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Abstract: Frost layer on the outdoor air heat exchanger surface in an air-source heat pump (ASHP)
can decrease the system coefficient of performance (COP). Although the common defrosting and
anti-frosting methods can improve the CODP, the periodic defrosting not only reduces the system
energy efficiency but also deteriorates the indoor environment. To solve these problems, it is necessary
to clearly understand the frosting phenomenon and to achieve the system frost-free operation.
This paper focused firstly on the analyses of frosting pathways and frosting maps. Followed by
summarizing the characteristics of frost-free technologies. And then the performances of two types
of frost-free ASHP (FFASHP) systems were reviewed, and the exergy and economic analysis of
a FFASHP heating system were carried out. Finally, the existing problems related to the FFASHP
technologies were proposed. Results show that the existing frosting maps need to be further improved.
The FFASHP systems can not only achieve continuous frost-free operation but reduce operating
cost. And the total COP of the FFASHP heating system is approximately 30-64% higher than that of
the conventional ASHP system under the same frosting conditions. However, the investment cost
of the FFASHP system increases, and its reliability also needs further field test in a wider frosting
environment. In the future, combined with a new frosting map, the control strategy for the FFASHP
system should be optimized.

Keywords: renewable energy; air-source heat pump system (ASHP); heat exchanger; frosting
phenomenon; frost-free technology; coefficient of performance (COP)

1. Introduction

With increasing promotion of energy-saving and emission-reduction policies in China, space
heating and hot water supply modes are gradually being transformed from the ways for traditional
small coal-fired boiler and scattered coal burning to a clean heat supply system, and that is so-called
Coal to Clean Energy or Coal to Electricity. The clean heat supply is defined as using one or more
clean or renewable energy, such as electricity (including heat pump system [1,2] and electric boiler),
natural gas, biomass and solar energy, to achieve low emission and low energy consumption for heat
supply process through a system of high efficient transmission and distribution network and buildings
of energy-saving. In all the above mentioned clean and renewable energy resources, an air-source
heat pump (ASHP) system is a kind of renewable energy device transferring heat energy from a
low-temperature heat source to a high-temperature heat source called a heat sink, using a small amount
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of electricity [2,3]. As shown in Table 1 (the calculation parameters see the literature [4]), compared
with the traditional heating way, the ASHP system not only can decrease the amount of primary energy
consumption and pollutant emission but can reduce operation cost [4,5]. Therefore, the popularization
of the ASHP system will contribute to the development of the clean heating industry in China.
According to the development reports of ASHP market in China in the first half of 2017 and 2018,
the number of new installations for the ASHP is increasing year by year, especially in the first half of
2017, its rate of increase is about 50%. In the first half of 2018, the share of ASHP systems in space
heating can up to 30%. And the commercial space heating accounts for 12.5% of the heating market.

Table 1. Comparisons of primary energy consumptions, carbon dioxide emissions and heating running
costs of different heating modes [4].

. Primary Ener Carbon Dioxide Heating Running Cost
Heating Method Consumpt?(;n (kgch/mz) Emissions (kg/m?) (gCNY/mZ)g
Low temperature ASHP 7.4 18.3 13.2
Wall hanging gas boiler 8.1 11.7 13.2
Direct electric heating 229 57 32.6
Regional coal-fired boiler 14.1 35 18.3
Large coal-fired boiler 12.1 30.1 18.3
Coal-fired cogeneration 59 14.8 221

Frost formation will occur inevitably on the surface of the outdoor air heat exchanger for the
ASHP system operating in a cold and humid environment, when the surface temperature is below
both the dew point and the freezing point [6-8]. During the early initial period of frost formation,
the frost crystals depositing on the heat transfer surfaces play the roles of increasing surface area
and surface roughness [9,10]. This may enhance the heat transfer between the surface and the
outdoor air [11,12]. However, with the growth of frost layer, the frost accumulation may cause
two problems as follows: (1) an increase in heat transfer resistance between the air and the cold
surface and a decrease in heat transfer efficiency [8]; (2) an increase in the resistance of air flowing
through the heat exchanger, a reduction of air mass flow rate and an increase of pressure drop in the
air-side and power consumption [13,14]. As a result, the COP of the ASHP system is significantly
degraded [15]. These have been extensively confirmed by scholars in the world. For example, Emery
and Siegel [16] previously reported that the heat transfer rate decreased by about 50-75% and the
pressure drop increased dramatically because of the frost formation and accumulation on compact
heat exchanger. And the recent results provided by Timmermann et al. [17] also showed a similar
trend. Moreover, Sanders [18] indicated that the heat transfer capacity of the ASHP system could be
reduced by more than 35% under frosting conditions. Kwak and Bai [19] showed that under frosting
conditions, the COP of the conventional ASHP unit was decreased by about 53% as operation time
increased from 25 min to 100 min. In summary, the application of the ASHP system are limited in the
cold and humid area.

To promote the rapid development of ASHP technology and the successful implementation of Coal
to Electricity policy in China, the anti-frosting and defrosting technologies are focused by researchers
worldwide in recent years [14]. According to the references, the anti-frosting technologies include
changing the characteristics (temperature, velocity [20], humidity [21], pressure [22] and purified
air [23]) of inlet ambient air, changing the cold surface temperature [24], surface treatment [25],
changing the structure of air heat exchanger (fin-tube geometry [26-28], fin spacing [29,30],
fin type [31,32]), changing the interaction between air or frost layer and cold surface (electric field [33],
ultrasonic wave [34], magnetic field [35] and low frequency mechanical oscillation [36]). And the
defrosting technologies mainly have reverse cycle [37], hot gas bypass [38], electrical heating [19,39,40],
warm-air defrosting [41], compressor shutdown [42], hot water spray [43], phase change heat storage,
electric field [44], ultrasonic wave [45], magnetic field [46], air-particle jet [47], control strategy [48]
and waste heat recovery [49,50]. In the above various technologies, the conventional reverse cycle
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(in various units) and the hot gas bypass (in industry units) defrosting technologies are the most
widely used. The surface treatment, the control strategy, the waste heat recovery, the phase change
heat storage and the changing the structure of air heat exchanger technologies will have important
development prospects in the future. Other technologies (e.g., magnetic field, air-particle jet, electric
field and low frequency mechanical oscillation) are only in the research stage and are not applied in
actual industrial production. In addition, the compressor shutdown, electrical heating and the hot
water spray technologies will tend to be abandoned to promote and apply.

Although the performance of the ASHP system can be obviously improved using the defrosting
and anti-frosting technologies mentioned above, no one can achieve frost-free operation of the system
under frosting conditions while both the system performance and the indoor environment are not
deteriorated. This means that the defrosting mode needs to be turned on periodically in winter.
To solve the problem fundamentally, some scholars focus on investigating frost-free technology for the
ASHP system operating in frosting region in recent years. And some frost-free air-source heat pump
(FFASHP) systems have been developed in published research. These systems can realize frost-free
operation under frosting conditions, while taking heat energy from the moist air and releasing the
heat to refrigerant [51-53]. Through extensive consulting literature materials, it can be found that
the articles related to the frost-free technology focus mainly on studies published from 2010-2018.
To provide an effective tool for scholars and equipment manufacturers to promote the implementation
of Coal to Electricity policy in China, this paper will review the existing frost-free technologies in the
published literature, based on the analysis of frosting phenomenon.

The roadmap of this paper is shown in Figure 1. The frost formation phenomenon on the surface of
outdoor air heat exchanger for the ASHP system will be firstly analyzed and summarized from frosting
pathway and frosting map, respectively. Secondly, the characteristics of the frost-free technology will
be summarized and presented. And then the performances of the FFASHP heating and the FFASHP
water heater system proposed in recent years will be reviewed and compared with that of conventional
ASHP system. At the same time, the exergy analysis of a FFASHP system will be carried out, and its
extra investment cost and payback period will be also estimated. Finally, combined with the frosting
phenomenon, the future researches to develop the frost-free technology for the ASHP system will be
given from four aspects: optimization of system performance, new material (liquid/solid desiccant),
new method, optimization of the control strategy.

Characteristics
of frost-free
technology

Frosting Frosting pathway,

phenomenon Frosting map

S
/ Outlook for \

the FFASHP ’
\ technology

/V\ — - N
Air and desiccant
parameters
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Comparison system

Figure 1. Roadmap of the present paper.
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2. Analysis of Frosting Phenomenon for an ASHP System

2.1. Frosting Pathway

Figure 2 is phase diagram of water. As we can see, the phase diagram of water was divided into
three single-phase zones (ice, water, vapor), three two-phase coexistence zones (ice-water, water-vapor,
ice-vapor) and one three-phase coexistence point (ice-water-vapor) in according with the aggregation
state of water [54]. Figure 2 also shows that the vaporization curve, the melting curve and the
sublimation curve were the boundaries of three single-phase zones, whose intersection point was
defined as three-phase coexistence point or triple point. For pure water, the temperature Ty, of the
triple point is equal to 0.01 °C, and the pressure Py, equals 612 Pa.

Fluid
B
Critical
point

Pressure (Pa)

Temperature (°C)

Figure 2. Phase diagram of water [54].

In addition, as shown in Figure 2, the only condensation phenomenon (C—D) occurred on the
cold surface under ideal condition, when the partial pressure P, of water vapor is greater than the
triple point pressure Py, (Py > Ptp) and the cold surface temperature Ts was higher than the triple point
temperature Ty, but lower than the wet air dew point Tqp (Tep < Tes < Tgp) [55]. Meanwhile, we can
also see from Figure 2 that there are three kinds of different pathways to form frost layer, and that is
gas-liquid-solid process (C;—D), gas-solid process (C;—D5) and occurring simultaneously (C; —D;
and Cy;—Dy) [22,55]. The results provided by Xu [56] also confirmed it. The process C; —D; revealed
that when Py > Py, Tap > Tes and T¢s < Ttp, the condensation water firstly appeared on the cold surface,
followed by being frozen and finally the frost formation occurred with decreasing Py on the surface of
the frozen water droplets. This is a common frost formation process. For the process C;—D,, when Py
<Py and Tes < Tgp, the vapor in moist air may directly change to frost or frost crystal [57] through
desublimation, theoretically. In addition, sometimes the process C;—+D; and C,—D, may coexist at
different sites of the cold surface due to the difference of the Ts and the Py. Furthermore, it should be
noted that the transition time of the phase change process C;—D; was random in the same conditions.
And a probability model (Pro.) related to time was proposed, as expressed in Equation (1) [55].

Pro. =1 — ¢ 7(t-2) (1)

where, a is the delay time of occurring transformation, s; and b is the speed of phase change, m/s. They were
affected by degree of subcooling, water vapor pressure and surface temperature. If the t < g, the subcooled
water droplets on the surface were not frozen. The freezing must take place if the cold surface temperature
was below 0 °C and t—c0 [55].

At the same time, some previous studies [58,59] pointed out that the condensed water droplets
existed a certain degree of supercooling under actual situation. The result provided by Kim et al. [60]
also revealed the above conclusion. They measured the change of sessile droplet temperature with time
on a cold surface (its static contact angle was 75 £ 1°), when the cold surface temperature, the outdoor
air temperature (T,) and relative humidity (RH) were held constant at-10 £ 0.2 °C, 25 £ 1 °C and
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30 £ 3%, respectively, without forced air flow around the cold surface [60]. The results are showed
in Figure 3. As shown in Figure 3, during the supercooling, the temperature of the water droplet
on the surface was cooled below 0 °C and then stabilized at —8.19 °C for 127 s, but was not frozen.
Hence, to achieve no-frost on the air heat exchanger surface under frosting condition, the ambient air
and water droplets on the cold surface of constant temperature during the whole heat transfer process
should be respectively maintained the cooling state and supercooling state [55].
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Figure 3. The change of a condensed water droplet temperature on a cold surface [60].

In addition, from the viewpoint of phase change kinetics, the phase change driving force leads to the
freezing of the water droplets [61]. Chen et al. [22] showed that a smaller phase change driving force will
be obtained if the partial pressure of water vapor or atmospheric pressure decreases under keeping other
conditions constant. This will contribute to keeping the cooling state of ambient air and the supercooling
state of the water droplets without being frozen. Therefore, to realize the frost-free operation of the ASHP
system, the essential conditions for various frosting pathways should be changed in time.

2.2. Frosting Map for an ASHP System

2.2.1. Parameters Describing Frosting Map

It is well known that frosting is a transient phenomenon along with heat and mass transfer process.
This phenomenon is mainly influenced by the parameters as follows: temperature and wettability on
the surface of an air heat exchanger, velocity of the inlet air, relative humidity of the inlet air (RH), inlet
air cleanliness and temperature (T,) [62,63]. To obtain accurately and comprehensively the conditions of
various frosting pathways, developing a frosting map for the ASHP system is recommended by some
scholars. According to the study of Zhu et al. [63], when developing the frosting map, it was necessary to
do some reasonable assumptions. For example, (1) air cleanliness and the wettability of the surface of air
heat exchanger were not included because these parameters were not easily quantified; (2) a constant air
flow velocity ranging from 1.5 to 3.5 m/s was set at the inlet of air heat exchanger; (3) the refrigerant mass
flow rate was evenly distributed to each circuit; (4) the speed of the compressor was a constant value [63].

However, the effects of ambient air temperature and RH on frosting phenomenon cannot be
ignored. As shown in Figure 4, frost formation would become more difficult to occur with decreasing
air humidity and increasing air temperature. In contrast, frosting would become easier with increasing
the humidity and with decreasing the temperature [64]. And many studies have shown that both
reducing inlet air humidity and preheating inlet air could be beneficial for frost retarding [26,65,66]
and even avoid frosting phenomenon [67]. For example, Wang and Liu [67] pointed out that frost
formation could be entirely avoided on the air heat exchanger surface for the ASHP system with
integrated a solid desiccant-coated heat exchanger placed before the evaporator. Kwak and Bai [19]
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found that the heating capacity and COP of the system increased significantly by 38.0% and 57.0%,
respectively, when an electric heater fixed at upstream of air heat exchanger in the ASHP unit was
used for heating the inlet air when the outdoor temperature is below 1 °C.

Saturation line

C()ndensati(m and
frost formation .

Humidity

Temperature

Figure 4. The process of nucleation of water vapor around a cold surface [64].

In conclusion, the range of frosting map depends fundamentally on the air temperature and RH at the
inlet of the outdoor air heat exchanger in the ASHP system. In other words, the task of studying frosting
map for the ASHP system is to grasp accurately the various frosting conditions based on T,-RH chart.

2.2.2. To-RH Frosting Map

According to the above analyses of both the three frosting pathways and the parameters describing
frosting map, to solve the frosting problem and achieve the frost-free operation of the ASHP system,
it is necessary to develop a T,-RH frosting map indicating frosting situations and levels on the surface
of an outdoor air heat exchanger [63].

Some investigations relating to developing the T,-RH frosting map have been conducted by scholars
in the world. As shown in Figure 5, Adachi et al. [68] pointed out that frosting conditions were as follows:
(1) air temperature T, was between —5 °C and 7 °C, and (2) air RH was between 60% and 100%. As shown
in Figure 6, Jiang et al. [69] gave the fitting curves of RH with T, based on the experimental data from
Japanese scholars. The frosting region was confined to this range of air parameters in which RH was
greater than 65% and air temperature T, was between —12.8 °C and 5.8 °C. Using this frosting map,
they analyzed the frosting characteristics of the ASHP system. And two new concepts, that is, index of
frost quantity and index of relative frost quantity, were proposed [69]. Furthermore, Wang and Chen [70]
developed a frosting map for the ASHP system using simulation data at an air velocity of 2 m/s (v,),
and the result is shown in Figure 7. As we can see, this frosting map includes three zones: a non-frosting
zone (I), a condensing zone (II) and a frosting zone (III) [63]. The frosting zone III was confined between T,
of —10 °C and 8 °C and between RH of 63% and 100%. According to different frosting rates (Wp), this
region Il was further divided into five regions to present more details [63].

100

90’,’ 7

RH (%)

Frosting |
region

Ti (°C)

Figure 5. Frosting map developed by Adachi et al. [68].
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Figure 6. Frosting map given by Jiang et al. [69].
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Figure 7. Frosting map proposed by Wang and Chen [70].

However, these frosting maps above cannot be used to specify the level of frosting and as a base
for the FFASHP system control. Because they were not verified by field test. Feng [71] suggested that
when the outdoor air temperature was between —0.6 °C and 1.6 °C and its RH was 45% and 52%,
frost formation may also happen on the air heat exchanger surface. But this range is not covered in
frosting region of Figures 5-7.

To further improve the frosting map, Zhu et al. [63] developed a new T,-RH frosting map based on
numerical results. As illustrated in Figure 8a, the new frosting map was divided into three regions, namely,
a non-frosting region, a condensing region and a frosting region, by two boundary lines (a frosting line
and a condensing line). Frost could occur on the heat exchanger surface if the air temperature was lower
than the frosting line temperature (T, < 6 °C) and its RH was above the condensing line (RH > 40-57.8%).
When the RH was too high or the air temperature was too low, the ASHP system performance would
decline significantly [63]. Thus, using the numerical data of frost growth, this frosting region was further
divided into three indicative zones representing different frosting levels: a severe frosting zone, a moderate
frosting zone (I, II) and a mild frosting zone (1, II), as shown in Figure 8b.

100 T T T T T T T 100 T T T T
90 R AR A DB "\ Frosting line \ 1 90 Moderate frosting zone 1
® OGO NN ] il
2 Frosting region y Condenung- ok 1
D (s, 5758) Cohmnanan . R ; 1. I region . Mid frosing e |

Fvosbng reglon
7l Condensing veglon
¥/, Non-frosting region
A5 9

(a). T2 (°C) (b) Ta (° C)

Figure 8. A new frosting map developed by Zhu et al. [63]. (a) shows a new frosting map which was
divided into three regions by a frosting line and a condensing line. (b) shows three frosting levels in
frosting zone of the new frosting chart.
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The correctness of these zones in Figure 8b were also verified by lab and filed tests [63,72].
Their operation conditions are listed in Table 2 and shown in Figure 9, and the corresponding results
are shown in Figure 10. It can be seen that although frosting time was much shorter in severe frosting
zone than that in other areas, the frost layers were significantly thicker in this zone (case 1-3) than that
in the moderate region and the mild frosting region (case 5, 8, 11, 14) [63].

Table 2. Operation conditions of all test cases [63].

Case Range of T, (°C) Average of T, (°C) Range of RH (%) Average of RH (%) Remark
C1 —0.4t00.6 0.1 90.3 t0 92.5 915
C2 0.5t00.9 0.7 91.2t092.4 92.0 Laboratory test
C3 0.6to 2.1 1.3 90.5t092.1 914
C4 —22to—-1.5 -2.0 73.6 to 75.7 74.5
C5 2.8t03.1 2.9 73.5t075.2 74.5
C6 42t05.3 4.8 68.1 to 69.2 68.7
Cc7 —0.6 to —5.1 —5.7 68.6 to 69.8 69.2
C8 39to4.5 —1.0 63.6 to 67.1 66.4
C9 5.0to0 5.6 5.2 58.8 to 62.7 60.7 .
C10 191001 “12 546 t0 58.3 56.8 Field test
Cl11 —05t0 1.0 0.2 50.6 to 54.4 52.8
C12 3.3t04.7 3.8 50.2 to 55.3 52.1
C13 —3.0to —1.5 —22 47.8 t0 49.9 49.2
Cl14 —19to —0.8 —1.3 45.1 to 48.1 46.3
C15 0.1to1.1 0.5 47.5 t0 49.8 485

100 e . T T
' c1¢2c3

mEE  Severe
frosting zone

Moderate frosting zone |

RH (%)

. ECl1
BCl e

mC12 |
LT

T. (°C)

Figure 9. Test conditions shown on the frosting zone in frosting map for case 1-15 [63].

26 min (case 1) 27 min (case 2) 27 min (case 3)

v

45 min (case 5) 60 min (case 8) 140 min (case 11) 240 min (case 14)

Figure 10. Results of laboratory (Case 1-3) and selected field (Case 5, 8, 11, 14) tests [63].

In addition, based on the severe frosting region in Figures 8b and 9, Su and Zhang [73] proposed
the suggested operation region, as shown in Figure 11. Furthermore, the inefficient region (—9.5 °C <



Energies 2018, 11, 2642 9 of 36

Ta <6 °C and RH > 90%) is also given in Figure 11. The COPgen of the ASHP system was less than 2 in
the inefficient region. Although the new frosting map provided by Zhu et al. [63] had been verified by
some experiments and field tests, it still existed shortage. According to the previous results [74], when
the ASHP system was operated in Beijing at the air temperature of —10 °C to 8 °C and RH of 29% to
40%, frost also may occur on the outdoor air heat exchanger surface, as shown in Figure 12. This air
parameter range is not covered in the frosting regions of Figures 8, 9 and 11. Therefore, the frosting
map still need to be further studied in a wider range of environments.

B (-9.5, 100) Inefficient region
100 4 s 4 i
V' S /
of " // T A A - A (6,90) 4
A ’rp 0 // // 4 A
/ 4 4 /
80y / / , N Fog / // 4
"/ /", suggested operation region’ ,/ ,/ /| Condensing
(] A I A S I A ]
D (-15, 57.8) /’ / / A A . region
gso B £ S J
Sl i, ‘
o "
B2 40
30
20+
10F
0 1 1
-15 12 9

Figure 11. The suggested operation region of the proposed system [73].

Low-temperature X é 2 f " »
frosting region. . ] Sy >CVere frosting region
ol b XXt WG 71T L B e, T
Ry A

RH (%)
0 10 20 30 4050 6070 80 90 100
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I ] dv:v"'..‘\-
Beijing " .’M Non-frosting region ,':,'::f

14-12-10-8 -6 4 2 0 2 4 6 810115
Ta (°C)

Figure 12. Distribution of air parameters during heating season in Beijing [74].

3. Characteristics of Different Frost-Free Technologies

To solve frosting problem for the ASHP system, a new technology has been studied to prevent frost
layer from forming on the outdoor air heat exchanger surface, and that is the so-called frost-free technology
for the ASHP system. This technology can realize the frost-free operation of the ASHP system in the
frosting region via adding a dehumidification system to decrease phase change driving force.

The common air dehumidification technologies include solution dehumidification [75], solid
dehumidification [76], heating ventilating air conditioning dehumidification [77], membrane-based air
dehumidification [78], cooling dehumidification and waste heat recovery. Among them, the solution
dehumidification [79] and the solid dehumidification [80] were mainly applied to realize the frost-free
operation of the ASHP system. In addition, the exhaust air heat recovery was also used to study the
frost-free technology of the ASHP system, and the experiment proved that this system could keep
the evaporator frost-free at the air temperature of —20 °C [81]. Because this frost-free technology is
currently published in one article, we do not make detailed analysis in this paper.

In recent years, many researchers focus primarily on the investigation of following two FFASHP
system: (1) integrated with a liquid desiccant device; (2) coupled a solid desiccant-coated heat
exchanger. As seen in Table 3, among both them, the former is usually used for a FFASHP heating
system, and the latter was used for a FFASHP water heater system. In this section, the characteristics
of two frost-free technologies are mainly summarized and presented.
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Table 3. Type of frost-free air-source heat pump (FFASHP) system based on liquid/solid desiccant.

No. Type of FFASHP Desiccant Type Reference
1 Heating system Liquid desiccant Zhang et al. [82]
2 Heating system Liquid desiccant Yongcun et al. [53]
3 Water heater system Solid desiccant Zhang et al. [83]
4 Heating system Liquid desiccant Zhang et al. [84]
5 Heating system Liquid desiccant Jing et al. [79]
6 Water heater system Solid desiccant Wang et al. [52,80,85]
7 Heating system Liquid desiccant Fan et al. [86]
8 Water heater system Solid desiccant Wang et al. [10]
9 Heating system Liquid desiccant Su et al. [87]

10 Heating system Liquid desiccant Su and Zhang [73]

3.1. Frost-Free Technology for an ASHP Heating System

3.1.1. FFASHP Heating System Description

(1) Main components of system

Figure 13 indicates schematic diagrams of two FFASHP heating systems based on the liquid
dehumidification method. As we can see from Figure 13, the FFASHP heating system based on
method 1 consists of a conventional ASHP subsystem, a solution spray subsystem and a solution
regeneration subsystem. Another FFASHP heating system based on method 2 consists of a conventional
ASHP subsystem, an air pre-dehumidification subsystem and a solution regeneration subsystem.
Three subsystems in the above two FFASHP heating system contain the following components:
evaporator, condenser, expansion valve, compressor, four-way valve, solution pump, sprinkler,
solution tank or dehumidifier and regenerator. It should be noted that Figure 13 only gives simple
schematic diagrams of the systems and their detailed structures can be referred to the relevant
references [79,84,87].

I Solution Sprinkler
o N [ ‘ [ l | | ‘ 2a. Solution spraying subsystem
I » (omenTmted pump N (method 1)
solution TYIRNET
IEERREE
e e o e e e e e M - - ———
e — — — —_ — — I s e o — — — —
|- Dehumidifier | T I
E— —
DA 1 trnafug valve |~ 1
|| or o=> - 'F>| LY | |
I
I 2b. Air pre-dehumidification I I | I
subsystem (method 2)
I U |
OA |
— —— —— — — —— I Building
I Solution pump indoor |
Solution i @ | I
l pump  Regenerator I
@ S Hvatl Four-way
I source I valve |
3. Solution regeneration | I 1. Conventional ASHP subsystem
L subsystem _ I

Figure 13. Schematic diagram of FFASHP heating systems based on liquid desiccant.
(2) Main parameters

For the FFASHP heating system based on method 1, the parameters of the test room and main
components are listed in Table 4. To simulate a frosting environment, an air conditioner, a heater and
three humidifiers were used to adjust the air parameters of the test room. The heating and cooling
capacities of the air conditioner were 3.5 kW and 2.5 kW, respectively [79]. Through keeping constant
frosting environment and indoor environment, the experiments were carried out by Jiang et al. [79]
under the operation conditions shown in Table 5.
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Table 4. Parameters of main devices [79].

No. Device Name Value or Model
1 Test room 32m (L) x 3.0m (W) x 2.4 m (H)
2 ASHP Heat capacity was 4830 W
3 Refrigerant R22
4 Compressor Input power was 1210 W (QXR-21E)
5 Solution pump Flow rate was 1.8 t/h, head was 11 m (UPS-11)
6 Sprinkler The spray orifice diameter was 2.0 mm

Table 5. Values of experimental parameters [79].

No. Parameter Value
1 Temperature of indoor air (°C) 20+ 0.5
2 Relative humidity of indoor air (%) 50£5
3 Temperature of test room (°C) 1+05
4 Relative humidity of test room (%) 8242
5 Concentration of solution (%) 40 to 63
6 Mass flow rate of solution (t/h) 0.220 to 0.327

For the FFASHP heating system based on method 2, the solution, the main components, the indoor
and outdoor environment parameters in different studies are listed in Tables 6 and 7. Table 6 shows the
parameters of numerical calculation of Zhang et al. [84]. Table 7 summarizes the analysis calculation
and design parameters when Su et al. [73,87] and Yongcun et al. [53] analyzed the performance of this
FFASHP heating system. And it also give the analysis parameters for a 150 m? apartment (keeping
indoor temperature of 20 °C and humidity of 8.7 g/kg) [82]. The thermodynamic properties of liquid
desiccant solution can be calculated and obtained according to the formulas in literatures [88-90].

Table 6. Parameters of the analysis calculation [84].

No. Parameter Value
1 Temperature of outdoor air (°C) —7to5.5
2 Relative humidity of outdoor air (%) 70 to 80
3 Area of indoor space (m?) 5
4 Temperature of indoor air (°C) 20
5 Humidity ratio of indoor air (g/kg) 8.1
6 Liquid desiccant LiCl
7 Size of dehumidifier (m) 0.25 x 0.25 x 0.35
8 Size of regenerator (m) 0.25 x 0.25 x 0.25
9 Equivalent diameter of packing (m) 0.0062
10 Specific surface area for packing (m?/m?3) 550
11 Refrigerant R410a
12 Efficiency of compressor (%) 80
13 Efficiency of solution heat exchanger (%) 80
14 Temperature effectiveness for dehumidifier (%) 60
15 Temperature effectiveness for regenerator (%) 60
16 Dew point of inlet air (°C) T,—10
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Table 7. Values for the analyzed parameters in different studies.

No. Parameter Value of Ref. [87] Value of Ref. [53] Value of Ref. [73] Value of Ref. [82]
1 Temperature of outdoor air (°C) —10to 0 -15 —-30to0 —7to11
2 Relative humidity of outdoor air (%) 70 to 90 80 65 to 85 40 to 80
3 Ratio of flow rate of air-to-solution (%) 150 to 350 120 200 to 350 -

4 Regeneration temperature (°C) 40 to 55 - - -

5 Temperature of inlet solution (°C) - —35to —15 - -

6 Condensing temperature (°C) - 40 to 50 45 -

7 Refrigerant - R410a R134a R410a
8 Liquid desiccant LiBr LiCl LiCl LiCl
9 Efficiency of compressor (%) 75 80 90 80
10 Concentration of solution (%) 40 to 50 30 - 35

(3) Operation process of system

During heating mode, the solution spray subsystem was closed in the FFASHP heating system
based on method 1, when the outdoor ambient air temperature and RH were in the non-frosting
area. On the contrary, when the outdoor environments were in the frosting area, the solution spray
subsystem was operated, and the low freezing point solution was sprayed onto the air heat exchanger
in the form of liquid films and liquid droplets [79]. The outdoor air (OA) flowed into the air heat
exchanger and was dehumidified by contacting the liquid films and the liquid droplets to decrease
the dew point temperature, while the heat from the air was absorbed by the solution. And then the
heat was released to the evaporator [53,91]. Thereby, two essential elements of frosting were avoided.
This kind of FFASHP system will has a good prospect because its simple dehumidification component
and relatively low manufacturing cost. And thus, in the Section 5 of the present paper, the exergy and
economic analysis of this frost-free system will be conducted.

As a result of the application of the solution spray subsystem, the gas-solid-liquid heat transfer
mode of outdoor air heat exchanger in the ASHP system is replaced by another heat transfer mode,
which mainly depends on the coupled heat transfer of gas-liquid-solid-liquid composed of air,
solution, fin and refrigerant, as shown in Figure 14. It is common knowledge that the heat transfer
coefficient of this new heat transfer mode is higher than that of the gas-solid-liquid heat transfer
mode. However, if the liquid film of solution on the surface of heat exchanger is too thick, the air flow
resistance and the thermal resistance between the air and the heat exchanger will increase, resulting
in the system COP to decrease. Therefore, it is necessary to study the heat transfer enhancement
technology of the gas-liquid-solid multiphase heat transfer process on the surface of the air-side
fin-tube heat exchanger under the solution spray working condition.
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Figure 14. Schematic diagrams of two heat transfer modes.

For another FFASHP heating system based on an air pre-dehumidification subsystem [84,87]
shown in Figure 13, when the ambient air temperature and RH were in the frosting region,
the air pre-dehumidification subsystem was opened, the outdoor air (OA) firstly passed through
a dehumidifier to reduce the moisture content of the outdoor air and decreased the dew point of the air.
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Afterwards, the dry air (DA) flowed into the air heat exchanger to heat and evaporate the refrigerant
in tube, and there was no frost on the air heat exchanger surface [84].

Furthermore, for two FFASHP heating systems above, with increasing the moisture content of the
liquid desiccant solution, the vapor partial pressure of the liquid desiccant is higher than that of the
outdoor air, causing the decrease of its dehumidifying performance. Thus, to keep the continuous frost-free
operation of the FFASHP heating system, the liquid desiccant solution should be regenerated in time.

3.1.2. Regeneration of Liquid Desiccant

Using renewable energy or waste heat to regenerate the desiccant material can not only improve
the COP of ASHP system but reduce its operation cost. According to the published references,
the regeneration methods of liquid desiccant were as follows: vapor compression system, electrical
heater, waste heat, solar energy, ultrasonic and electro-osmosis [92].

In these methods above, some have been used for regenerating the liquid desiccant to maintain
continuous frost-free operation of the FFASHP systems. For example, Jiang et al. [79] proposed using
the condensation heat of refrigerant in summer to regenerate the spray solution. But this method led
to the higher costs of investment and operation because a large amount of dehumidifying solution
and large volume solution storage tanks were needed. Consequently, the application of this seasonal
regeneration method is not recommended.

Zhang et al. [82] utilized the vapor compression system to preheat the liquid desiccant before
entering the regenerator and then fresh air flowed into the regenerator to be humidified by contact
with hot liquid desiccant. Finally, the concentrated liquid desiccant was obtained. Yongcun et al. [53]
designed a multi-stage regenerator to improve the regeneration effectiveness. Although both the
regeneration methods can increase the driving force of heat and mass transfer between the solution
and the air while improving regeneration efficiency, these systems are more complicated. It will
decrease the operation reliability of the system. Therefore, a simple and efficient regeneration method
of the liquid desiccant should be explored in the future.

3.1.3. Liquid Desiccant

The characteristics of solution desiccant are crucial for the FFASHP heating system.
Currently, the available dehumidifying solutions could be mainly classified into three categories [79,93,94]:
(1) organic solution (diethylene glycol, triethylene glycol, glycerol); (2) inorganic salt solution (LiCl, LiBr,
CaClp); and (3) acid solution (H,SO4 and H3PQOy,). The characteristics of these solution desiccants are listed
in Table 8. It can be seen from the Table 8 that two acid solutions are not suitable for the FFASHP system
due to its strong toxicity and corrosivity. And the corrosivities of the organic solution desiccants on metal
materials are lower than that of other solutions.

Table 8. The characteristics of common liquid desiccants [93].

Solution Desiccant Dew Point (°C) Concentration (%)  Toxicity = Corrosivity Stability
Diethylene glycol —15to —10 70 to 90 No Yes * Yes
Triethylene glycol —15to —10 80 to 96 No Yes * Yes

Ethylene glycol —15t0 10 70 to 90 No Yes * Yes
Glycerol (3~6) to —15 (70~80) to 100 No Yes * Yes
LiCl —10to 4 30 to 40 No Yes Yes

LiBr —10to 4 45 to 65 No Yes Yes
CaCl, —3to—1 40 to 50 No Yes Yes
H,SOy4 —15to0 —4 60 to 70 Yes Yes Yes
H3POy4 —15to —4 80 to 95 Yes Yes Yes

* Yes indicates that the solution has a small corrosivity.
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Through comparing to the properties of various solutions, Jiang et al. [79] found that the glycerol
aqueous solution was suitable as a spray solution for the frost-free system. As shown in Figure 15,
the concentration of glycerol aqueous solution should be below 80%. This main reason was that the
viscosity of glycerol solution increased sharply when the concentration was over 80%. We also could
see when the concentration of the solution was lower than 30%, its corresponding freezing point was
too high so that dehumidifying capability was lost [79]. As a result, the concentration of the glycerol
solution selected was between 30% and 70% [79,95]. Even so, the glycerol aqueous solution was
not optimum liquid desiccant for the frost-free technology of the ASHP system, because the energy
consumption of its regeneration was high [95].
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Figure 15. The freezing point and viscosity of glycerol solution at different concentrations [79].

Compared with the LiBr aqueous solution, the dehumidification capacity of LiCl aqueous solution
was 20% higher than that under the same working condition. And the power consumption of
pump can be 20% lower than it [96]. As a result, LiCl solution was generally chosen by scholars
as a desiccant for FFASHP system. For example, Su et al. [73] and Zhang et al. [82,84] selected the
lithium chloride aqueous solution to dehumidify the moist air before it entered the heat exchanger.
In order to avoid the crystallization of the selected solution in the temperature range of the system
operation, the solution concentration should be 25-45% [95]. And the regeneration temperature was
low within this concentration range, which can make better use of low-temperature heat source [94].
However, the lithium chloride solution also cannot be used as the best desiccant to be recommended
in FFASHP technology in the future because of its high price.

3.2. Frost-Free Technology for an ASHP Water Heater System

3.2.1. FFASHP Water Heater System Description

The FFASHP water heater system coupled a solid desiccant is generally composed of a
conventional ASHP subsystem, a desiccant-coated heat exchanger [83] or an extra heat exchanger
coated by a solid desiccant with an energy storage device (EHECSD) [10,80]. The systems could
not only prevent frosting in heating mode but supply uninterrupted heating in regeneration mode.
It should be noted that the solid desiccant and the extra heat exchanger should be integrated [80].

A schematic diagram of the FFASHP water heater system coupled a desiccant-coated heat
exchanger is illustrated in Figure 16. It mainly consists of a solid desiccant-coated heat exchanger,
an air heat exchanger, a compressor, a water heat exchanger, a water tank. The parameters of the
numerical calculation based on this system are listed in Table 9.
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Figure 16. Schematic diagram of the FFASHP water heater system based on solid desiccant [83].

Table 9. Parameters of the numerical calculation [83].

No. Parameter Value
1 Temperature of outdoor air (°C) —7.0to 5.5
2 Relative humidity of outdoor air (%) 60 to 80
3 Temperature of inlet water (°C) 5
4 Temperature of outlet water (°C) 65
5 Water heating load (kW) 4
6 Efficiency of compressor (%) 75
7 Thermal effectiveness of desiccant heat exchanger (%) 80
8 Humidity effectiveness of desiccant heat exchanger (%) 80
9 Adsorption time (min) 30
10 Desorption time (min) 10
11 Refrigerant CO,
12 Solid desiccant Porous Silicas-1.5

In heating mode, the valves (11, 12) were opened and the valve (10) was closed. The extra heat
exchanger coated by the solid desiccant in this system could dehumidify the outdoor air before entering
the air heat exchanger, so that the dew point of the air entering the heat exchanger was decreased.
Thus the frost-free operation of the system could be realized [83].

With increasing moisture content of the solid desiccant, the vapor partial pressure of the desiccant
was higher than that of the outdoor air and thus the system was switched to the regeneration
mode. During regeneration mode, the valve (10) was opened and the valves (11, 12) were closed.
The refrigerant was discharged from the compressor and passed through the water tank, flowed
through the desiccant-coated heat exchanger to heat the air and to regenerate the desiccant. And then
the refrigerant was throttled by the expansion valve (8), entered the air heat exchanger and was
vaporized by hot and humid air [83].

As shown in Figure 17, the FFASHP water heater system combined with energy storage and
dehumidification technology consists mainly of a compressor, a four-way valve, a water tank, an energy
storage device (ESD), three electronic expansion valves (EEVs), an extra heat exchanger coated by a
solid desiccant (EHECSD) and an outdoor air heat exchanger [10,80,85]. The structural parameters
of EHECSD and ESD, and the main characteristics of the measuring instrumentation are listed in
Tables 10 and 11, respectively. For this FFASHP water heater system, the operation conditions in
different studies are summarized in Table 12.
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Figure 17. The FFASHP water heater system combined with solid desiccant and energy storage [52].

Table 10. The structural parameters of extra heat exchanger coated by a solid desiccant with an energy
storage device (EHECSD) and energy storage device (ESD) [10].

EHECSD Value ESD Value
Size (mm?) 350 x 350 x 125 Inner diameter (mm) 250
Thickness of the fins (mm) 0.2 Outer diameter (mm) 300
Distance between the fins (mm) 3 Height (mm) 450
Radius of the cobber tube (mm) 9.52 x 0.5 Radius of the cobber tube (mm)  9.52 x 0.5
The quantity of silica gel (kg) 2.8 Length of the cobber tube (m) 11

Table 11. Main characteristics of the measuring instrumentation [10,80].

Measured Variable Measurement Device Calibration Range Calibrated Accuracy
Temperature (°C) Platinum resistance —100 to 150 +0.1
Temperature (°C) T-type thermocouple —50 to 150 +0.2

Relative humidity (%)  Acquisition instrument 10 to 95 +3
Pressure (MPa) Pressure transducer Oto6 +1% FS
Power (kW) Power meter 0.01 to 24.00 40.01% of full scale
Weight (kg) Electronic scale 0 to 20 +01g

Table 12. Operation conditions for the experimental FFASHP water heater system.

No. Parameter Value Reference

1 Temperature of ambient air (°C) —3to3and —10to 5 Wang et al. [10,85]
2 Relative humidity of ambient air (%) 85 Wang et al. [10,85]
3 Temperature of initial water (°C) 15 Wang et al. [10,85]
4 Temperature of final water (°C) 55 Wang et al. [52,85]
5 Quality of water (kg) 60 Wang et al. [10,85]
6 Refrigerant R134a, R407C, R22 Wang et al. [80,85]
7 Phase Change Material (PCM) CaCl,y-6H,O Wang et al. [10,52,80]
8 Solid desiccant silica gel Wang et al. [10,52,80]
9 Compressor type Mitsubishi RB174GHAC Wang et al. [80]

10 Swept volume of compressor (cm?3/1) 17.4 Wang et al. [10,80]
11 Rated power of compressor (kW) 0.6 Wang et al. [10,80]

As we can see from Figure 17a, in heating mode, the refrigerant passed through the four-way
valve after being discharged from the compressor, flowed into the condenser and then run through
the ESD where the condensation heat was absorbed. Afterwards, it was throttled by the EEV (8),
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entered the EHECSD in which the refrigerant absorbed latent heat released by water vapor from the
air, and flowed into the evaporator. The dew point of the air was decreased, and thus the frost-free
operation was realized [85].

Figure 17b describes that in regeneration mode, the refrigerant was discharged from the
compressor and passed through the four-way valve and the water tank, flows through the EHECSD,
entered the evaporator, was throttled by the EEV (17), and then flowed through the ESD, finally
returned the compressor to complete the regeneration process [10]. In the period of regeneration cycle,
the outdoor air was firstly preheated in the evaporator and then flowed through the EHECSD while
the water vapor from the solid desiccant was removed [10,80].

3.2.2. Solid Desiccant

Commonly used solid desiccant materials in drying applications included the conventional
physical desiccant (e.g., silica gel, molecular sieve and activated carbon) [97] and the new compound
desiccant consisting of physical and chemical desiccant (e.g., silica gel based composite desiccant,
molecular sieve based composite desiccant and carbon based composite desiccant) [98]. According to
the references [80,83], the silica gel or silica gel based composite desiccant was usually used to
dehumidify the outdoor air to realize frost-free operation of ASHP systems. This is because it is of
great specific surface area (about 530 m?/g) and good moisture adsorption capacity [99].

As summarized in Table 2, the solid desiccant was primarily applied to realize the frost-free
operation of the ASHP water heater system and not used for the FFASHP heating system. This is due
to the following three reasons: (1) a liquid desiccant system can be driven by low-temperature heat
source in comparison with solid desiccant [100]; (2) the power of ASHP heating system is larger than
that of ASHP water heater system, that means a large demand for desiccant in the heating system; and
(3) the price of the solid desiccant is more expensive in comparison with the liquid desiccant, resulting
in increasing the cost of ASHP system.

4. Performances of Two Types of FFASHP Systems

4.1. Performance Indexes

When the ASHP system is in steady state, the energy loss and flow loss of the working fluid can
be neglected. According to the first law of thermodynamics, the performance of the ASHP system
is usually evaluated by the primary energy ratio (PER) and the coefficient of performance (COP).
The former refers to the ratio of heating capacity (Q, kW) of the system to the primary energy consumed
by the compressor. The PER can be concluded as Equation (2).

PER = ey - Q/Wcom ()

where, 77y is the power supply efficiency of the power plant, 35%; Wcom is the amount of electrical
power consumption of compressor, kJ.

The COP is defined as the ratio of the heating capacity Q to the amount of electrical power
consumption of compressor Weom. It is calculated using Equation (3). By comparing Equation (2)
with Equation (3), we can find that the PER of an ASHP system is 0.35 times as many as its COP.
This means that the evaluation results of PER and COP are equivalent. In this paper, the COP is used
as the performance index of the FFASHP system.

COP = Q/Wcom (3)

Table 13 summarizes the expressions of the COP of the FFASHP system in different literature.
Although the forms are different from that of Equation (3), their physical meanings are completely
consistent. In addition, in Table 13, the No. 6 formula is a fitting correlation of the COP with the mass of
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solid desiccant (x, kg) and the volume of PCM (y, mL). And the values of the coefficients (from Cj to Co)
used in No. 6 formula are presented in Table 14.

Table 13. The calculation expression of COP of various FFASHP systems.

No. The Expression of COP of Different FFASHP System References
COPsyru = Qsen/ Weom,HP. ; COPLuRrU = Qiat/ Weom HP ;
1 /2 SHRU /1 LHRU Zhang et al. [82,84
COPtotal = (Qsen + Qlat)/ (Wcom,gggmu + Wcom,HPLHRU) & [ ]
1 1 —SHF, 1
2 COP=T = COPpra=T T T-SHF. ~ COPrpa=T Zhang et al. [83]
3 COP = [1? cwaterMwaterd T/ [y pit Wang et al. [80]
COPpeating = Qheating/ (Weom ); COPsys = Qs s/(wcom)}
4 8 cating 2k 4 Suetal. [87
COPaverage = ZQheating/(Z WCOIII) uetal: [57]
5 COPsen = Qsen/ Weom; COPyota1 = (Qsen + Qlat)/ Weom Su and Zhang [73]
6 COP=Co+S9+S+3+S4+8+94+%+ 3+ 8 Wang et al. [52]

where, COPspRy is coefficient of performance for sensible heat removal unit; COPpyRy is coefficient of performance
for latent heat removal unit; COPyyy,; is coefficient of performance for total FFASHP system; Qsen is sensible heat
capacity, kW; Qi is latent heat capacity, kW; Wom HpsHRu is electric power consumption of sensible heat removal
unit compressor, kW; Wom HpLHRU is electric power consumption of latent heat removal unit compressor, kW;
COPpypag is coefficient of performance of heat pump unit in adsorption mode; COPyp 4, is coefficient of performance
of heat pump unit in desorption mode; SHF 4 is sensible heat factors of air in adsorption mode; SHF 4, is sensible
heat factors of air in desorption mode; cwater is specific heat capacity of water, J/(kg-°C); Myater is quality of water,
kg; Ty is temperature of inlet water, °C; T, is temperature of outlet water, °C; t is system operation time, s; p is
compressor power, kW; 11, is mass flow rate of air, kg/s; a5 is specific enthalpy of air supply, ] /kg; hai is specific
enthalpy of fresh air, ] /kg; COPqys is transient COP of ASHP system; Qsys is heating capacity of system; COPpeating
is transient heating COP of whole system; Qneating is transient heating capacity of system, kW. COPaverage is average
COP in whole operation period.

Table 14. The values of the coefficients in No. 6 formula in Table 13 [52].

Symbol Co C1 Cz C3 C4 C5 CG C7 Cs Cg
Value 871 2971 —6690 63.53 3,866,790 12,08248 —4626 —1.01 x 10° -1,068,793.4 —11,066.93

In this section, the performances of the different FFASHP systems proposed in the references
are reviewed. And the performance comparisons between the FFASHP systems (including the
FFASHP heating system and the FFASHP water heater system) and the conventional ASHP system are
also presented.

4.2. Performance of the FEASHP Heating System

4.2.1. Effects of Outdoor Air Parameters on FFASHP Heating System Performance

As we all know, the outdoor ambient air temperature and RH have significant influence on the
performance of the conventional ASHP system. And thus, effects of both them on the performances of
the FFASHP systems also cannot be ignored.

According to the references, the effects of air temperature and RH on the performance of the
FFASHP heating system have been extensively studied by scholars under keeping the other parameters
constant. Su and Zhang [73] indicated that the COP, of the FFASHP heating system increased
significantly from 2.40 to 3.81 (increased by about 59%) with the increase of the air temperature from
—30°C to 0 °C, as shown in Figure 18. The COPy,) increased slightly from 3.82 to 3.87 with increasing
the RH from 65% to 85%. Meanwhile, the simulation results of Zhang et al. [82] showed that the
COP;yt, of the FFASHP heating system increased by about 90% as the air temperature increased
from —7 °C to 11 °C and at constant RH (50% and 70%). When the RH increased from 50% to 70%,
the COPyy, only increased by about 10%. Su et al. [87] also pointed out that the system COPjyerage
increased by about 15.3% when the air temperature increased from —10 °C to 0 °C and at the RH of
80%. And it declined slightly by 2.59% with the RH rising from 70% to 90% at 0 °C.
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Figure 18. Effects of the ambient air temperature and its relative humidity on the total coefficient of
performance (COPy,) of FFASHP system [73].

In addition, through changing the air temperature and RH only, Yongcun et al. [53] established
a theoretical model and analyzed the system COP at different condensing temperatures (T = 40 °C,
45 °C and 50 °C). The results as Figure 19 shows. It can be seen from Figure 19a that the system
COP increased significantly as the air temperature increased at different condensing temperatures.
The change trend was similar to the result provided by Zhang et al. [82]. From Figure 19b, it can be
clearly seen that the RH had a slightly effect on the COP. The reason was that the humidity ratio was low
at high RH in winter so that solution could absorb less water vapor from the air [53]. Besides, Figure 19
also showed the system COP increased significantly with increasing the condensing temperature at
different air parameters.
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Figure 19. Effects of ambient air temperature and its RH on COP of FFASHP system [53].

From these results, we can clearly see that the effect of the ambient air temperature on the COP
of the FFASHP heating system is more significant in comparison with the air RH. This revealed that
the higher the ambient air temperature was, the more the heat extracted by the system from the
environment was [53]. Although the COP reduced significantly with decreasing air temperature,
the system still operated at a COP being more than 2.3 for the cases that the air temperature ranges
from —20 °C to —30 °C [53,73]. Furthermore, the solution can absorb more water from the air when
the air humidity increases at constant temperature. This means that more latent heat must be extracted
by the solution. That is the reason why the COP increases slightly with increasing air RH [73].

4.2.2. Effect of Solution Concentration on FFASHP Heating System Performance

Besides the outdoor air temperature and its RH, the effect of the solution concentration on the
COP of the FFASHP heating system is also important. And limited studies related to the effect of the
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desiccant solution concentration on the system COP have been previously reported. For example,
the experimental results of Jing et al. [79] showed that the COP of spray time increased firstly with the
increase of the glycerol solution concentration and then decreased slowly. The total COP change law of
the system was not known. It was mainly caused by smaller solution concentration made it in danger
of freezing, larger concentration consumed more pump power in the process of transportation due to
the larger viscosity. Finally, this study pointed out that the best concentration of glycerol solution for
preventing frost formation was 50% [79].

Yongcun et al. [53] showed that the COP of the FFASHP system increased by about 6% with
the increase of inlet lithium chloride solution mass fraction from 20% to 40% in solution tower.
Zhang et al. [84] also indicated that as the lithium chloride solution concentration increased from
34% to 37%, the COPyy, of the FFASHP system increased by about 10%, as shown in Figure 20.
Increasing the concentration of solution made drive force of mass transfer enhance, that means
the solution could absorb more heat released by water vapor, so the system COP increased [53].
However, the concentration should be not higher than 37.5%. Because the crystallization of the
high concentration lithium chloride solution at below —10 °C results in losing the dehumidification

capacity [84].
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Figure 20. Effect of lithium chloride solution concentration on COP}y,; [84].

Therefore, to improve the COP of the FFASHP system, the dehumidification capacity of solution
desiccant, the crystallization and the viscosity with temperature should be taken in account in selecting
the concentration of solution desiccant. In other words, the too large or too small concentration of
desiccant solution will lead to a decrease in the COP of the FFASHP heating system.

4.2 3. Effects of Other Parameters on FFASHP Heating System Performance

Air-to-solution mass flow rate ratio, the inlet solution temperature and the solution mass flow rate
have unignored effects on the COP of the FFASHP heating system [53,73,79,87]. Su and Zhang [73]
showed that when the air-to-solution mass flow rate ratio in the regenerator and the dehumidifier
varied respectively from 1.0 to 2.5 and 2.0 to 3.5, the COP}y,; of the FFASHP heating system could
be improved. According to the results of Su et al. [87], the COPayerage of the FFASHP system firstly
increased gradually, reached the highest point and then decreased with the increase of air-to-solution
mass flow rate ratio from 1.5 to 3.5 in the dehumidifier, as shown in Figure 21. This could be explained
as follows: (1) the evaporation temperature will be improved by increasing flow rate, thereby the COP
increased; (2) the following decrease of the COP resulted from the increase of both pump power and
regenerative power caused by increasing air flow rate [87].
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Figure 21. Effects of air-to-solution mass flow rate on the COPj,yerage of FFASHP system at different
concentrations [87].

In addition, according to the report of Yongcun et al. [53], the COP of the FFASHP heating system
increased quickly and then declined with the increase of the inlet solution temperature in solution
tower, as shown in Figure 22. This was because the humidity ratio and the temperature of ambient
air was low in winter, and the change of the COP depended mainly on the inlet solution temperature
in solution tower. However, the vapor pressure of solution rose as the inlet solution temperature
increased and the drive force of heat and mass transfer was decreased, that means the solution could
absorb less heat from air.
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Figure 22. Effect of the temperature of inlet solution in solution tower on COP of FFASHP system [53].

The experimental results of Jing et al. [79] showed that as the flow rate of spray solution increased,
the COPtotal of the FFASHP system firstly increased and then decreased. When the flow rate was
287 kg /h, the COP\yy1 reached the highest point at 3.046. When the flow rate was over 287 kg/h,
the system COP decreased due to the increases of the power consumption of pump, the flow resistance
and the thermal resistance.

As a result, like the concentration of desiccant solution, air-to-solution mass flow rate ratio,
the inlet solution temperature and the solution mass flow rate have optimum values making the COP
of the FFASHP heating system reach maximum.

4.2.4. Comparisons of Performances of FFASHP Heating System and Conventional ASHP System

According to the literature, the COP,, of the FFASHP system was significantly higher than
that of traditional heat pump system integrated with an electric heater [82]. As shown in Figure 23,
Zhang et al. [84] gave the comparison of the COP between the FFASHP heating system and traditional
hot-gas defrosting heat pump integrated with an electric heater humidifying system. It can be found
that the COPspry of the sensible heat removal unit was about 10% higher than that of the traditional
system; the COPp xRy of the latent heat removal unit was 20-40% higher than that of the electric heater
humidifier. As a consequence, the COP,;,; of the FFASHP system was 30-40% higher than that of the
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traditional ASHP system integrated with an electric heater humidifying system [84]. Fan et al. [86]
showed that the COP of the FFASHP system was 24—41% higher than that of traditional ASHP system
using electric humidification at the outdoor air temperature of —4 °C to 5 °C and at the RH of 79%.
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Figure 23. Comparison of COPy, between FFASHP system and tradition heat pump system [84].

Additionally, many researchers also showed that compared with conventional reversed-cycle
defrosting ASHP system, the performance of the FFASHP system was significantly better. Based on
the conditions in the reference [101], Yongcun et al. [53] studied the effects of air temperature and
its RH on the COP of the FFASHP system and compared with that of conventional reversed-cycle
defrosting ASHP system, and the results are shown in Figure 24. As can be seen, the FFASHP system
COP was significantly higher than that of the conventional ASHP unit under the same parameters.
And recent results provided by Su et al. [87] also showed a similar trend. Meanwhile, Su et al. [87] also
indicated that the average COP of the FFASHP system was approximately 36-61% higher than that
of conventional reversed-cycle defrosting ASHP system. And the total COP was approximately 64%
higher than that of the conventional system [73].
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Figure 24. Effects of ambient air temperature and RH on the COP of FFASHP and conventional
ASHP [53].

In summary, compared with the different conventional ASHP systems, the COP of the FFASHP
heating system is obviously higher. The main reason is that the FFASHP heating system can work
continuously, and the defrosting mode needs not to be turned on periodically. As shown in Equation
(4) [101], for the COP calculation of the conventional ASHP system, the actual heating capacity is
significantly less than that of the frost-free system, and the actual electrical power consumption
of compressor is obviously higher, so the COP of the conventional system is lower. In addition,
it should be noted that in various literature studies, when calculating the COP of the HP system,
the power consumption of the compressor is only considered, and the power consumptions of the fans,
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the solution pumps and the water pumps are neglected. This may also lead to a higher difference of
the COP between the conventional ASHP unit and the FFASHP unit.

COP = (Qheating - Qdefrost'mg) / (Wcom,heating + Wcom,defrosting) 4

where, Qpeasting and Qqefrosting are the heating capacity and defrosting capacity of the system,
respectively, KW. Weom heating ad Weom,defrosting are the power consumption of the system in heating
period and defrosting period, respectively, kW.

Although the COP of the frost-free heating system is high, the added liquid desiccant subsystem
and regeneration subsystem not only increases the investment cost and the floor space of the system,
but results in the initial system more complex which decreases the system operation reliability.
The spreading application of the FFASHP heating system is limited by these practical problems.
Therefore, a simple and efficient FFASHP heating system coupled with air dehumidification and liquid
desiccant regeneration should be developed. Besides, it is very necessary to explore a new frost-free
technology of the ASHP system without adding any desiccant device.

4.3. Performance of the FEFASHP Water Heater System

4.3.1. Effects of Outdoor Air Parameters on FFASHP Water Heater System Performance

Based on the two FFASHP water heater systems in Figures 16 and 17, Zhang et al. [83] and
Wang et al. [10,85] showed that the COPs of two systems increased with increasing the ambient air
temperature for any RH. When the air temperature increased from —7 °C to 5.5 °C and at the RH of 60%,
the COP of the FFASHP water heater system in Figure 16 increased from 3.6 to 4.4 (increased by 22.2%).
With the increase of the air RH at different air temperature, the system COP declined significantly
due to the sensible heat factor (SHF,q) rising with increasing the RH [83]. When the RH was 80%,
the COP only increased by 6.7% with increasing the temperature, that means under a higher air RH,
the ambient air temperature had a slight effect on the system COP. However, the frosting could not be
completely avoided in the whole operation process. Because the moisture from the desiccant-coated
heat exchanger could still result in frosting on the surface of the evaporator in regeneration mode
when the temperature of the refrigerant was below 0 °C.

For the FFASHP water heater system coupled an extra heat exchanger coated by a solid desiccant
with an energy storage device in Figure 17, the air heat exchanger could be kept frost-free for 32,
34, 36 min during heating mode at the outdoor air temperature of —3 °C, 0 °C and 3 °C and RH of
85% [10]. And when the air temperature increased from —10 °C to 5 °C at the RH of 85%, the system
average COP increased from 2.4 to 3.2 (increases by 33.3%) [85]. This system could not only prevent
frosting in heating mode, but also avoid frost formation in regeneration mode.

From these results, we can see that the performance of the FFASHP water heater system is not
reported at a lower air temperature (e.g., from —30 °C to —11 °C). This may be because the adsorption
capacity of solid desiccant in lower temperature regions is limited. Therefore, the application of
the FFASHP water heater system has not been promoted in the cold regions of China. In the future,
the ASHP hot water units based on waste heat recovery technology should be studied and popularized.

4.3.2. Effects of the Amount of Desiccant and PCM on FFASHP Water Heater System Performance

The solid desiccant mass and the volume of phase change material (PCM) had significant effects
on the COP of the FFASHP water heater system [52]. As shown in Figure 25, the maximum value of the
system COP was 2.99 at the air temperature of 0 °C and RH of 80%, at which time the amount of the
desiccant and the PCM were 2.2 kg and 800 mL, respectively. However, the simulation result showed
that the temperature of the water in water tank was only 49.8 °C in this case. The further analysis of
Wang et al. [52] indicated that when the mass of desiccant was 2.2 kg, the volume of PCM is 1100 mL,
the water temperature could reach 55 °C and the COP of the FFASHP water heater system was 2.87.
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Figure 25. Effects of the amount of desiccant and phase change material (PCM) on the COP of FFASHP
water heater system [52].

In order to predict the system performance though the desiccant mass and the volume of PCM,
the correlation of the COP was proposed based on the weight of the solid desiccant and the volume of
the PCM [52]. The correlation Equation (No. 6) is listed in Table 13 and its coefficients (from Cy to Co)
are summarized in Table 14.

As a result, when a FFASHP water heater system is designed and optimized, we should not only
consider the correlation of the system COP with both the desiccant mass and the volume of PCM,
but also pay close attention to whether the water temperature meets the requirement.

4.3.3. Performances of FFASHP Water Heater System Using Different Refrigerants

Based on the FFASHP water heater system in the reference [80] (Figure 17), Wang et al. [10,85]
studied the performance of the FFASHP water heater system using different types of refrigerants (R22,
R407C and R134a) via experimental and numerical method, respectively. And the thermo-physical
properties of R22, R407C and R134a are listed in Table 15. As shown in Table 15, the environmental
characteristics of R134a are better in comparison with R22 and R407C.

Table 15. Thermo-physical properties of R22, R407C and R134a [85].

No. Refrigerant R22 R407C R134a
1 Composition (%) - R32/125/134a -
2 Molecular weight (kg/kmol) 86.48 86.2 102.03
3 Boiling point (1 atm) (°C) —40.8 —43.7 -26.1
4 Critical temperature value (°C) 96.2 86.79 101.06
5 Critical pressure value (MPa) 4.99 4.63 4.06
6 Vapor pressure (MPa) 1.043 1.02 0.666
7 Latent heat of vaporization at 1 atm (k] /kg) 233.34 249.68 2171
8 Liquid density at 25 °C (kg/m?) 1194 1134 1206
9 Thermal conductivity of liquid at 25 °C (W/m-K)  0.0849 0.0894 0.0824
10 Specific heat capacity at 25 °C (k] /kg-K) 1.26 1.545 1.42
11 Ozone depletion potential 0.055 0 0
12 Global Warming Potential 1900 1700 1200

The experimental data indicated that when the refrigerant was R134a, the air heat exchanger
could be kept frost-free for 34 min during heating mode at the air temperature of 0 °C and RH of 85%.
And the system COP increased by 45.5% with increasing the temperature from —3 °C to 3 °C [10].
The simulation results of Wang et al. [85] showed that the time for keeping the air-side heat exchanger
frost-free operation for R22, R407C and R134a could up to 29, 34 and 35 min, respectively. As shown in
Figure 26, the COP for R134a was 3.3% and 8.6% higher respectively that of that for R22 and R407C
at the ambient temperature of -10 °C and RH of 85% [85]. Therefore, R134a is more suitable for the
FFASHP water heater system at low-temperature in comparison with R22 and R407C. In addition,
considering that R22 will be abolished in the developing countries by 2030 due to environmental
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problems relating to ozone depression potential and global warming potential, the COP of the FFASHP
system using the alternative refrigerant R134a should be further studied. In the future, the frost-free
technology of the ASHP unit using CO, and R290 as working fluids should be also studied.
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Figure 26. Effects of ambient air temperature on the COP of the FFASHP water heater system with
three different refrigerants [85].

4.3.4. Comparisons of Performances of FFASHP Water Heater System and Conventional ASHP System

Using the FFASHP water heater system integrated with the solid desiccant device in Figure 16,
Zhang et al. [83] carried out a simulation study at the same temperature (from —7 °C to 5.5 °C) as the
literature [84] and at the RH of 60-80%. The simulation results showed that the COP of the FFASHP
water heater system was higher than that of the traditional hot gas defrosting ASHP water heater unit
for any air temperature and its relative humidity [83], as shown in Figure 27. Compared with the hot
gas defrosting ASHP water heater system, the COP of the FFASHP water heater system increased by
25-30% at the air temperature range of —7 °C to 6 °C and RH of 60%.
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Figure 27. Comparison of COP between the FFASHP water heater and the hot-gas defrosting ASHP
water heater [83].

Compared with the conventional defrosting ASHP water heater system, the FFASHP water heater
system coupled an extra heat exchanger coated by a solid desiccant (EHECSD) with an energy storage
device (ESD) (Figure 17) was also of better performance. Wang et al. [80] studied experimentally the
performance of this kind of FFASHP water heater system. The experimental results showed that the
outdoor evaporator could be kept frost-free for 34 min at the air temperature of 0 °C and RH of 80%.
And comparing to the hot gas bypass defrosting and the electric resistance heating defrosting system,
the average COP of the FFASHP water heater system increased by 7.25% and 46.3%, respectively.

As shown in Figure 28, Wang et al. [10] also pointed out that the COP of the FFASHP water
heater system are 17.9%, 11.1% and 3.4% higher than that of the reverse-cycle defrosting ASHP system
at the ambient air temperature of —3 °C, 0 °C and 3 °C, respectively. This revealed that when the
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RH was higher than 80%, the performance of the FFASHP water heater system was better at the low
temperature than that at the high temperature.
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Figure 28. Comparison of the COP between FFASHP water heater system and reverse-cycle defrosting
system at different ambient air temperatures [10].

Like the FFASHP heating system, although the performances of the proposed FFASHP water
heater systems are higher than that of conventional defrosting ASHP water heater system under
various environmental conditions, the initial cost and the floor space of the system are also increased
due to adding the solid desiccant facility and energy storage device. It is also because of the addition
of these two devices that the complexities of system structure and control strategy are increased,
leading to lower operation reliability of the whole system. Therefore, the promotion and application
of this FFASHP water heater are limited in civilian domain. In addition, in the future, an ASHP unit
integrating with space heating and hot water supply is more popular. The frost-free technology of this
unit will be an important research topic.

5. Exergy and Economic Analysis of a FFASHP System

As described in Section 3.1, the FFASHP system based on solution spray will have a good
application prospect in the future. Therefore, in this section, the exergy and economic analysis of this
system are carried out in this section.

5.1. Exergy Analysis

The first law of thermodynamics (energy analysis) is the analysis of the quantity of energy.
Compared to it, the second law of thermodynamics (exergy analysis) takes into account both of quality
and quantity of energy and can provide more details of thermal process [102]. Therefore, according
the second law of thermodynamics, the exergy balance equation of an ASHP system can be concluded

as Equation (5).
Y Exin — Y EXout = Y_ EXjoss (5)

where, Exj, is the total exergy inputs of system, kW; Exqy; is the total exergy outputs of system, kW,
Exjpgs is the total exergy loss rate of system, kW.

The total exergy loss rate of the ASHP system equals the sum of exergy loss of the main
components. And thus, the total exergy loss rate on the right side of the equal sign in Equation (5) can
be expressed as Equation (6).

2 Exloss = Exloss,com +E xloss,evap +E Xloss,cond + Exloss,expa (6)

where, EXios5 coms EXloss,evaps EXloss,conds EXloss,expa are the exergy loss rates of compressor, evaporator,
condenser and expansion valve, respectively, kW.

As shown in Table 16, some studies related to the exergy analysis of the HP system in heating
mode showed that the exergy loss rates of the compressor and the evaporator account for the larger
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share of total exergy loss [102-105]. To reduce the exergy loss of the compressor, the following two
measures should be carried out: (1) improving the manufacturing level of the compressor; (2) choosing
the compressor with a smaller compression ratio. In this section, we mainly analyze the influence of
frost layer on the exergy loss of evaporator.

Table 16. The exergy loss coefficients or ratios of main components in different heat pump system.

Exergy Loss Coefficient or Exergy Loss Ratio (%)

No. Type of HP System
Compressor  Evaporator Expansion Valve Condenser
1 Solar assisted heat pump multi-function system [106] 48 25 3 4
2 Groundwater source heat pump system [104] 31 18 16 5
3 Solar-assisted heat pump system [103] 44.3 20.5 4.4 9.9
4 A typical air source heat pump system [107] 53.4 29.6 8.3 8.7
5 A conventional heat pump system [102] 13 14 10 8

It is common knowledge that the main factor affecting the exergy loss rate of the evaporator is
the heat transfer temperature difference between refrigerant and ambient air. According heat transfer
equation, the heat transfer temperature difference is proportional to the thermal resistance under
a certain working condition. This means that the exergy loss rate of the evaporator increases with
increasing the thermal resistance (see Equations (7) and (8) [102]).

Exloss,evap = My [(hevap,in - hevap,out) —To (Sevap,in - Sevap,out)] — QeQoTe(Ro + Raw) @)

- QeQOTe(RO + Raw) >0 (8)

where, m; is mass flow rate of the refrigerant, kg/s; hevap,in and hevap,out are specific enthalpy of
the refrigerant on the inlet and outlet of the evaporator, respectively, k] /kg; Sevap,in and Sevap,out are
specific entropy of the refrigerant on the inlet and outlet of the evaporator, kJ /(kg-K); T is ambient
temperature, °C; T, is evaporating temperature, °C; Q. is heat exchange quantity of the evaporator,
kW; Q is total heat absorbed by the evaporator, kW; R, is thermal resistance between wall and air,
(m2-K)/kW; Ry is thermal resistance between wall and refrigerant, (m?-K)/kW.

When the ambient environment is in frosting region, frost will occur on the evaporator surface
resulting in increasing the thermal resistance. Thus, the exergy loss rate of the evaporator increases
(see Equations (9) and (10)). This shows that in winter, avoiding the operation of the ASHP under
frosting conditions is an important way to reduce the exergy loss rate of the evaporator.

Exloss,evap = mr[(hevap,in - hevap,out) - TO(Sevap,in - Sevap,out)] - QeQOTe(RO + Ry + Rf) )

— QeQoTe(Ro + Raf + Rf) > —QeQoTe(Ro + Raw) (10)

where, R is thermal resistance between air and frost (m2-K)/kW; R; is thermal resistance of frost layer
on the evaporator surface, (m?-K)/kW.

The FFASHP system is to reduce the exergy loss rate of the evaporator caused by environmental
changes in winter through avoiding the necessary conditions for frosting. Especially for the FFASHP
heating system based on solution spray method, when the ASHP unit is operated in the frosting region,
the lithium chloride solution with a low freezing point is sprayed on the surface of the heat exchanger
to absorb the sensible heat and the latent heat of the humid air, as shown in Figure 29. And then the
thermal resistance is decreased. Thereby, the exergy efficiencies of the evaporator and the FFASHP
system is improved.
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(a) Frosting process (b) Solution spray process

Figure 29. Exergy loss analysis of the evaporator in frosting process and solution spray process.
Where, Rs is thermal resistance between air and liquid film, (m?2-K)/kW; Rs is thermal resistance of
solution liquid film on the evaporator surface, (m?-K)/kW; T¢ ¢ and T is temperature of the evaporator
surface in frosting process and solution spray process, respectively, °C; ExX|oss evap,f and EX|oss evap,s are
exergy loss rate of the evaporator in frosting process and solution spray process, respectively, kW.

5.2. Economic Analysis

Through consulting literature materials, it can be confirmed that there is almost no the investment
cost data related to FFASHP heating system in the published studies. Hence, in the present paper,
a conventional ASHP unit is chosen for a subsystem to estimate the extra investment cost and its
payback period of the FFASHP heating system. Table 17 shows the main design parameters of the
conventional ASHP unit and the selected desiccant type.

Table 17. Main parameters of the selected ASHP unit

No. Parameter Value
1 ASHP Unit type DKFXYZ-90I1
2 Heating capacity (kW) 90
3 Power consumption (kW) 21
4 Outlet water temperature (°C) 55
5 Refrigerant R22
6 Outdoor air temperature (°C) —20to 45
7 Unit function Space heating, hot water supply
8 Desiccant type LiCl solution

5.2.1. Analysis of the System Cost

The initial investment of the conventional ASHP system includes generally equipment cost,
installation cost, testing and commissioning cost, power distribution cost, control system cost and
civil construction cost. In the FFASHP system, besides the above these costs, the initial investment
cost of the system increases approximately by 5000 Chinese yuan (CNY) due to the added desiccant
dehumidifying components/subsystem and regeneration subsystem.

The operation cost of the conventional ASHP unit mainly consists of equipment power
consumption cost, maintenance cost, labor cost and equipment depreciation cost. Considering that
the maintenance, labor and depreciation cost of the two systems are basically equal, and the share of
three parts in the running cost is small, they are not calculated. For the power consumption cost of
equipment, the FFASHP system is lower than the conventional ASHP system. It can be explained as
follows: (1) electric power consumption of the fan increases in the growth process of frost layer; (2) a
large amount of electric energy is used to defrost in the conventional ASHP unit. We mainly focus on
the energy consumption in defrosting process without considering the energy consumption of the fan.
This is because the fan power consumption account for less share in the whole ASHP system.



Energies 2018, 11, 2642 29 of 36

Based on the above analyses, the electric energy saved by the FFASHP system is equal to that
consumed by the conventional system during defrosting process. The expense of this part of the
electric energy is the main operation cost saved by the FFASHP system.

5.2.2. Payback Period of the Extra Investment Cost

According to the published literature [108], the efficiency (#gefrost) Of the typical defrosting
method was generally in the range of 15-25%. It is taken as 20% in the analysis process of this paper.
Assuming that the total heat energy per unit time provided by the system during defrosting is equal to
the system heating capacity (Q), the effective heat energy in the defrosting process (Qef defrost) €quals
the product of Q and #gefrost, and the input power of the ASHP unit (p) is the power consumed by the
system during defrosting (pgefrost)- The defrosting time (tgefrost) should be less than or equal 20% of the
total operation time a day [26]. It is taken as 8% in the section. Therefore, the operation cost during
defrosting (Y gefrost) in One day can be calculated using Equation (11).

Ydefrost = Pdefrost * tdefrost * X = 8%- Pdefrost * t - X (11)

where, t is system operation time a day, 24 h; X is electricity price, 0.8469 CNY/(kW-h).

The payback period (PP) of the extra investment cost of FFASHP system equals 146.43 days
(3514.32 h) obtained by Equation (12). This shows that the investment payback period of this frost-free
technology is short.

PP = 5000/ defrost (12)

6. Outlook for Future Research

Some studies related to the frost-free technology of ASHP system have been carried out by scholars.
Various methods to address the problems relating to frosting conditions and solution regeneration
have also been considered. Although the COP of the FFASHP system proposed in the references are
demonstrated to be higher than that of the conventional ASHP system, there are still four important
areas for the FFASHP system where the further study works are required.

e  Optimization of system performance. To enhance the performance of the FFASHP system based
on solution spray, it is necessary to study the heat transfer enhancement technology (e.g., forming
thin and well-distributed liquid-film) of the gas-liquid-solid multiphase heat transfer process on
the surface of the air-side fin-tube heat exchanger under spray condition. From the viewpoint of
mass transfer enhancement, the change law of vapor partial pressure of desiccant solution with
concentration should be further explored and studied at different low-temperature conditions in
the future.

e New liquid/solid desiccant. A new desiccant, taking its cost, excellent dehumidification and
regeneration performances into consideration, should be explored. For instance, a mixed liquid
desiccant used to the FFASHP heating system should be studied and evaluated via the optimal
ratio, cost and performances.

e New method. A new, simple and efficient frost-free technology of the ASHP system without
adding liquid/solid desiccant device should be explored. This could be broken from the aspects
as follows: improving structure of air-side heat exchanger, coupling with the solar energy, heat
recovery of exhaust outdoor air and development and application of coating material.

e  Optimization of system control strategy. The frosting map for the ASHP system should firstly be
further improved based on considering climatic characteristics of key cities in China. And then
combined with the new frosting map, the control strategy for the FFASHP system should be
optimized for avoiding mal-opening and mal-closing of desiccant dehumidification subsystem to
decrease the system performance.
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7. Conclusions

Besides defrosting and anti-frosting methods, the frost-free technology is also a must for the
development and application of an ASHP system. This study firstly analyzed the frosting pathway
based on phase diagram of water, summarized the investigation of T,-RH frosting map, and then reviewed
and presented the characteristics of frost-free technology and the performances of the FFASHP systems.
Followed by analyzing the exergy loss rate of the evaporator in the FFASHP system integrated with
solution spray and estimating the extra investment cost of the system together with the corresponding
payback period. Finally, some unsolved problems and potential gaps were given from optimization of the
system performance, new liquid/solid desiccant, new method and optimization of the control strategy.
The main conclusions drawn from this literature review can be summarized as follows:

e  Theoretically, there are three pathways of frost formation as follows: gas-liquid-solid, direct
gas-solid, and occurring simultaneously. The frosting processes of the different phase changes
may be avoided through changing the air temperature or water vapor pressure. In addition,
to make the frosting map use directly a base for solution system control in FFASHP system
integrated with solution spray, it should be improved in a more extensive frosting environment in
the future.

e  Compared with air RH, the effect of air temperature on the COP of the FFASHP system is more
significant. The total COP of the FFASHP heating system is 30-64% higher than that of the
conventional ASHP system under the low temperature conditions. The COP of the FFASHP water
heater system is also affected by the amount of desiccant and PCM. In the future, the frost-free
technology of an ASHP unit integrating with space heating and hot water supply will be an
important research topic.

e  Though the FFASHP systems can achieve the frost-free operation under frosting conditions,
the initial investment cost and the floor space of the systems increase. Currently, the FFASHP
systems are basically in the theoretical and experimental research stage, and have not yet realized
industrial application. The reliability of long-term operation needs further field test in the future.
In addition, the regeneration method of liquid desiccant is also a barrier for the popularization of
the system.

e  Under frosting conditions, a liquid film with low thermal resistance and low freezing point is
sprayed onto the surface of the evaporator in ASHP system, reducing the heat transfer temperature
difference. Thereby the exergy loss of the evaporator is decreased and the system performance is
improved. And the economic analysis shows that the operation cost of this FFASHP decreases,
and the payback period of extra investment cost is short. In the future, this frost-free technology
should be further improved and promoted by combining enhanced heat transfer theory and waste
heat recovery technology.
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Air-source heat pump; frost-free air-source heat pump; heat pump

Delay time of occurring transformation; speed of phase change

Coefficient of performance of: sensible heat removal unit; latent heat removal
unit; total frost-free ASHP system; adsorption mode; desorption mode
Chinese yuan

Solution concentration

Specific heat capacity of water

Dry air; exhaust air; outdoor air; air velocity

Energy storage device; electronic expansion valve

Extra heat exchanger coated by a solid desiccant

Total exergy input; total exergy output; total exergy loss rate

Exergy loss rate of: compressor; evaporator; condenser; expansion valve;
evaporator in frosting process; evaporator in solution spray process
Compressor power; time; defrosting time

Specific enthalpy of the refrigerant on the inlet and outlet of evaporator
Temperature of: air; condensing temperatures; evaporating temperature; inlet
water; outlet water; triple point; critical point; dew point; surface temperature;
droplet

Quality of water

Mass flow rate of: inlet air; desiccant aqueous solution; refrigerant
Compressor power; power during defrosting

Pressure of: water vapor; triple point; critical point

Phase Change Material

Payback period

Heat transfer rate of: sensible heat; latent heat; the system

Heating capacity; total heat absorbed; heat exchange quantity of evaporator
Effective heat energy in the defrosting process

Ambient air relative humidity

Thermal resistance of: wall-refrigerant; air-wall; air-frost; frost; air-solution;
solution liquid film

Sensible heat factor of: adsorption mode; desorption mode

Specific entropy of the refrigerant on the inlet and outlet of evaporator
Electric power consumption of: compressor; sensible heat removal unit
compressor; latent heat removal unit compressor

Frosting rate

Power supply efficiency

Mass of solid desiccant; volume of PCM

Electricity price; operation cost during defrosting
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