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The electrification of building heating is an effective way to meet the global carbon target. As a clean and
sustainable electrified heating technology, air-source heat pumps (ASHPs) are widely used in areas lack-
ing central heating. However, as a major component of space heating, heating terminals might not fit well
with ASHP in order to achieve both intermittency and comfort. Therefore, this study proposes a novel
radiation-adjustable heating terminal combined with an ASHP to achieve electrification, intermittency,
and better thermal comfort. Radiant terminals currently suffer from three major problems: limited
maximum heating capacity, inability to freely adapt, and difficulty with combining them with ASHPs.
These problems were solved by improving the structural design of the novel terminal (Improvement
A–E). Results showed that the maximum heating capacity increased by 23.6% and radiation heat transfer
ratio from 10.1% to 30.9% was provided for users with the novel terminal. Further, new flat heat pipe
(FHP) design improved stability (compressor oil return), intermittency (refrigerant thermal inertia),
and safety (refrigerant leakage risk) by reducing the length of exposed refrigerant pipes. Furthermore,
a new phased operation strategy was proposed for the novel terminal, and the adjustability of the
terminal was improved. The results can be used as reference information for decarbonizing buildings
by electrifying heating terminals.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Carbon emissions are being controlled globally to counter glo-
bal warming. Buildings account for 30%–40% of global energy
end-use [1]; CO2 emissions from building operations reached
2.11 billion tonnes in China in 2019 [2]. Therefore, it is important
to reduce the energy consumption of buildings, especially in rela-
tion to heating, in order to meet global carbon reduction targets
[3].

Studies conducted in five high-income, high-emitting countries
of Western Europe investigated household heat decarbonization
and found that the concept of adopting low-carbon forms of space
heating was extremely challenging for households because of dif-
ferent heating awareness, heating preferences, income, and culture
[4]. Another study suggests that space heating accounts for a sub-
stantial portion of total energy consumption, and that heating sys-
tems offer a degree of flexibility in how they are used over time,
which should be kept in mind when developing future energy sys-
tems to maintain a balance between supply and demand [5]. Some
researchers have proposed that the comprehensive electrification
of buildings would be an effective approach for achieving decar-
bonization of buildings, better utilizing renewable energy, and
maintaining a balance between energy supply and demand [6,7].
In spite of the potential benefits of electrification of buildings,
heating terminals, which is an important component of building
space heating, have inherent problems associated with intermit-
tency, comfort, and the prospect of electrification. Thus, the com-
prehensive electrification of buildings is challenging while
maintaining thermal comfort, and it is imperative that both heat-
ing terminal problems are overcome and electrification is com-
bined with heating terminals.

Radiators, floor heating, and fan coils are the most commonly
employed traditional heating terminal types. Radiators and floor
heating provide excellent thermal comfort, however, their adjusta-
bility for users is limited, making it difficult to adjust the heat load
dynamically, and even though fan coils are highly variable,
draughts and vertical temperature differences contribute to
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thermal discomfort [8,9]. Attempts have been made by researchers
to improve this traditional heating method. For example, Hu et al.
[10] and Hemadri et al. [11] improved the radiator and fan coil
designs by increasing the heat exchange area and adding materials
that permitted a higher thermal conductivity; however, thermal
comfort, even with the improved heat transfer capacity, was not
improved. Wang et al. [12] proposed overhead floor heating to
improve its adjustability but observed no visible improvement
effects. As a result of the difference between convection and radi-
ation heat transfer, intermittent and comfortable conditions are
difficult to coexist for traditional heating terminals.

Although the above studies show that it is difficult to
improve traditional heating terminals, studies have been con-
ducted on developing new types of heating terminals combining
the use of new materials and structures. In this regard, Chae
and Strand [13] developed a new radiant system that incorpo-
rates a concentric tube heat exchanger (HE) embedded in a radi-
ant panel. In addition, Li et al. [14] proposed a novel combined
floor and Kang heating terminal. However, the position of the
heating terminal was fixed, causing poor adjustability, so Li
et al. [15] proposed a novel vertically adjustable radiant termi-
nal that employed a modular design. Although this approach
reduced the response time by more than 1.5 h, the heating
capacity needed to be further improved. Based on floor heating,
capillary tube heating has also been widely proposed for new
terminal structures due to its flexibility and excellent thermal
comfort; however, its low heating capacity (79.4–101.2 W�m�2)
and poor adjustability (large thermal inertia of the wall) have
limited its use [16,17]. The low heating capacity and the lack
of rapid adjustability to changes in the indoor thermal load
are two key problems that should be addressed in new termi-
nals; although the above studies improved heat transfer, the
extent of improvement was limited and the adjustability was
poor.

Climate change action plans propose electric heating as a viable
option and a low-carbon solution, which can be achieved through
direct electrical heating or heat pumps [18–21]. Heat pumps are
more efficient than direct electrical heating, and their lower carbon
emissions make them an attractive choice [22]. Therefore, air-
source heat pumps (ASHPs) are widely used as a clean, reliable,
and sustainable heating technology in areas without central heat-
ing. The main types of ASHPs are air-to-water and air-to-air heat
pumps [23]. Split air conditioners are common household heating
terminals that incorporate air-to-air heat pumps and possess cer-
tain adjustability. However, the thermal comfort provided by them
is especially poor, thus causing draughts and vertical temperature
differences [24,25]. Therefore, ASHPs have recently been combined
with novel heating terminals. For example, Shao et al. [26] pro-
duced a new refrigerant-heated radiator coupled with an ASHP;
Dong et al. [27] studied a novel radiant-convective heating system
based on an ASHP; Xu et al. [28] used heat pipes as heat radiators
with an ASHP; Yang et al. [29] designed a multi-split ASHP unit;
Zhang et al. [30] proposed a novel thermal storage refrigerant-
heated radiator coupled with an ASHP.

While these novel heating terminals combined with ASHPs
improved the thermal comfort and defrosting problems associated
with traditional split air conditioners, such as those pertaining to
the radiant-convective structure and thermal storage, some prob-
lems were evident, such as long exposed refrigerant pipes and
large internal thermal resistance. Long exposed refrigerant pipes
cause stability problems (compressor oil return), intermittency
(refrigerant thermal inertia), and safety risks (risk of refrigerant
pipe leakage). Therefore, considering the intermittency, comfort,
and electrification requirements, as well as the inherent problems
associated with newly designed terminals, the following three
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main problems must be addressed first with respect to the existing
heating terminals:

� Problem 1 (P1): Maximum heating capacity of the terminal
(especially the radiant terminal) is limited.

� Problem 2 (P2): Poor adjustment of the terminal in response
to changes in the indoor thermal load.

� Problem 3 (P3): Combining terminals with sources (especially
ASHPs) requires improvement.

In order to resolve these issues, we propose a novel heating ter-
minal structure combining flat heat pipes (FHPs) and an ASHP to
achieve adjustable radiation heating. FHPs are thin components
that offer excellent heat transfer capacity. They have been widely
used in heating, cooling, and dehumidification systems [31–39],
as shown in Table 1 and Fig. 1.

Table 1 shows that FHPs can be used in solar energy, waste heat
recovery, and electronic cooling systems owing to their excellent
heat transfer capacities and thin physical dimensions. They are
often used in small spaces [35]; however, their heating capacity
is limited in large spaces [36], and the heating terminal structure
needs to be improved before they can be used to heat large spaces.

Therefore, a novel radiation-adjustable heating terminal based
on an FHP combined with an ASHP is proposed. The novel heating
terminal broadens the range of heating capacity, improves the
adjustability of the terminal, and facilitates the combination with
ASHPs. These characteristics are achieved through the use of an
FHP, the optimization of internal thermal resistance, and the addi-
tion of forced convection. In addition, a new phased operation
strategy for the novel terminal is proposed, and the ability of users
to adjust the terminal is further strengthened. The design pre-
sented here can be used to build the foundation for electrification
of heating terminals to enable buildings to become carbon neutral
by combining part-time and part-space heating.
2. Material and methods

2.1. Improved structural design of the novel terminal

Fig. 2 shows the improved structural design (Improvements
A–E) and actual product of the novel terminal.

The novel terminal was improved in five ways (Improvements
A–E) in this study as follows:

(1) Improvement A (Imp A): adding fins. The main aim of adding
fins is to enhance the maximum heating capacity of the novel
terminal. The heat exchange area of the terminal is increased by
welding fins to its back. Each fin measures 10 cm in height,
0.5 mm in thickness, and 5.5 mm in spacing, respectively.

(2) Improvement B (Imp B): adding cross-flow fans. The addi-
tion of cross-flow fans to forced convection systems increases the
maximum heat output and allows users to adjust the forced con-
vection wind speed to the indoor thermal load. With the addition
of the fan, both sides of the terminal are sealed to form an enclosed
air duct. A cross-flow fan is preferred over an axial fan as it reduces
noise as well as the air duct resistance. During the winter, cold air
enters an indoor space through the air inlet of the cross-flow fan at
the rear of the terminal when the rear cross-flow fan is running.
The cold air is heated by fins inside the air duct, and the warm
air is finally expelled through the air outlet beneath the terminal,
which maintains a uniform indoor temperature. For space heating
in winter, if the outlet is at a higher elevation, the buoyancy force
in heating modes can cause significant ‘‘warm head and cold feet”
with poor thermal comfort. Therefore, the terminal can be used for
both heating and cooling. To prevent condensed water from flow-
ing through both cross-flow fans and reducing their service life,
both fans are arranged in the upper corner rather than the lower.



Table 1
Application of FHP in heating, cooling, and dehumidification.

Literature Year Application field Image Application effect

Wang et al. [31] 2021 Solar energy utilization Fig. 1(a) � A novel thermal storage solar air heater (TSSAH) with an FHP was proposed
� Flat micro-heat pipe arrays (FMHPAs) performance exhibited excellent
temperature uniformity during thermal discharge

Weng et al. [32] 2021 Data centre cooling and heat recovery Fig. 1(b) � The FHP realized the long-distance heat removal from the inside of the data
cabinet to the outside

� The instantaneous heat recovery efficiency of the micro-channel flat loop
heat pipe heat recovery system was maintained within 81%–94%

Jouhara et al. [33] 2017 Waste heat recovery in the steel industry Fig. 1(c) � The rate of heat recovery during laboratory tests achieved by the FHP was
about 5000 W

� The application potential of FHPs for waste heat recovery in the steel
industry was positive

Tan and Zhang [34] 2016 Building envelope Fig. 1(d) � The average heat transfer coefficient of the wall implanted with heat pipes
reached 1.24 W�m�2�K�1

� Walls implanted with heat pipes saved a considerable amount of energy
savings during the heating season

Xin et al. [35] 2018 Electronic cooling Fig. 1(e) � Heat pipes with a high heat transfer performance solved the problem
associated with thermally controlling electronic devices

� A slope-type wall was designed with grooves at the vapor–liquid interface
in the heat pipe

Sun et al. [36] 2020 Space heating and cooling Fig. 1(f) � An FHP for heating and cooling showed a high heat response speed (180–
465 s)

� An FHP for heating and cooling showed high thermal uniformity
(1.4 �C�m�1)

Li et al. [37] 2021 High power telecommunication
equipment cooling

Fig. 1(g) � An FHP could work well in the vertical or horizontal position for high-power
telecommunication equipment cooling

� The highest thermal conductivity of the FHP was about 11 500 W�m�1�K�1

Wu et al. [38] 2021 Dehumidification Fig. 1(h) � Using an FHP for sensible heat transfer only and an HE for both cooling and
dehumidification

� Forced convection simultaneously increased the surface temperature (4–
6 �C) and cooling capacity (75.7%)

Song et al. [39] 2021 Heat pump Fig. 1(i) � To achieve a high heat flow density, an FHP was used to collect heat in a
condenser

� The novel heat pump with the FHP increased the total exergy efficiency by
6.02%
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(3) Improvement C (Imp C): double flow channels. These pro-
vide an increase in the heat exchange area and increase the maxi-
mum heating capacity. Considering the operating principle of an
FHP, the upper and lower channels work with the FHP for cooling
and heating, making it possible to use the novel terminal both in
summer and winter in the future.

(4) Improvement D (Imp D): drilling the HE for the refrigerant. A
refrigerant channel is formed by punching holes inside the heat
exchanger. This combines the terminal with ASHP more skillfully
and reduces the internal thermal resistance of the terminal. The
heat exchanger consists of a copper plate having length, height,
and thickness of 97 cm, 15 cm, and 10 mm, respectively. The cop-
per plate is drilled with 6 mm diameter holes. The refrigerant
channel spacing is 12 mm after drilling, and the outer side of each
hole is connected by a matching U-bend to form a closed terminal-
side refrigerant channel.

(5) Improvement E (Imp E): FHP for transferring heat. Using sil-
icon grease, the FHP is bonded to the HE (surface without fins). The
FHP is the key component that joins the terminal to the ASHP, and
the flat surface of the HE fits well with the thin structure of the
FHP. For space heating in winter, the internal working medium
of the lower HE evaporates and the heat is transferred into the
room via the upper HE. After condensing and releasing heat, the
working medium returns to the part attached to the HE as a liquid
where it again absorbs heat from the HE. The FHP used for transfer-
ring heat minimizes the problem associated with the long and
exposed refrigerant pipes of existing terminals combined with an
ASHP.

Fig. 3 illustrates the relationship between each of the improved
structural designs and the problems associated with the existing
heating terminals. It is noteworthy that no direct connection exists
between the improved structural designs and the individual prob-
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lems. For example, the addition of a cross-flow fan strengthens
both the heating capacity and rapid adjustability. Similarly, drilling
holes in the HE for refrigerant flow increases the heating capacity
and improves the connection between the ASHP and heating
terminal.
2.2. Experimental system

An innovative indoorheating systemhasbeendeveloped in a lab-
oratory to allowmanual control of the temperature. Considering the
actual size of rooms in small homes and offices, the laboratorymea-
sures 3m� 3m� 3m, and the southern exterior wall of the labora-
tory has a 2 m � 2 m window. The thermal parameters of the
building envelope are as follows: exterior wall (K = 0.9 W�m�2�K�1,
C = 1.05 kJ�kg�1�K�1), roof (K = 0.5 W�m�2�K�1, C = 0.75 kJ�kg�1�K�1),
and exterior window (K = 2.8 W�m�2�K�1). K and C are the heat
transfer coefficient and the specific heat capacity of building
envelope, respectively. The airtightness of the laboratory is
measured as 0.5 h�1 using the tracer gas method. Fig. 4 shows a
schematic of the experimental system, which consists of an indoor
heating terminal, an outdoor unit, connected pipes, and measuring
instruments. For the indoor terminal, the lower part of the FHP,
which acts as an evaporation section, is heated by the heat source,
and the other part of the FHP, which acts as a condensation section,
is heated by the principle of the heat pipe. The FHP was filled with a
certain amount of acetone as the working fluid after it is vacuumed
to 50% vacuum degree, and the filling rate is designed at approxi-
mately 20% in accordance with engineering experience. The total
size of the FHP is 0.98 m � 0.88 m. The surface of the FHP is coated
with a layer of Teflon (emissivity: 0.95) to increase the surface emis-
sivity and enhance the heating capacity of the terminal. A



Fig. 1. Application of FHP in heating, cooling, and dehumidification: (a) solar energy utilization; (b) data center cooling and heat recovery; (c) waste heat recovery in the steel
industry; (d) building envelope; (e) electronic cooling; (f) space heating and cooling; (g) high power telecommunication equipment cooling; (h) dehumidification; (i) heat
pump. PCM: Qi: inlet heat of heat pipe; Qo: outlet heat of heat pipe; phase change material; FPV: fresnel concentration photovoltaic; RRU: remote radio unit; MCHP: micro-
channel heat pipe; TEG: thermoelectric generator. Reproduced from Refs. [31–39] with permission.
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description of the components used in the indoor and outdoor units
is provided in Table 2.

A Coriolis mass flowmeter was placed on the measuring points
to obtain the refrigerant flow rate, while temperature and pressure
sensors are placed at the inlet and outlet of the evaporator and
condenser, respectively. Fourteen thermocouples are arranged
horizontally and vertically on the front surface of the FHP to obtain
the surface temperature, and four thermocouples are provided at
the top and bottom of the fins attached to the HEs, respectively.
Three thermocouples are positioned at the inlet, outlet, and air
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duct to determine the mean air temperature at these three loca-
tions. In addition, nineteen thermocouples are placed in the labo-
ratory space to obtain the mean ambient temperature, and six
thermocouples are placed on the inner surfaces of the building
envelope, as shown in Fig. 5. The sensor probe is made from low-
emissivity metal, so the radiation effect is minimal. The tempera-
ture and pressure sensors transmit the data to a computer through
a data acquisition system with an acquisition frequency of 10 s. All
thermodynamic and thermophysical properties are calculated
using REFPROP software.



Fig. 2. Novel terminal: (a) improved structural design of the novel terminal and (b) actual novel terminal.

Fig. 3. Schematic diagram of improvement in relation to problems with existing terminals.
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Table 2
Description of components used in the indoor terminal and outdoor unit of the
experimental system.

Location Component Description

Indoor terminal HE Material: copper
Size: 97 cm � 15 cm � 10 mm
(L � H � W), 2 pieces
Inner hole diameter: 6 mm
Pipe spacing: 12 mm

FHP Material: aluminum
Size: 9.8 cm � 88 cm � 0.5 cm
(L � H � W), 10 pieces
Charge: acetone (filling rate: 20%)
Surface: teflon spray (emissivity: 0.95)
Connection with HE: silicon grease

Fins Material: copper
Size: 15 cm � 10 cm � 0.5 mm
(L � H � W), 150 pieces
Fin spacing: 5.5 mm
Connection with HE: welding

Fans Type: cross-flow fan
Size: 105 cm � 5 cm � 5 cm, length of
air inlet 98.6 cm
Speed: 0–2400 r�min�1

Air volume: 0–450 m3�h�1

Sound: 32 dB
Air outlet Size: 98 cm � 6.5 cm (L � H)

Outdoor unit Compressor Type: hermetic rotary vertical single-
cylinder motor compressor
(QX-B146C030A)
Displacement: 14.6 cm3

Nominal heating capacity: 2100 W
Refrigerant Type: R22

Charge: 0.90 kg
HE Copper pipe: length, external diameter,

inner diameter
of 36.4 m, 7 mm, and 6 mm, respectively
Pipe spacing: 20 mm
Path: 2
Fin thickness: 0.1 mm
Fin spacing:1.8 mm

L: length; H: height; W: width.

Fig. 4. Schematic of the experimental system.
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2.3. Experimental conditions

By improving the structure of the novel heating terminal, three
heating modes are obtained: Mode 1, Mode 2, and Mode 3 (as
shown in Fig. 6). Solenoid valves are arranged in the upper and
lower channels. Mode 1 is the most basic mode of operation with-
out forced convection. Solenoid valves regulate the opening and
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closing of the refrigerant channel in the lower and upper HEs. At
this point, most of the heat is produced through radiant heating,
but a certain amount of it is also transferred by natural convection.
In Mode 2, the cross-flow fan is operated at maximum wind speed,
in which the forced convection heat transfer of the fins inside the
air duct is supplemented. In this case, forced convection heat trans-
fer is added by radiation and natural convection. Mode 3 is further
developed as an extension of Mode 2. In Mode 3, the cross-flow fan
runs at the maximum wind speed, and the refrigerant channels of
both the upper and lower HEs are opened simultaneously via valve
control.

For different modes, the heating capacity, radiation heat trans-
fer ratio, and rise in ambient temperature are determined. Temper-
ature control of (20.0 ± 0.5) �C is used to obtain the heating
capacity and radiation heat transfer ratio. This ensures that the
experiment is carried out objectively and accurately. To evaluate
the heat transfer characteristics, the heating capacity Q is defined
as follows:

Q ¼ G hi � hoð Þ � 1000=3600 ð1Þ
where G is the flow rate of refrigerant (kg�h�1); hi and ho are the
inlet and outlet enthalpy of terminal (kJ�kg�1).

The radiation heating capacity Qr and the convection heating
capacity Qc of the terminal are also determined. Qr is calculated
using the mean radiant temperature (MRT) method:

Q r ¼ eArb T4
s � MRT4

� �
ð2Þ

where e is the surface emissivity; A represents the surface area of
radiant panel (m2); rb is the Stefan–Boltzmann constant,
5.67 � 10�8 W�m�2�K�4; Ts is the surface temperature of terminal
(K); MRT represents the mean radiant temperature (K). And Qc is
calculated as the sum of the forced convection heating capacity Qf

and the natural convection heating capacity Qn:

Q f ¼ cqV To � T ið Þ ð3Þ
The natural convection heating capacity Qn can be calculated

using the expression of natural convection in an infinite space.
The Nusselt Nu and Grashof Gr numbers can be expressed as
follows:

Nu ¼ c Gr � Prð Þn ¼ c � Ran ð4Þ

Gr ¼ ga Ts � Tað Þl3=v2 ð5Þ
where c is the heat capacity of air, 1005 J�kg�1�K�1; q is the density
of air (kg�m�3); V represents the velocity of air in forced convection
(m3�s�1); c and n are coefficients for different flow and heat transfer
conditions, which can be obtained by looking up the table of empiri-
cal formulas; Pr is Prandtl number and Ra is Rayleigh number; g is
the gravitational acceleration (m�s�2); a is the volume expansion
coefficient (K�1); l represents the characteristic length (m); v is
the kinematic viscosity (m2�s�1); Ti, To, Ts are the inlet, outlet, and
surface temperatures of the terminal, respectively, and Ta is the
ambient temperature (�C).

Therefore, Qn and Qc can be expressed as

Nu ¼ Knl=k ð6Þ

Qn ¼ KnA Ts � Tað Þ ð7Þ

Q c ¼ Q f þ Qn ð8Þ
where Kn is the natural convection heat transfer coefficient
(W�m�2�K�1); k is the thermal conductivity of air (W�m�1�K�1).

The radiation heat transfer ratio b, can be expressed as

b ¼ Q r=Q � 100% ð9Þ



Fig. 5. Schematic of measuring points within the laboratory.

Fig. 6. Three heating modes provided by the novel terminal: (a) Mode 1, (b) Mode 2, and (c) Mode 3.
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Accordingly, heat transfer from the source to the terminal Q is
compared with heat transfer from the terminal to the room Qr + Qc

to verify the accuracy of the experimental results, as discussed in
Section 4.5.

To ensure the objectivity and accuracy of the experimental
results, the initial indoor temperature in the three operating modes
is controlled to 7–8 �C when the outside temperature was 1–2 �C.
In order to compare and analyze the rise in ambient temperature,
we studied variations in the indoor average temperature with time
for the three types of operations.

Furthermore, the heating capacity and room temperature distri-
bution are explored under different forced convection wind speeds,
with the room temperature is also controlled to be approximately
20 �C to ensure objective and accurate experimental results.
Initially, the outlet wind speeds of the terminal are controlled at
2.0, 1.5, 1.0, 0.5, and 0 m�s�1 corresponding to the air volume flow
rates of 458.6, 344.0, 229.3, 114.7 and 0 m3�h�1 by a rotary knob to
calibrate the basic operating conditions of a cross-flow fan. An
analysis is then conducted under these operating conditions.
2.4. Experimental instruments

Table 3 and Fig. 7 summarize the experimental instruments
used to measure different parameters, such as surface tempera-
ture, inlet and outlet air temperature, and flow rate.
Table 3
Specifications of experimental instruments.

Instrument Image Measured data

T-type thermocouple Fig. 7(a) Surface tempera
Pressure transmitter (MIK-P300) Fig. 7(b) Inlet and outlet
Anemometer (TJHY FB-1A) Fig. 7(c) Outlet wind spe
Coriolis mass flowmeter Fig. 7(d) Flow rate
Electric power data logger (WGLZY-1) Fig. 7(e) Electric power o
Infrared imager (TESTO-875) Fig. 7(f) Infrared images
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3. Results

3.1. Solving problem 1: Improving the maximum heating capacity

The heating capacity of the novel terminal in Modes 1, 2, and 3
is shown in Fig. 8. The results showed that the maximum heating
capacity of the terminal increased from 1649.9 W in Mode 1 to
2039.6 W in Mode 2 by the addition of fins (Opt A) and cross-flow
fan (Opt B). The outdoor temperature during operation (1–2 �C) is
lower than that corresponding to nominal heating capacity
(5–7 �C), so the maximum heating capacity is less than the nominal
heating capacity (2100 W). The heating capacity increased by
389.7 W, which is 23.6% higher than that of Mode 1. However,
the double-flow channels (Opt C) failed to achieve the expected
effect, and Mode 3 provided a lower heating capacity than Mode 2.

There are two limitations to Opt C is limited in two ways: The
maximum heating capacity of the terminal is limited by the com-
pressor and the operating state of the FHP affects the double-flow
channels. Mode 2 has only the lower HE running and the FHP is
operating normally (lower: evaporator; and upper: condenser).
However, in Mode 3, the simultaneous operation of the upper
and lower HEs affected the normal operating state of the FHP to
a certain extent.

A comparison between the space heating capabilities of the novel
heating terminal and the conventional FHP is shown in Fig. 9 at the
same indoor temperature of 20 �C. The conventional terminal is com-
posed of FHPs, hot water pipes without fins, fans, drilled HEs, and
Unit Accuracy

ture and ambient temperature �C ±0.050
pressure of condenser and evaporator MPa ±0.006
ed m�s�1 ±0.050

kg�h�1 ±0.005
f outdoor unit and fans W ±2%

— Calibrated by
measured
temperature



Fig. 8. Heating capacity under different operating modes.

Fig. 7. Specifications of experimental instruments: (a) T-type thermocouple;
(b) pressure transmitter; (c) anemometer; (d) coriolis mass flowmeter; (e) electric
power data logger; and (f) infrared imager.
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other improved structural designs [36]. The novel terminal is
upgraded with an air source heat pump with refrigerant R22, while
the conventional terminal uses water as a working medium at differ-
ent temperatures (40/50/60/70 �C). In order to strengthen the heating
capacity, fans, fins, and forced convection air duct are added at the
rear of the novel terminal. Both terminals use FHPs with the same
area and the same internal workingmedium. The results showed that
the heating capacity of the novel terminal (Mode 2) increased by
1194.6 W which is 2.4 times that of the maximum heating capacity
of the conventional terminal (heat source at 70 �C). An increase in the
heating capacity at 40 �C is found to be 1718.6 W which is 6.4 times
that of a conventional terminal. It can be seen that the improved
structural design by adding fins (Opt A), adding cross-flow fans
(Opt B), and drilling the HE for refrigerant (Opt D) considerably
enhanced the heating capacity of the terminal (Problem 1).
3.2. Solving problem 2: Improving the dynamic adjustable ability

The thermal response speed and radiation heat transfer ratio
are crucial indicators of dynamic adjustment. The thermal
response speed reflects the ability of the terminal to dynamically
adjust. In this respect, it is only possible to achieve a dynamic
adjustment effect through the terminal if the thermal response is
fast enough. The radiation heat transfer ratio measures a system’s
specific dynamic adjustable performance. Users can select an
appropriate radiation heat transfer ratio by adjusting different
modes. Generally, the thermal comfort is enhanced when the radi-
ation heat transfer ratio is higher; however, the heating capacity is
enhanced when the convection heat transfer ratio is higher.

Fig. 10 shows the thermal response speeds in Modes 1, 2, and 3.
The results show that an increase in forced convection from Mode 1
to Mode 2 reduces the time required to raise the indoor temperature
from 7–8 to 18 �C by 3060 s. Under Opt B (the addition of cross-flow
fans), the thermal response of the room is 44% faster, allowing for
greater dynamic adjustment of the terminal (Problem 2).

Fig. 11 shows the radiation heat transfer ratios in Modes 1, 2,
and 3. The results show that the users could adjust the radiation
heat transfer ratios of the novel terminal from 10.1% to 26.5%.
The radiation heat transfer ratio is enhanced by 2.6 times, implying
better dynamic adaptability of the terminal (Problem 2).
3.3. Solving problem 3: Improving the combination of the heating
terminal and ASHP

System operation must be stable when combining the terminal
with an ASHP. In Table 4, Mode 3 is used as an example to illustrate
Fig. 9. Comparison between space heating capabilities of novel terminal and an
initial FHP terminal type.



Fig. 10. Thermal response speeds: rise in ambient temperature under different
operational modes.

Fig. 11. Radiation heat transfer ratio: radiation and convection under different
operating modes.
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the changes in the key parameters such as the thermophysical
parameters of the inlet and outlet, exhaust temperature of the
compressor, and flow rate of the refrigerant for 3 min duration
Table 4
Novel terminal combined with ASHP under different conditions: Mode 3 for example (0–3

Time
(s)

Ti
(�C)

Pi
(MPa)

hi
(kJ�kg�1)

To
(�C)

Po
(MPa)

10 58.5 2.2 420.8 51.4 2.1
20 58.7 2.2 421.0 51.4 2.1
30 58.7 2.2 420.9 51.4 2.1
40 58.5 2.2 420.6 51.4 2.1
50 59.5 2.2 421.8 51.4 2.1
60 58.8 2.2 420.9 51.4 2.1
70 58.7 2.2 420.9 51.4 2.1
80 58.8 2.2 420.9 51.4 2.1
90 58.9 2.2 421.0 51.4 2.1
100 58.9 2.2 421.1 51.4 2.1
110 58.9 2.2 421.1 51.4 2.1
120 58.7 2.2 420.8 51.4 2.1
130 59.0 2.2 421.1 51.5 2.1
140 58.9 2.2 421.1 51.5 2.1
150 58.8 2.2 420.9 51.5 2.1
160 58.0 2.2 420.0 51.5 2.1
170 59.1 2.2 421.2 51.5 2.1
180 59.1 2.2 421.1 51.6 2.1

Texh: exhaust temperature of compressor; Pi: inlet pressure of terminal; Po: outlet press
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under stable conditions. By using a drilled HE (Opt D) and FHP
(Opt E), the cooling system and heating terminal are optimized
structurally, ensuring a more stable operation. It is noteworthy
that both the compressor and the fan consume electric power;
therefore, the energy efficiency ratio (EER) can be used to measure
energy efficiency. The electric power of the cross-flow fan is also
considered, although the maximum measured electric power is
only 13.4 W. Table 5 lists the key parameters of the three opera-
tional modes under stable conditions. Fig. 12 shows the pressure-
enthalpy diagram corresponding to the operational conditions for
the three modes.

A stable operation can be achieved in all three operating modes.
The inlet and outlet pressures of the terminal in the three modes
are 3.2–2.9, 2.8–2.5, and 2.2–2.1 MPa, respectively, while the
refrigerant flow rates are maintained in the range of 41.8–45.9
kg�h�1, with an EER of 1.5, 1.9, and 2.2, respectively. The inlet
and outlet pressures in Modes 1 and 2 are higher than normally
observed with R22, while Mode 3 operates in the typical range of
1.8–2.2 MPa. The higher temperatures and pressures of Modes
1 and 2 are related to the outdoor unit, which is limited by a
fixed-speed compressor. Also, the opening of the expansion valve
affected the performance in Modes 1 and 2. These performances
may be improved by integrating a variable-speed compressor in
the future. However, the primary focus of this study is not the heat
source temperature. The most important aspect of the terminal is
its capability of being adjusted, including the dynamic and radia-
tion properties, and these are discussed further in Sections 4.1
and 4.2. However, the three modes are generally found stable dur-
ing the operation. The results show that the novel terminal is suc-
cessfully combined with the ASHP to provide heat energy under
stable operating conditions (Problem 3).

3.4. Improvement of the FHP used for transferring heat

The FHP used in the improved structural design for transferring
heat in order to solve the three main problems associated with
existing heating terminals is discussed in this section. Fig. 13
shows the schematic and actual diagram of the FHP used to trans-
fer the heat energy. Heating terminals that have previously been
combined with an ASHP [26,27] are generally radiant panels cov-
ered with refrigerant pipes. This type of terminal structure has a
long and exposed refrigerant pipe, as shown in Fig. 13(a). In this
study, the combination of the heating terminal and ASHP is
improved. Using phase change, the FHP transfers heat instead of
the long refrigerant pipe. Refrigerant pipes shall cover the back
min).

ho
(kJ�kg�1)

Texh
(�C)

G
(kg�h�1)

Q
(W)

P
(W)

EER

265.1 64.8 45.9 1983.8 883.9 2.2
265.2 64.9 45.8 1983.9 883.9 2.3
265.2 64.9 46.0 1991.1 883.9 2.3
265.2 65.0 45.9 1981.1 883.9 2.2
265.1 65.1 46.0 2003.1 883.9 2.3
265.1 65.2 45.9 1985.1 883.9 2.2
265.1 65.2 46.1 1994.6 883.9 2.3
265.1 65.3 46.2 1997.5 883.9 2.3
265.2 65.4 45.9 1987.2 883.9 2.2
265.2 65.4 45.4 1968.3 883.9 2.2
265.2 65.5 45.8 1981.1 883.9 2.2
265.2 65.5 45.8 1979.3 883.9 2.2
265.3 65.5 45.5 1971.1 883.9 2.2
265.3 65.6 45.7 1979.8 883.9 2.2
265.3 65.6 45.9 1984.1 883.9 2.2
265.3 65.7 45.9 1972.1 883.9 2.2
265.4 65.7 45.9 1987.5 883.9 2.2
265.4 65.7 46.1 1995.1 883.9 2.3

ure of terminal; P: total electric power of compressor and fan.



Table 5
Novel terminal combined with ASHP under different conditions: Mode 1, Mode 2, and Mode 3 (initial time).

Type Ti
(�C)

Pi
(MPa)

hi
(kJ�kg�1)

To
(�C)

Po
(MPa)

ho
(kJ�kg�1)

Texh
(�C)

G
(kg�h�1)

Q
(W)

P
(W)

EER

Mode 1 79.8 3.2 425.3 63.8 2.9 282.9 96.7 41.8 1652.5 1108.1 1.5
Mode 2 82.6 2.8 436.1 56.3 2.5 272.0 98.0 45.0 2047.5 1070.6 1.9
Mode 3 58.5 2.2 420.8 51.4 2.1 265.1 64.8 45.9 1983.8 883.9 2.2

Fig. 12. Pressure–enthalpy diagram for the three modes in a stable stage. Point 2 shows the state point before entering the terminal, the compressor outlet state point is not
shown in the circle.

Fig. 13. FHP for transferring heat. (a) Schematic diagram and (b) actual images in different modes taken by the infrared imager.
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of the terminal if FHPs are not used. As per the current terminal
structure, the distance between pipes is 12 mm, and the height is
0.88 m. Thus, at least 70 refrigerant pipes should be arranged on
the rear and their total length is around 68.6 m. However, if the
FHP is used to transfer heat, only eight refrigerant pipes in the
upper and lower HEs are required, which reduces the total length
to 15.7 m. The application of an FHP reduces the total length by
52.9 m, which is only 22.9% of the refrigerant pipe. This novel ter-
minal can be conceptualized as a small HE utilizing FHPs to trans-
fer heat

The FHP is used to transfer heat (Opt E), which has a simplified
terminal structure and provides the following advantages. ① As
the terminal refrigerant pipe length is greatly reduced, the initial
investment is lower and the safety of the terminal is enhanced,
decreasing the risk of refrigerant leaking from the pipe behind
the terminal.② The operation of the system is improved. Reducing
terminal refrigerant pipe length eliminates the problem of oil
draining from the compressor and increases the compressor’s ther-
mal response. ③ Thermal comfort is enhanced. Although the tem-
perature of the FHP is uniform, there is a difference in the surface
temperature according to the three operational modes depicted in
Fig. 13(b).
4. Discussion

4.1. Dynamic and adjustable novel terminal with phased operation
strategy

To provide enhanced thermal performance, this study proposes
a phased operation strategy for space heating based on the rapid
adjustability of the terminal. The heating process can be mainly
divided into two periods, the initial starting period (Mode 2) and
subsequent stable period (improved Mode 1), as shown in
Fig. 14. The maximum heating capacity is provided during the
starting period to achieve a rapid thermal response, whereas, the
high radiation heat transfer ratio is provided during the stable per-
iod to maintain thermal comfort.

During the initial heating period, the novel terminal uses forced
convection to achieve its maximum heating capacity quickly, and
thus achieves a fast thermal response. The experimental results
reveal that the terminal provides a heating capacity of 2000W dur-
ing the initial heating period, and it takes 40 min to raise the
indoor temperature from 8 to 18 �C. When the indoor temperature
reaches 18 �C, it is within an acceptable temperature range for
thermal comfort. Here, the focus is on achieving thermal comfort
rather than rapid heating.
Fig. 14. Dynamic and adjustable phased operation strategy.
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Thus, the operationalmode of the terminal is changed to increase
the radiationheat transfer ratio. The largest improvement in thermal
comfort is achieved when the temperature in the experiment is
maintained at 18–22 �C, and draughts are significantly reduced.
Due to theexcellentadjustabilityof the terminal, it has thecapability
to automatically adjust the temperature according to users’ prefer-
ences (such as to 16, 18, or 20 �C, for example), thus improving its
thermal performance for individual users.

4.2. Radiation-adjustable novel terminal with forced convection

Different forced convection wind speeds offer users a variety of
adjustment options. Fig. 15 shows the heating capacity under
different forced convection wind speeds. The results indicate a lin-
ear relationship between heating and outlet wind speed.

There are some differences between the calibrated outlet and
actual outlet wind speeds during the experiment. For example, the
outlet wind speed is calibrated as 2.0 m�s�1, but the experiments
showed that the speed changed to 1.6 m�s�1 when the terminal is
heated. When the terminal is calibrated, it is not heated. However,
when it is heated in the actual experiment, anupward thermalbuoy-
ancy force is formed in the terminal’s internal air duct, which
reduces the outlet wind speed to a certain extent.

Fig. 16 shows the radiation heat transfer ratios corresponding to
different outlet wind speeds. The results show that the radiation
heat transfer ratio declined gradually with increasing forced
convection wind speed and that it could be adjusted from 14.5% to
30.9%. The upper and lower air inlets and outlets of the terminal
are completely sealed when conducting additional experiments.
An additional experiment is necessary because the outlet wind
speed of 0.3m�s�1 exists in reversewithout a cross-flow fan, namely
it is caused by thermal buoyancy and the maximum radiation heat
transfer ratio has been weakened. When the inlets and outlets are
sealed completely, the radiation heat transfer is increased by
54.6 W and the ratio by 4.4%. The radiation heat transfer ratio
reached 30.9%, which is acceptable for a heating terminal.

4.3. Room temperature distribution under forced convection

Fig. 17 demonstrates the differences in the room temperature
distribution under different forced convection speeds. The vertical
temperature difference and air supply distance are related to
changes in temperature and wind speed recorded at the measuring
points.

As shown in Fig. 17(a), the calibrated outlet wind speed is
2.0 m�s�1, but the actual outlet wind speed is 1.6 m�s�1. At this
point, the air supply was approximately 1.5 m away from the
Fig. 15. Heating capacity under different forced convection wind speeds.



Fig. 17. Room temperature distribution under different forced convection wind speeds. Outlet wind speed: (a) nominal: 2.0 m�s�1, actual: 1.6 m�s�1; (b) nominal: 1.5 m�s�1,
actual: 1.2 m�s�1; (c) nominal: 1.0 m�s�1, actual: 0.6 m�s�1; (d) nominal: 0 m�s�1, actual: �0.3 m�s�1. T: average room temperature.

Fig. 16. Radiation heat transfer ratio under different forced convection wind speeds.
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lower side. As the hot air rises and flows back, it provides a uni-
form temperature distribution in the area where personnel activ-
ity occurs (0.6–1.7 m). Similarly, Fig. 17(b) shows that when the
calibrated outlet wind speed is 1.5 m�s�1, the actual outlet wind
speed is 1.2 m�s�1. When compared with an outlet wind speed
of 2.0 m�s�1, the air supply reaches a shorter distance of approx-
imately 1.0 m.

However, as shown in Fig. 17(c), there is a change in the room
temperature distribution when the calibrated outlet wind speed
is 1.0 m�s�1 but the actual outlet wind speed is 0.6 m�s�1. The
low outlet wind speed (0.2 m�s�1) results in no noticeable draughts
in the room; this not only enables uniformity in the indoor tem-
perature but also eliminates draughts. In Fig. 17(d), the calibrated
outlet wind speeds are 0.5 and 0 m�s�1. The thermal buoyancy
force is greater than the cross-flow fan power, therefore the
203
reversed wind speed is 0.3 m�s�1. There is a noticeable vertical
temperature difference in this situation.

Figs. 17(a) and (b) illustrate the working conditions created by a
lower-side heat source and lower-side air supply. As an example, at
a distance of 1.0 m from the terminal, the maximum vertical tem-
perature difference is 5.4 �C, leading to a differential thermal distri-
bution that is characterized as ‘‘cold head and warm feet.” The
outlet wind speed can also be adjusted in this mode, and the space
can be heated.

4.4. Comparison between the thermal performance of the novel
terminal and existing heating terminals

A comparison with existing heating terminals is conducted in
order to evaluate the thermal performance of the new terminal



Fig. 18. Thermal performances of novel terminal and radiator: (a) heating capacity per unit volume and (b) room temperature distribution (at a distance of 1.0 m from the
terminal).
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effectively. An evaluation of a heating terminal should take into
account not only its heating capacity but also the size of the space
that it is required to heat. Therefore, the heating capacity per unit
volume is compared. A typical heating terminal (a radiator) relies
very much on radiation heat transfer to provide the major portion
of its heat, and such terminals are widely used in space heating
because of their thermal comfort and ease of installation. In addi-
tion, the size and shape of the radiator are similar to that of the
novel terminal, which is selected for comparison.

To reveal the advantages of the reasonably high radiation heat
transfer ratio of the radiator, its surface temperature (approxi-
mately 40 �C) and radiant area (approximately 0.85 m2) are con-
trolled in the experiment to be as close to those of the novel
terminal as possible. Fig. 18 shows the heating capacity per unit
volume and the room temperature distribution. The results show
that the heating capacities per unit volume of the novel terminal
and radiator are 23.7 kW�m�3 (98 cm � 88 cm � 10 cm) and
10.3 kW�m�3 (100 cm � 85 cm � 8 cm), respectively. Therefore,
the heating capacity per unit volume of the novel terminal is 2.3
times higher than that of the radiator. Moreover, the maximum
vertical temperature difference at 1.0 m away from the radiator
is 10.1 �C, which is 1.9 times higher than that of the novel terminal
(5.4 �C) under stable conditions. These results indicate that the
novel terminal provides a larger heating capacity and better ther-
mal comfort than the radiator.

Furthermore, the heating capacity per unit volume of the novel
terminal is compared to that of the representative improved heat-
ing terminals [10,26,28], and their heating capacities per unit vol-
Fig. 19. Heating capacity per unit volume of different terminals. STD: small
temperature difference.
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ume are shown in Fig. 19. The results show that the heating
capacity per unit volume of the novel terminal is larger than the
other terminals owing to the excellent heat transfer capacity of
the thin FHP.

4.5. Uncertainty analysis and thermal verification

Uncertainty analysis of the heating capacity is conducted based
on the measured parameters and their accuracies (Table 3). The
methods of Kline and McClintock [40] are used to describe the
uncertainties, and the total uncertainties of the results are
described by Eq. (10):

WR ¼
Xn
i¼1

@R
@vn

Wvn

 !1=2

ð10Þ

where R is the result obtained by calculation; vn is the independent
variable; Wvn is the uncertainties about vn; and WR is the total
uncertainties about R. Eq. (10) shows that the result (the heating
capacity) is a function of several independent variables. Combined
with Eq. (11), the uncertainty of the heat transfer coefficient can be
expressed as

WQ ¼ @Q
@G

WG

� �2

þ @Q
@To

WTo

� �2

þ @Q
@T i

WT i

� �2
" #1=2

ð11Þ

where WTo is the uncertainties about To; WTi is the uncertainties
about Ti; WG is the uncertainties about G; and WQ is the total uncer-
tainties about Q. The results show that the uncertainty of the heat-
ing capacity (WQ/Q) is found to be in the range of 3.2%–12.5%, which
is in agreement with the experimental results.

A thermal verification of the three modes is also conducted to
verify the accuracy of the results, which can be seen in Fig. 20. In
Table 6, the middle part of the stable stage (360–540 s) is pre-
sented to illustrate the specific thermal verification process applied
to the three modes. The total heating capacity Q, radiation heating
capacity Qr, and convection heating capacity Qc of the terminal can
be calculated using Eqs. (1)–(8), where Q is the amount of heat
transferred from the heat source to the terminal, and Qr and Qc

are the amounts of heat transferred from the terminal to the room
through radiation and convection, respectively. Considering that
the heat storage of the terminal is negligible, Q (heat source to ter-
minal) should theoretically be equal to Qr + Qc (terminal to room).
In order to verify the accuracy of the experimental results, Q and
Qr + Qc are compared, and the error range is found to be within
±10%, which can be considered reasonably accurate.



Fig. 20. Thermal verification of the three modes.

Fig. 21. Heating capacity and EER with a larger nominal heating capacity of the
compressor: (a) heating capacity; and (b) EER.
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4.6. Limitations and future challenges

The results of this study show that the proposed radiation-
adjustable heating terminal has a large heating capacity and rapid
adjustability. Further, its improved structural design enables amore
effective combinationwith ASHPs comparedwith the existing heat-
ing terminals. However, this study has certain limitations. First, the
nominal heating capacity of the compressor limits its heating capac-
ity. Increasing the maximum heating capacity could improve the
thermal responseof the compressor. As shown in Fig. 21, theoutdoor
unit is replaced to increase its nominal heating capacity from the
original 2100 to 3600 W under the same conditions. The results
showed that the maximum heating capacity and EER increased to
3540.1Wand3.9, respectively. Second, the experiment is performed
using R22 as the workingmedium due to its convenience. However,
considering its environmental impact (R22: ozone depletion poten-
tial (ODP) = 0.055, global warming potential (GWP) = 1700), the use
of an alternative working medium needs to be explored. Moreover,
the climate of the experimental site, the size of experimental room,
and the form of building envelope limited the indoor thermal load,
so future experiments could be conducted with different indoor
thermal loads. In addition, further research on the novel terminal
may need to include an inverter compressor to enable local space
heating and cooling during summer.
5. Conclusions

This study presents a novel radiation-adjustable heating termi-
nal with an ASHP primarily comprised of HEs and FHPs. The
improved structural design of the terminal addresses three main
issues associated with existing radiant terminals, namely, maxi-
mum heating capacity, adjustability, and the ability to connect it
to an ASHP. The improvements in results were analyzed on the
Table 6
Thermal verification of the three modes (using the middle part of the stable stage at 420–

Time (s) Mode 1 Mode 2

Qr

(W)
Qc

(W)
Qr + Qc

(W)
Q
(W)

Relative
error

Qr

(W)
Qc

(W)
Q
(W

420 452 1245 1697 1659 �2.3% 284 1677 1
430 452 1249 1701 1665 �2.1% 287 1664 1
440 452 1248 1700 1655 �2.7% 288 1726 2
450 452 1252 1704 1644 �3.6% 286 1690 1
460 453 1250 1703 1654 �3.0% 287 1674 1
470 453 1250 1703 1655 �2.9% 286 1674 1
480 453 1253 1706 1652 �3.2% 288 1682 1

Qr: radiation heat transfer (from terminal to room); Qc: convection heat transfer (from ter
transfer (from heat source to terminal).
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basis of maximum heating capacity, thermal response speed, and
radiation heat transfer ratio, and the benefits of using an FHP to
transfer heat from the drilled HE in combination with the ASHP
were highlighted. Furthermore, a novel phased operation strategy
for space heating using the novel terminal was proposed, and
forced convection was added to the terminal to further enhance
its adjustability for users. The notable conclusions are as follows:

(1) The structural designwas improved by adding fins (Improve-
mentA), addingcross-flowfans (ImprovementB), anddrilling theHE
for refrigerant (Improvement D). With all modifications, the maxi-
mum heating capacity of the heating terminal was increased from
1649.9 to 2039.6 W, which represents a 23.6% in heating capacity.
480 s as an example).

Mode 3

r + Qc

)
Q
(W)

Relative
error

Qr

(W)
Qc

(W)
Qr + Qc

(W)
Q
(W)

Relative
error

962 2031 3.4% 196 1666 1862 1996 6.7%
951 2035 4.1% 195 1697 1892 1986 4.7%
014 2041 1.4% 196 1621 1817 1984 8.4%
976 2041 3.2% 197 1672 1869 1983 5.8%
961 2044 4.1% 196 1673 1869 1972 5.2%
960 2044 4.1% 196 1696 1892 1986 4.7%
970 2036 3.3% 196 1719 1915 1978 3.2%

minal to room); Qr + Qc: total heat transfer (from terminal to room); and Q: total heat
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(2) Improvement B (the addition of cross-flow fans) was useful
for enhancing the rapid adjustability of the heating terminal. The
time required for the indoor temperature to rise from an initial
7–8 to 18 �C was reduced from 5470 to 2410 s, and the radiation
heat transfer ratio increased by 2.6 times. Consequently, forced
convection provided users with more autonomy in adjustment
with a radiation heat transfer ratio ranging from 10.1% to 30.9%.

(3) Improvement D (drilling the HE for refrigerant) and Improve-
ment E (use of an FHP to transfer heat) ensured a better connection
between theheating terminal andASHP.As a result of the innovative
design of the FHP,which takes its heat from the drilledHE, therewas
a considerable reduction in the exposed refrigerant pipe length in
existing heating terminals. This solved the existing stability issues
(compressor oil return), intermittent operation (refrigerant thermal
inertia), and safety (risk of refrigerant pipe leakage) for existing ter-
minals combined with ASHP.

(4) A phased operation strategy was proposed that divides the
period of transition into two critical stages: a start-up period and a
stabilization period. The heating mode at maximum heating capac-
ity achieved the fastest thermal response during the starting period,
and the heating mode with the maximum radiation heat transfer
ratio provided the best thermal comfort during the stable period.
Compared with existing heating terminals, the novel terminal pro-
vides comprehensive advantages with respect to heating capacity
(23.7kW�m�3) and thermal comfort (thevertical temperaturediffer-
ence produced by the radiator was 1.9 times greater).

In summary, the proposed novel heating terminal achieves
improved heating performance compared to existing terminals
and can be skillfully combined with an AHSP. The novel terminal
makes use of FHPs, optimizes internal thermal resistance, and adds
forced convection to provide a broad range of heating capacities,
strong terminal adjustability, and a better combination of an ASHP
with the terminal. The results of this study can be used as reference
information for the electrification of heating terminals in order to
achieve decarbonization of buildings.
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Nomenclature
A
c
G
Gr
hi
ho
K
Kn

l
N
P
Pi
Po
Pr
surface area of radiant panel (m2)

heat capacity of air, 1005 (J�kg�1�K�1)

flow rate of refrigerant (kg�h�1)

Grashof number

inlet enthalpy of terminal (kJ�kg�1)

outlet enthalpy of terminal (kJ�kg�1)

heat transfer coefficient (W�m�2�K�1)

natural convection heat transfer coefficient
(W�m�2�K�1)

characteristic length (m2)
u
 Nusselt number

total electric power of compressor and fan (W)

inlet pressure of terminal (MPa)

outlet pressure of terminal (MPa)

Prandtl number
206
heating capacity of terminal (W)

c
 convection heating capacity of terminal (W)

f
 forced convection heating capacity of terminal (W)

n
 natural convection heating capacity of terminal (W)

r
 radiation heating capacity of terminal (W)
the result obtained by calculation

Rayleigh number

ambient temperature (�C)
xh
 exhaust temperature of compressor (�C)

air inlet temperature of terminal (�C)

air outlet temperature of terminal (�C)

surface temperature of terminal (�C)

forced convection wind speed (m3�s�1)

the independent variable
G
 the uncertainties about G

Q
 the total uncertainties about Q

R
 the total uncertainties about R

Ti
the uncertainties about Ti

To
 the uncertainties about To

vn
 the uncertainties about vn
volume expansion coefficient (K�1)

Stefan–Boltzmann constant, 5.67 � 10�8 (W�m�2�K�4)

radiation heat transfer ratio

surface emissivity

density of air (kg�m�3)

thermal conductivity of air (W�m�1�K�1)

kinematic viscosity (m2�s�1)
HP
 air source heat pump

R
 energy efficiency ratio

P
 flat heat pipe

HPA
 flat micro-heat pipe array
E
 heat exchanger

VAC
 heating, ventilation, and air conditioning

RT
 mean radiant temperature
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