperatures and pressures vary significantly over time.

e Stationary Phase: once transient effects run out, and both pressure
and temperature stabilize, steady-state performance evaluation be-
gins. The duration of this phase is set to collect a sufficient number of
data points for a statistically significant assessment of the Key Per-
formance Indicators (KPIs, reported in paragraph 3.2).

e Phase Down: the compressor is switched off while the water circu-
lators in the evaporator and condenser continue running. The sys-
tem’s thermal behavior is monitored to analyze the final re-
equilibration of the hydronic circuit.

In the second stage of the research, the focus shifted towards
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Table 2
Static Tests with the condenser configuration #1 and the thermostat LAUDA.
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Thermostat evaporator Thermostat condenser Compressor speed

Expansion valve aperture

[°C] [°C] [rpm] 90% 80% 70% 60% 50% 40% 30%
20 25 2120 #1 #2 #3 #4 #5 #6 #7

20 28 2120 #8 #9 #10 #11 #12 #13 #14
20 31 2120 #15 #16 #17 #18 #19 #20 #21
20 33 2120 #22 #28 #23 #24 #25 #26 #27

evaluating the micro-HP’s performances in a stand-alone configuration
designed for PECS, using condenser arrangements #2 and #3 (Fig. 2d).
The objective was to assess the prototype’s behavior under realistic of-
fice environment conditions. Unlike the static tests, these experiments
involved inherently non-steady state operation. A key factor in these
tests was to determine the maximum time period for which the appli-
ance can operate, beyond standard KPIs, before the condensing tem-
perature reaches levels that could compromise the compressor’s safe
operation. Measurements were repeated for both the TES and LHTES
condenser configurations. Test conditions are summarized in Table 3 for
case #2 (TES) and Table 4 for case #3 (LHTES).

3.2. The experimental test rig and the adopted KPI

The prototype of the stand-alone micro-HP was installed in a suitable
test circuit, as shown in Fig. 2b, with sensors positioned to monitor key
parameters. Refrigerant temperatures were measured at the four key
points of the VC cycle (T; to T4 with +2 % accuracy between -55 °C and
155 °C). The temperature probes are attached to the copper pipes (6 mm
inner diameter) using conductive solder paste and thermally insulated
from the surrounding environment. This setup minimized thermal
resistance and assured accurate temperature readings of the refrigerant.
Four pressure transducers (P; to P4 in Fig. 2b, with +1 % accuracy
within -40 °C and 120 °C) were directly threaded into the copper pipes at
the same locations as the temperature sensors, allowing simultaneous
pressure and temperature measurements at these key points. To assess
heat transfer performance, the energy balance was solved at the plate
heat exchangers’ secondary circuit (water loop). Water flow rates in the
secondary loops (Q; and Q2) were measured using an electromagnetic
flow meter with +1.5 % accuracy, together with the temperature dif-
ferences at the inlets and outlets (AT¢ong = Te-T5 and ATeyy = T7-Tg).
The electrical power consumption of the compressor and auxiliary
components was determined by measuring the current draw by the de-
vice with +1.5 % of accuracy. Table 5 summarizes the experimental
setups and sensors’ main features.

The KPI and metrics assessed during the experimental campaign are
summarized in Table 6. A critical parameter that must be carefully

Table 3
Tests for PECS application - condenser configuration #2 (TES).

Test HC- Compressor Condenser T T T storage
290 speed Volume evap. storage final
mass initial
[g] [rpm] 11 [°C] [°C] [°C]

#29 61.2 3060 5 22 22 36

#30 61.2 3480 5 22 22

#31 61.2 4320 5 22 22

#32 61.2 5580 5 22 22

#33 61.2 2640 20 20 20

#34 61.2 2640 20 27 27

#35 61.2 2220 20 27 27

#36 61.2 2220 20 20 20

#37 38.9 3480 20 20 20

#38 38.9 2220 20 20 20

#39 38.9 2220 20 27 27

#40 38.9 2220 20 20 20

#41 38.9 2220 20 27 27

monitored is the compressor outlet temperature (T» in Fig. 2b), which
indicates the compressor’s safe operation and proper health. Excessively
high outlet temperatures can lead to thermal degradation of the lubri-
cant required for safe propane compression. Additionally, this temper-
ature and the compression ratio are closely linked to energy
consumption, as they directly influence the theoretical work of
compression and, consequently, the system’s overall electrical
consumption.

Other important KPIs for evaluating the system operation include the
isentropic efficiency of compression (niso) and the time required to reach
a steady state condition (tsieady)- The latter is particularly relevant for
applications where the micro-HP operates under variable conditions.
From an energy performance perspective, the heat flow rate exchanged
at the evaporator is crucial for two reasons: first, to determine whether
the system meets the personal cooling demand (AL*), and second, to
assess the amount of heat that must be rejected. Finally, the system’s
overall efficiency is evaluated by assessing the EER (Energy Efficiency
Ratio) by integrating the ratio of the heat exchanged at the evaporator
and the electrical absorption.

4. Experimental results
4.1. Static tests - performance with a thermostated condenser (case #1)

Table 7 resumes the main results obtained during the 27 static tests,
which were done for different boundary and operative conditions. Each
test comprised the four distinct operational phases described in Section
3.1. The results shown in Table 7 are the mean values of the relevant
parameters averaged over the stationary phase.

As it is possible to see, the cooling power varied between a maximum
of about 250 W to a minimum of about 100 W, which aligns perfectly
with the cooling demand of a PECS [24]. The corresponding EER ranged
from a very high value of 5.8 for test #1 to an unfavorable minimum of
1.1 for test #27 (that corresponds, respectively, to an average
condensing temperature of about 26.3 °C and a 10 % aperture of the
lamination valve for #1 and 32.5 °C and 70 % for #27). The rejected
heat flow rate, ®.ong, spanned from about 220 W to 350 W. Since the
compressor rotational speed was the same for all the tests, reducing the
lamination valve aperture directly reduced the HC-290 refrigerant flow
rate circulating in the micro-HP, thereby lowering heat exchanges at
both the evaporator and the condenser.

Fig. 3a, b and c show the trend of the EER, cooling power (®.y,) and
rejected heat flux (®cong) versus the aperture percentage of the lami-
nation valve (0 % corresponds to a fully close valve and 100 % to a fully
open) for various water temperatures at the condenser (constant nomi-
nal values respectively equal to 25 °C, 28 °C, 31 °C, and 33 °C). In these
tests, the evaporator inlet water temperature was kept constant at 20 °C
using a thermostatic bath, simulating a cooling load on the PECS. Such
temperature levels at the evaporator and condenser correspond to a
theoretical TCC of the PECS equal to -5 K, -8 K, -11 K, and -13 K,
respectively.

As expected, increasing the temperature difference between the
evaporator and condenser lowers Carnot’s efficiency, resulting in a drop
in the actual EER.

The optimal regulation range for the lamination valve is observed
between 60 % and 85 % of aperture, where the EER reaches its peak
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Table 4
Tests for PECS application - condenser configuration #3 (LHTES).
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Test HC-290 mass Compressor speed PCM mass Water mass Mixing speed T storage initial T storage final
- [g] [rpm] (kgl [kg] [rpm] [°Cl [°C]
#42 38,9 2220 5 15 1400 25 36
#43, #44, #45 38,9 2220 5 15 1400 25 36
of valve closure becomes less significant.
Table 5

Features of the micro-HP prototype and specs of sensors used to measure tem-
peratures, pressure, mass flows, and current.

Sensor Label Specs Monitored
Parameter
T1, T2, T3, NTC thermistor; R25°C=10KkQ; err +2%; HC-290 temperature
T4 -55°C - 155°C;
P1, P2, P3, Pressure transducer; 0-34.5 bar; err +1%, HC-290 relative
P4 -40°C - 120°C pressure
T5, T6, T7, NTC thermistor; R25°C=10kQ+2%; -55°C - Hot and cold water
T8 155°C; temperature
Q1, Q2 Electromagnetic flowmeter; 0.2-20L/min; Hot and cold-water
err £1.5% flow rate
I Hall-effect based linear current sensor Absorbed Current by
ACS712; err +£1.5% at +30A and 25°C actuators
Compressor twin rotary compressor with a 48VDC motor (20-200 W), variable
speed 1800-6000 rpm
Expansion PTFE electronic expansion valve with 500 regulation steps and 0.8
mm orifice.
Evaporator Brazed plate heat exchanger with 12 plates (117 x 50 x 25 mm)
Condenser Brazed plate heat exchanger with 32 plates (117 x 54 x 41 mm)
Table 6
KPI used for analysis of test results.
Parameter Unit Description Equation
Focused on EER - Energy efficiency féf" Deyq(e)/Perey * dt
PECS ratio
application Deya w Exchanged heat Qi1 * pr,0 * 6p(T7 —
performances at the evaporator Tg)
Dcond w Exchanged heat Q2 * py,0 * ¢p(Te —
at the condenser Ts)
Focused on P w Electric IxV
refrigeration absorption
cycle Ta °C Outlet -
performances compressor
temperature
B - Refrigerant p2/P1
compression
ratio between
evaporator and
condenser
Mo - Isentropic (hais — hu)/(hs —
efficiency of hy)
compression

Time required for ¢ 41,
. ["gt<1%
reaching the
steady state
regime of the
heat pump

tsteady [minutes]

values (ranging from about 2 to 5, depending on the condenser’s tem-
perature). This range of operation for the lamination valve is also the
one that generally provides the highest cooling power. The only
exception is the set of tests done at a condenser temperature of 25 °C,
which shows a monotonically decreasing trend. This behavior differs
from the other curves, which exhibit a well-defined efficiency peak. We
believe that, in this case, the maximum EER likely occurs at a valve
opening lower than 10 % — a region not explored in our tests — which
could explain the absence of a visible peak. Additionally, the pressure
trend in Fig. 4a for this same temperature shows slightly larger varia-
tions, which are mostly attributable to experimental uncertainty and are
not observed at higher condensation temperatures, where the influence

Fig. 4 resumes the metrics that are more focused on targeting the HC-
290 refrigeration cycle performances: condensation pressure, compres-
sion ratio, and isentropic efficiency.

The condensation pressure (Fig. 4a) is rather insensitive to the de-
gree of lamination, especially at the higher temperature levels of 31 °C
and 33 °C. Instead, a slightly larger reduction of the condensation
pressure is observed at lower temperatures as the valve closes, likely due
to the additional pressure losses introduced by the higher degree of
lamination.

Predictably, the condensation pressure increases significantly, from
9 to 11 bar, as the condensation temperature rises from 25 °C to 33 °C.

The compression ratio as a function of the expansion valve aperture
(Fig. 4b) reveals a well-defined operational region between 60 and 85 %,
where its values vary from 1.5 to 1.65 as the condensation temperature
increases from 25 °C to 33 °C. This range corresponds to the same
optimal control range of the micro-HP as previously identified in Fig. 3a.
Beyond this field, at higher degrees of throttling, the compression ratio
increases significantly across all condensation temperature scenarios,
following a similar linear trend. The interplay between the reduction in
condensation pressure and the increase in compression ratio decreases
evaporation pressure as the valve operates between 40 and 70 %. The
isentropic efficiency of the miniaturized compressor is plotted in Fig. 4c.
Overall, the efficiency is relatively low compared to standard, larger
compressors typically used in conventional vapor compression systems.
The values ranged between 0.2 and 0.4 while typically in larger com-
pressors exploiting scroll or rotary technologies, the isentropic efficiency
is between 0.5 and 0.9 [64-68]. Additionally, a general decreasing trend
in isentropic efficiency is found as the throttling level increases, directly
linked to the rising compression ratio (though few curves show some
outliers).

The data resumed in Table 7 and Figs. 3 and 4 refer to the steady state
regime of the micro HP (running continuously and steadily under con-
stant working parameters). They provide valuable insight into analyzing
the CV cycle for different operative conditions and ranking the appli-
ance’s performance compared to other commercially available products.
However, they do not explain the system’s behavior during the four
transient phases described in Section 3.1.

A thorough analysis of the data for all 27 tests has highlighted that
the time profiles of the measured parameters have a shape that is not
specific to a single experiment. They are qualitatively consistent across
all the tests related to case #1 (e.g., the shape of the trends is similar to
each other). For this reason, for the sake of conciseness, it has been
decided to focus the analysis and discussion on one experiment (the
most representative for using the micro HP in a PECS). Specifically, the
“static test” number #9 of Table 2 (rpm = 2110, lamination = 80 %; Teya
= 20 °C, Tcond = 28 °C, condenser configuration #1) was chosen.

Figu. 5e and f present the trend of the cooling (®eya), heating (Pcond)
and absorbed electric power versus time for the four phases. Focusing on
the steady-state operation period, it is possible to see that the prototype
achieves a cooling capacity of approximately: ®¢y, =~ 200 W with 50 W
of electric power consumption (including compressor power and auxil-
iaries like water circulation pumps and DAQ equipment).

This resulted in an EER fluctuating between 4 and 5 over the 20 min
steady-state period.

Several valuable information come out from the transient phases
shown in Fig. 5:



Table 7
Results of static tests with condenser configuration # 1, varying condensation temperature and lamination level. Fixed evaporator temperature at nominal 20°C.
# Ty Ty T3 Ty Ts Te T Tg P1 P2 P3 P4 Asurr Asub MNiso Dcond Deva P EER Teva Teond B Ahcomp Myc-290
°C °C °C °C °C °C °C °C bar, barg bar, bar, °C °C - W w w - °C [°C] - kJ/kg g/s
1 14.3 42.8 28.3 14.3 25.9 27.6 19.7 18.3 6.14 9.32 9.27 6.14 0.2 0.3 0.31 340 243 42 5.8 19.0 26.7 1.52 121.9 0.34
2 16.2 52.1 29.3 14.6 27.1 28.8 19.1 17.9 6.22 9.61 9.55 6.22 1.7 0.2 0.31 326 207 48 4.3 18.5 27.9 1.55 57.9 0.82
3 19.7 58.9 27.9 13.4 25.9 27.5 19.5 18.3 5.95 9.25 9.24 5.97 6.6 0.1 0.29 308 207 49 4.2 18.9 26.7 1.55 65.2 0.74
4 20.1 69.1 27.5 11.8 25.6 27.1 19.8 18.7 5.68 9.04 9.11 5.71 8.4 0.1 0.23 287 175 54 3.3 19.3 26.3 1.59 84.7 0.62
5 20.4 71.9 27.2 10.4 25.2 26.7 19.9 18.9 5.4 8.99 9 5.42 10.1 0.2 0.25 285 175 58 3.0 19.4 26.0 1.66 89.0 0.64
6 20.0 77.0 27.4 7.4 25.3 26.8 19.8 18.8 4.94 9.01 9.09 4.93 12.5 0.2 0.27 295 192 71 2.7 19.3 26.0 1.82 98.2 0.71
7 20.1 77.3 26.8 9.3 25.0 26.4 19.9 19.0 5.21 8.92 8.95 5.19 11.0 0 0.23 266 160 67 2.4 19.4 25.7 1.71 99.8 0.66
8 15.1 45.9 30.2 15.2 28.3 29.6 19.8 18.7 6.34 9.81 9.76 6.35 0 0.3 0.13 310 188 54 3.5 19.2 28.9 1.55 282.1 0.19
9 17.8 52.4 30.0 15.8 27.8 29.4 19.9 18.7 6.45 9.68 9.7 6.48 2.1 0.3 0.3 306 199 44 4.5 19.3 28.6 1.50 56.3 0.77
10 20.0 61.6 29.5 14.3 27.5 29.0 19.8 18.8 6.12 9.62 9.63 6.14 6 0.1 0.28 296 184 57 3.2 19.3 28.3 1.57 69.7 0.80
11 20.4 72.9 29.5 12.9 27.5 29.0 20.0 19.0 5.87 9.59 9.6 5.92 7.7 0.2 0.23 279 174 61 2.9 19.5 28.3 1.63 91.2 0.65
12 19.9 79.8 29.3 12.1 27.5 28.9 19.4 18.6 5.74 9.54 9.52 5.74 7.8 0.3 0.2 254 142 67 2.1 19.0 28.2 1.66 106.2 0.62
13 20.6 82.7 29.2 12.0 27.6 28.8 19.9 19.2 5.68 9.5 9.54 5.73 8.9 0.2 0.2 240 133 72 1.8 19.5 28.2 1.67 110.6 0.64
14 20.1 87.2 29.2 11.7 27.6 28.8 19.7 19.0 5.64 9.46 9.5 5.67 8.6 0.3 0.18 234 120 70 1.7 19.3 28.2 1.68 120.8 0.57
15 16.5 46.5 32.2 16.5 30.3 31.6 19.7 19.0 6.55 10.4 10.3 6.64 0.3 0.4 0.38 248 119 70 1.7 19.3 31.0 1.58 83.7 0.82
16 16.2 53.6 32.3 16.1 30.3 31.8 19.9 18.9 6.5 10.4 10.4 6.53 0.3 0.3 0.29 283 165 60 2.7 19.4 31.1 1.60 98.7 0.60
17 20.0 66.8 32.2 15.8 30.4 31.8 19.9 18.9 6.48 10.3 10.4 6.53 4.2 0.1 0.25 277 166 66 2.5 19.4 31.1 1.59 79.9 0.80
18 20.7 79.8 32.2 14.8 30.4 31.8 20.4 19.5 6.27 10.3 10.3 6.28 5.9 0.2 0.2 265 149 78 1.9 19.9 31.1 1.64 104.9 0.73
19 20.7 87.4 32.1 13.9 30.4 31.7 20.3 19.6 6.09 10.3 10.3 6.07 6.9 0.2 0.19 246 131 82 1.6 19.9 31.0 1.69 120.1 0.67
20 20.4 90.3 32.0 14.0 30.4 31.6 20.0 19.3 6.08 10.2 10.3 6.09 6.6 0.2 0.18 231 116 83 1.4 19.7 31.0 1.68 126.8 0.64
21 20.2 97.8 31.9 13.3 30.4 31.7 19.7 19.1 5.95 10.3 10.3 5.95 7.1 0.1 0.16 236 103 94 1.1 19.4 31.0 1.72 142.5 0.64
22 16.6 51.5 34.2 16.7 32.2 33.7 19.9 19.2 6.64 10.9 10.8 6.66 -0.1 0.5 0.26 274 124 94 1.3 19.6 32.9 1.65 170.2 0.54
23 16.8 52.9 34.2 17.1 32.3 33.6 19.9 19.2 6.68 10.9 10.8 6.7 0 0.5 0.21 255 123 75 1.6 19.6 32.9 1.63 211.7 0.35
24 18.9 72.3 34.0 16.6 32.3 33.7 19.7 18.9 6.57 10.8 10.8 6.61 2.7 0.3 0.23 293 138 78 1.8 19.3 33.0 1.65 92.4 0.82
25 20.0 84.9 34.2 13.8 32.2 33.7 19.6 18.7 6.04 10.8 10.8 6.06 6.4 0.3 0.22 299 145 95 1.5 19.1 33.0 1.79 114.7 0.81
26 20.1 93.7 34.1 12.5 32.2 33.7 19.7 189 5.8 10.8 10.9 5.82 7.8 0.1 0.2 291 142 104 1.4 19.3 33.0 1.87 132.2 0.77
27 20.3 86.7 33.6 14.0 321 33.3 19.6 19.0 6.07 10.8 10.8 6.06 6.5 -0.1 0.21 221 106 98 1.1 19.3 32.7 1.77 118.1 0.81
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Fig. 3. Maps of heat pump functioning under conditions similar to the application of the PECS.
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Fig. 4. Maps of the heat pump performance parameters under different conditions of functioning.

e Refrigerant pressure: pressure drops across the HC-290/water plate
heat exchanger are negligible compared to those caused by the
lamination valve. As seen in Fig. 5b, pressures remain nearly equal
on either side of both exchangers (p, ~ p3 and p4 = p1), with pressure
differences across the evaporator and condenser measured at
approximately Apeva~APcond = 2 - 5 kPa. Meanwhile, the differential
pressure between the evaporator and condenser remains around 4-5
bar in this specific test, while in other tests this difference is between
6-7 bar (summarized results in Table 6).

Power absorption: the system exhibits an initial surge in power con-
sumption immediately after the compressor starts, but stabilizes
within a few minutes as the compressor speed reaches steady-state
(Fig. 5d). The resistance forces opposing refrigerant mass flow in
the PECS circuit primarily induce the compressor electrical draw.
These resistance forces are influenced by two factors: the aperture of
the expansion valve orifice and the refrigerant velocity, which is
proportional to the rotational speed of the twin rotary compressor.
Since both parameters (rpm and % of aperture of the lamination
valve) remain constant during each test, power consumption stabi-
lizes accordingly. Additionally, auxiliary current drawn by the aux-
iliaries is minimal/negligible (< 0.1 A).

e HC-290 temperatures:

- aslight oscillation of the temperature in the evaporator is observed
during the stationary phase, mostly due to the hysteresis of the
thermostatic control used to keep a fixed setpoint water tempera-
ture (~20 °C in these tests, Fig. 5¢). In the experiments, the cooling
load is simulated using an electric heater, which regulates the

10

water temperature at the evaporator. This heater operates with an
on/off control logic: it turns on when the Twater < Tset-point-
AThystersis and off when Twater > Tset-point+AThystersis- AS a result, the
water temperature fluctuates by approximately +AThystersis around
the setpoint, leading to an oscillation of ~2AThystersis (visible in
Fig. 5¢). In this setup, AThysteresis was set to 0.5 °C. In the longer
steady-state phase, these variations are not producing any note-
worthy inaccuracy, because the large number of data collected
(>100) ensures a statistically significant mean value.

- the refrigerant temperatures at the inlet of the compressor and of
the evaporator requires a longer time to stabilize and to reach a
consistent steady-state value (about 10 min). On the contrary, the
temperatures at the outlet of the condenser and of the evaporator
reach the steady state value after a few tens of seconds.

Instantaneous performance: even during the transient phase, instanta-
neous performance metrics - such as heat exchange rates and power
consumption (Fig. 5e) and instantaneous EER (Fig. 5f) - can be
evaluated. These metrics represent the average system’s perfor-
mance within 15-second intervals, corresponding to the DAQ sam-
pling time and averaging period.

Finally, the phase-down period shows analogous features for all the

tests. This final phase begins when the compressor is switched off and

lasts until the test concludes. During this period, KPI metrics (e.g.,

heat exchange, power consumption, and EER) are no longer valid, as

the micro-HP is no longer active. However, water circulation remains
operational, and refrigerant and water temperatures and pressures
return quickly to their initial conditions.
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Fig. 5. Test #9 - Example of test coupling the micro-HP with the thermostatic bath at the condenser and evaporator.

4.2. Performance for typical PECS applications with the storage of the
rejected heat

An additional experimental campaign was conducted in relation to
cases where the rejected heat is stored and the condensing temperature
is not fully controlled and may vary over time.

In this scenario, the appliance works in dynamically variable con-
ditions and cannot operate continuously and indefinitely, but only for a
certain period. When the temperature of the refrigerant at the outlet of
the compressor exceeds certain limits, the compressor must be switched
off to avoid damage (such temperature, in turn, corresponds to a certain
condensing temperature).

Therefore, the first important information that can be derived from
these experiments is the time period over which the PECS can operate
before stopping.

A PECS is inherently designed to be used only where and when it is
needed. Therefore, it is consistent to imagine that in a real application, it
is required to work for a time shorter than the occupied period (typically
8 hours for an office building). On the other hand, it must also provide
an operative time reasonably long, which may be estimated at no less
than 4 to 6 hours.

The first explored configuration (case #2) adopts a TES based on
water, while the second (case #3) uses an LHTES.

4.2.1. Performances with a water-based TES (case #2)

A total of 13 tests were done, keeping constant the aperture of the
lamination valve and varying: the refrigerant charge, the compressor
rpm, the initial temperature and the volume of the TES (5 | and 20 1.
Table 3). Table 8 summarizes the relevant quantities measured during
these tests (as arithmetic average over each testing period) and the
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corresponding performance of the prototype (EER, ®cya, ®cond). The
same table shows also the maximum cooling capacity and the total
stored heat.

Table 9 resumes, for the tests using the same amount of HC-290 mass
in the refrigerant loop, the duration of the working time of the micro HP
and the refrigerant temperature at the outlet of the compressor (the
highest point in the loop) corresponding to the moment when conden-
sation temperature reached about 36 °C. The first tests are not included
in this comparison because of the different refrigerant mass in the cir-
cuit, and also for the limited size of the TES. In the end tests from #29 to
#36 generated a useful effect only for a limited period of time (much less
than the test duration that was around 0,5 h).

As it is possible to see, using a 20 1 TES (that is already quite big for a
stand-alone and moveable application) the maximum operative time
was about 2 h (test #36, 38 and 40) and it frequently went down to 30-
50 min. Such durations are not sufficient to satisfy the typical re-
quirements for an adequate use of PECS. Moreover, in many of this tests
the EER is below the unit, demonstrating a limited feasibility for a real
application.

In order to analyze more in detail the behavior of the prototype with
the TES, the experiment #38 was selected. Fig. 6 shows the corre-
sponding trends of the relevant quantities versus time.

During the measurements, the cooling load was simulated using the
same arrangement described in Section 4.1. The condenser, unlike
configuration #1, is not thermally controlled since it is coupled to a
sensible thermal energy storage. Hence, the condensing temperature
starts from a certain initial value (20 °C, 22 °C and 27 °C, depending on
the test, see Table 3) and then rises gradually. Such features strongly
influenced the performance of the micro HP.

Fig. 6a shows that with a 20 1 TES the capacity of heat rejection was
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Table 8

Results of dynamic tests with TES (config. #2) and LHTES (config. #3), varying condensation temperature and lamination level. Fixed evaporator temp. at nominal 20°C.

Cooling

Stored
Heat

Duration

p

Teond

Teva

EER

Ps Pa Asurr  Asub Peond  Peva

P2

Ty Ts Ty Ts Ts T, Tg

T1

Capacity

kWh

kWh

[°C] hours
41.3

°C

°C °C °C °C °C °C °C barg  barg bar, bary, °C

°C

0.08
0.12
0.11
0.17
0.25
0.18
0.19
0.17
0.25
0.23
0.18
0.28
0.20
0.65
1.60
1.90
1.90

0.16
0.19
0.20
0.23
0.37
0.21

0.5

2.2
2.4
2.5
2.6
2.0

2.1

21.1

0.78
0.75
0.8
0.6
2.0
2.5
4.4

227
282
349
342

169
237
210
319
240
415
283
75

316
377
402
452
360
474
307

8.42
11.9
13
13
9.4
15
6.5

29 19.2 51.7 393 188 389 437 215 207 7.1 153 153 7.1 0.42
1.1

30
31

TES

0.5

41.4

20.7

39.1 17.3 385 443 213 201 6.8 164 165 6.8
7.0 7.0

6.8 6.8

6.3 6.3

7.2

59.4

18.5

0.5

45.1

21.2

1.4
1.4

17.7
1.1

17.7

63.9 431 186 422 479 216 207

19.3

0.5

43.3

20.6

17.7

17.7

66.5 41.1 17.3 302 46.6 21.4 19.8

18.8
16

32
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38
39
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41

31.9
35

18.6
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167

12.4

12.3

29.7 152 293 346 193 179

43.2

0.5

24.6

56.4 319 193 314 386 257 235 7.2 149 15.0 1.1
1.0

20.3

0.20
0.43
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0.43
0.22
0.41
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2.25
0.83

1.6
1.6
2.4
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1.8
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1.7
1.7
1.7
1.7

34.1

25.0

65.1
57

322 217 318 364 258 242 7.7 12.3 123 7.7
30 6.6 6.6

4.2 4.3

5.9

6.2

5.6

6.0

7.3

41.1

22,5

18.0 31.4

1.3
1.7
1.9
2.8
2.3
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10.8 0.49 1.58
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6.7

10.8

349 321 16.5 328 182 17.8
100 3.5

16.9

177 182  29.6

64
78

301
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221

10.1
9.8

285 308 19.1 17.4 10.1
9.8

31.2
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19.3

29.1

19.1
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6.2
5.5

29.6 19.4 18.8
6.0
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12.8

77.8

19.6
26
20

0.83
1.83
0.83

321
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9.3
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9.7 9.7

77.1

69.2 19.4 287
85
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29.7 11.0 281 29.3 198 189

82.1
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26.0

10.7 12.7
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842 333 13,5 315 329 267 25.3
100
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1.13
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3.10
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1.2 24.1 37.9
2.0

2.2
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12.4

12.4

196 369 388 244 237

39.1

24.2
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LHTES

34.3

23.9

90.7 356 162 333 353 244 234 65 11.5 116 65 8.3 0.8

24.2

335

23.9
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233

87.3 348 162 325 346 244 234 65 11.1 11.1 6.5 8.3
5.9 6.0

24.2

29.4

23.7
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10.0

10.0

76.1 30.9 13.4 283 30.5 243 23.0

24.1
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Table 9
Results of dynamic tests with TES (config. #2) maximum duration of the
working period and final temperature of the refrigerant at the compressor outlet.

# Duration Max temperature
hours °C

TES 37 0,83 125,0
38 2 104,8
39 0,83 91,1
40 1,83 111,0
41 0,83 99,6

LHTES 42 5 115,0
43 8 94,4
44 8 91,7
45 8 78,4

limited, and could sustain the operations for less than two hours. As a
result, the compressor outlet temperature (T2) of the HC-290 refrigerant
gradually increased, approaching the maximum allowable limit of
110°C. Upon reaching this threshold, the compressor’s safety controls
automatically shut down the unit to prevent overheating. In fact, beyond
115 °C, lubricant degradation and damage to sealing components put
the component at significant risk.

As heat accumulated within the TES, the condenser pressure (pz)
steadily rose from about 7 bar to approximately 12 bar (Fig. 6b), while
the evaporator pressure (p;) remained relatively stable at around 5 bar
in the initial phase, but eventually increased to 7 bar. Consequently, the
evaporator outlet temperature of HC-290 also rose, reducing the
achievable value of the TCC.

Since this storage system operates solely through sensible heat
rejection, the water temperature increased continuously over time
(Fig. 6¢), progressively diminishing the effectiveness of the process. In
less than two hours, the water temperature rose from 20 °C to 36 °C,
further limiting the system’s ability to absorb and dissipate heat
efficiently.

4.2.2. Performances with a LHTES based on PCM (case #3)

As far as the performance of the LHTES configuration (#3) are
concerned, the presence of a PCM significantly enhanced: the heat
storage capacity of the rejection tank, and the stabilization of the tem-
peratures of the HC-290/water and of the pressures of the refrigerant. A
better control and stability of the condensation temperature/pressure
positively impacted the overall operation of the micro-HP. Unlike
configuration #2 (TES, see e.g. Fig. 6), where a stationary phase was
never reached, the test results plotted in Fig. 7 demonstrate an extended
period of stationary operation, following the initial transient phase. Fig. 7
refers, as an example, to test #43.

It is worth noting, however, that unlike the steady-state results
observed in case #1 (Section 4.1), the initial transient phase in these
tests is not associated with the complete stabilization of the compressor
working parameters. About 2 h are needed (Fig. 7a, b) to reach a full
stabilization of the pressures and temperatures at the inlet and outlet of
the compressor (while for config. # 1 few minutes were enough to attain
a steady-state). This is due to the mechanism of the heat storage in the
LHTES. At the beginning the heat is stored within the solid PCM in a
sensible way; the temperature, therefore, keeps rising (see e.g. Ts — pink
curve — in Fig. 7a), starting from its initial value up to melting temper-
ature, when the phase transition occurs at approximately 33 °C (Fig. 7a
and b).

Once the transition from the solid to the slurry phase begins (after
about 2 h), the temperature profile stabilizes, reaching a quasi-steady-
state operation that persists as long as the PCM continues its solid-to-
liquid phase change. The temperature of the water circulating through
the plate heat exchanger at the condenser follows a similar trend,
gradually increasing and stabilizing at around 34 — 36 °C over the same
120 min period.

Notably, the system was able to be fully operational and stable for



V. Gentile and M. Perino

120

Building and Environment 284 (2025) 113476

=
o
o

[ee]
o

HC-290 temperature[°C]
IN o
o o

N
o

a)

12
b)

HC-290 pressure [bar]
[e)]

- P
— P2

40

w
%]

Water tempertaure [°C]
N w
5 =}

c)

R

4
Time [h]

4
Time [h]

20

4
Time [h]

Fig. 6. Test #38, Time series of HC-290 temperature (a) and pressure (b) during a test with rejection heat in configuration #2. In (c) the time series of the inlet and
outlet water from the plate heat exchanger at the condenser.

120

15

40

a) b) c)
~— 100
5} —-12 " o
- ;
5 80 > g
® =) 3
- |3 b
Q —_ a )]
2 60 <8 230
& — |k £
- o 6 [7]
]
S 40 2 .
N ' -
h [¢] © 25
=] | T
T 20 . 3 =
K/.kv — P — Te
—_— P2 Ts
0 2 4 6 0 2 4 6 20 4 6
Time [h] Time [h] Time [h]

Fig. 7. Test #43, Time series of HC-290 temperature (a) and pressure (b) during a test with rejection heat in configuration #3. In (c) the time series of the inlet and
outlet water from the plate heat exchanger at the condenser.

about eight hours in this test, as well as in all other tests conducted under

configuration #3, as summarized in Table 8.

4.2.3. Comparison of performance between TES — LHTES configurations
In order to compare the performance of the micro HP working with

different condenser configurations, two tests done under similar

boundary and operational conditions were selected, that is, test #38 for
case #2 and #43 for case #3.

Fig. 8 shows in order: the dynamic time trend of the heat exchanged
at the evaporator for test #38 (8a) and for test #43 (8b), the
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Fig. 8. In (a), the trend of the system’s exchanged heat (red and blue) and the electric power consumptions (black) of the micro-HP in the case #2 with the water-
based TES. In (b), the same comparison is done for heat rejection in the case #3 using the the PCM/water LHTES. In (c), the comparison between the two con-

figurations based on the EER.

13



V. Gentile and M. Perino

instantaneous trend of the EER (8c). The heat exchange rate at the
evaporator was initially rather similar in both cases — 200 W for case #2
(Fig. 8a) and 250 W for case #3 (Fig. 8b). However, in case #2, the
cooling capacity steadily declined over time, dropping below 50 W after
approximately 120 min. In contrast, case #3 exhibited an initial tran-
sient phase due to the accumulation of the PCM’s sensible heat in the
LHTES storage. After this phase, the cooling capacity stabilized at
around 180 W. Similarly, the power absorbed by the system increased
from 50 W to 100 W and remained stable at this level for more than six
hours.

Operations using the LHTES system resulted in an EER ranging be-
tween 2 and 4 (Fig. 8c). Although the average EER was similar for both
configurations — approximately 2 — the total energy exchanged was
significantly higher in the latent heat configuration. Specifically, it
provided 1.6 kWh of cooling while consuming 0.8 kWh of electricity and
rejecting 2.6 kWh of total heat.

Most of the rejected heat was absorbed into the storage tank. How-
ever, increased turbulence caused by the mechanical stirrer led to higher
heat losses to the environment. Despite this, the mechanical stirrer was
essential during this prototypal phase due to the low thermal conduc-
tivity and density of PCM compared to water. Without vigorous mixing,
thermal exchange would have been significantly reduced, compromising
system performance. Notably, the cold water at the evaporator outlet
remained below 15 °C throughout all experiments, ensuring a suffi-
ciently low temperature to provide effective individual cooling during
summer conditions.

5. Conclusions

The experimental results highlighted that the performance of this
micro-HP prototype were suitable for a PECS application. By leveraging
the latent heat of PCM, the micro-HP demonstrated improved stability in
rejection tank temperatures, mitigating operational risks, such as
excessive HC-290 outlet temperatures and high condenser pressures.
The micro-HP coupled with the LHTES operated with a EER between 2
and 4, despite the isentropic efficiencies ranged only between 0.2 and
0.4 (values that are significantly lower than typical scroll or rotary
compressors). Although the average EER was similar between the two
storages (the TES and the LHTES) and close to 2, the total energy
exchanged was much higher in the LHTES. It produced 1.6 kWh of
cooling, absorbing 0.8 kWh of electricity, and rejecting 2.6 kWh of total
heat. This was obtained with an operational time that ranged from 5 to 8
h. When compared to other miniaturized active cooling technologies
suitable for PECS, the proposed system demonstrated superior energy
performance and a cooling capacity that exceeds the typical re-
quirements for personal thermal comfort.

The latent heat storage not only extends operational duration but
also supports more consistent cooling performance with reduced envi-
ronmental heat losses, especially with the inclusion of a mechanical
stirrer to address the low thermal conductivity of PCM. While the me-
chanical stirrer introduces additional complexity, its use was crucial in
this prototypal phase to ensure an effective heat transfer. Future de-
velopments should aim to optimize the heat exchange between the HC-
290 and the phase change material and the PCM formulations. This
optimization will allow to eliminate the mechanical stirring in the
storage tank.

The designed prototype exploited plate water/refrigerant heat ex-
changers to facilitate accurate thermal power measurements by
leveraging the incompressible nature of water, simplifying monitoring
and ensuring stable testing conditions. However, this approach intro-
duced additional heat exchanges that are not strictly necessary in both
the evaporation and condensation sides. Substituting the heat ex-
changers of the cooling side with a direct air/refrigerant exchange is
preferable in real environmental applications. This approach enables
direct thermal interaction with the occupant without relying on inter-
mediate fluid flows, reducing system complexity, improving
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responsiveness and thermal exchange efficiency.

On the condenser side, a heat exchanger configuration is preferred
that would directly incorporate PCM, exploiting a direct contact be-
tween the metal surface and the materials. This adjustment, eliminating
again the intermediate water flow, results in thermal effectiveness
enhancement of the heat rejection during condensation. Finally,
contributing to higher EER values.

Another potential improvement to enhance the cooling cycle’s per-
formance involves optimizing the compressor’s thermal management.
By configuring the system so that a small fan directs airflow from the
surrounding environment onto the compressor casing, excess heat can
be dissipated more effectively. Cooling the compressor’s outer shell
improves its njso leading to a higher overall EER. Additionally, it helps
lowering the outlet temperature (T2), which in turn reduces the thermal
load on the LHTES system, potentially allowing for a more compact
storage design. In addition, in future studies, given the possibility to
control the lowest temperature of the cooling cycle, we will explore also
the impact on comfort when acting not only on temperature and air
velocity, but also on relative humidity.

Despite the promising performance of the proposed micro-HP sys-
tem, the large-scale deployment of PECS in real buildings still faces
several barriers. First, the lack of standardized components for personal-
scale heat pumps complicates design efforts and limits availability.
Second, the use of flammable refrigerants, although minimal in quan-
tity, requires compliance with evolving safety regulations, particularly
in indoor environments. Third, the need to manage the rejected heat
remains a fundamental issue; in this work, we propose onboard thermal
energy storage as a strategy to decouple cooling operation and heat
release, potentially avoiding the need for ducting. Moreover, user
acceptance and ergonomic integration within workspace furnitur-
e—considering acoustics, control interfaces, and aesthetic impact—are
essential for real-world adoption. Finally, while this prototype remains
pre-commercial, its reliance on scalable and widely available compo-
nents (e.g., miniature rotary compressors used in domestic appliances)
suggests that future cost reductions and industrial scalability are plau-
sible. These aspects will need to be addressed in future research phases
through interdisciplinary collaborations and pilot studies in real-world
environments.
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