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a b s t r a c t 

Air source heat pump (ASHP) units are used in applications around the world. After optimizing the multi- 

circuit outdoor coil by installing water collecting trays between circuits and adjusting the refrigerant dis- 

tribution by using valves located at each circuit, system frosting/defrosting operation performances could 

be effectively im proved. Before practical industry-scale application of trays and valves, their economic 

performances should be evaluated. However, in current literature, techno-economic analysis on operation 

performance of ASHP units is rare, which limits the development of innovative technologies. Therefore, a 

techno-economic analysis on frosting/defrosting operations is carried out in this study. Firstly, the frost- 

ing/defrosting experiments are introduced, followed by a series of assumptions and calculations. Then, 

the economic analysis results are provided in detail. Compared with a traditional ASHP unit, the total 

running costs of the modified unit in the heating season could save as much as 3681.75 CNY, or 10.33%, 

and the total cost decreased by 3516.75 CNY, or 4.67%, over 15 years of service life. The payback period 

of the additional initial cost is less than 8 months. Contribution of this work plays an important role in 

the evaluation and application of new technologies in the HVAC field. 

© 2018 Elsevier B.V. All rights reserved. 
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. Introduction 

In recent decades, air source heat pump (ASHP) units have been

sed in applications worldwide due to their advantages of being

ighly efficient, environmentally friendly, low cost, easy to modify,

tc. From a global point of view, over 90% of the world’s popu-

ation resides in regions where ASHP units can be suitably used

or indoor thermal environmental control [1] . However, when an

SHP unit operates for space heating at a low temperature in a

igh humidity environment, frost will form and accumulate on the

ube/fin surface of its outdoor coil. Frost becomes problematic, be-

ause it reduces the airflow passage area and acts as a thermal

nsulator, leading to performance degradation of the outdoor coil

r even an unexpected shutdown of the ASHP unit [2] . Therefore,

eriodic defrosting becomes necessary. 

There are many defrosting methods reported for ASHP units,

uch as compressor shutdown [3] , electric heating [4] , hot water

pray [5] , hot gas bypass [6] , compressed air blowing [7] , and ul-
∗ Corresponding author at: Department of Mechanical and Aerospace Engineer- 

ng, The Hong Kong University of Science and Technology (HKUST), Kowloon, Hong 

ong. 
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rasonic defrosting [8] , etc. Reverse cycle defrosting (RCD) is the

ost widely used, due to its advantages of easy adjustment, low

nergy and floor space consumption, high system safety and sta-

ility [9] . To further improve the RCD performance, different stud-

es were conducted, including heating/dehumidifying the inlet air

f the outdoor coil [10,11] , structure adjustment or fin surface

reatment [12–15] , additional defrosting energy supply with phase

hange materials (PCMs) [9,16] , frosting evenness value (FEV) im-

rovement [17,18] , and optimization of control strategies via refrig-

rant distribution adjustment [19–21] , etc. 

On the other hand, for an ASHP outdoor coil, a multi-circuit

tructure is usually used in order to enhance its heat transfer and

inimize its refrigerant pressure loss [2,13,14,16–21] . To save floor

pace, it is always vertically installed, whereby the negative ef-

ects of melted frost flowing downwards along the tube surface

ue to gravity were experimentally and numerically demonstrated

9,13,14,22] . To alleviate the negative effects, water collecting trays

ere designed and installed under each circuit. Thus, the melted

rost was taken away during defrosting, before it flowed down-

ards into the lower circuit(s) [13,14] . In addition, to optimize the

rosting performances of an ASHP unit, a series of valves were

sed, located at the entrance and exit of each circuit, to improve

he FEVs by adjusting the refrigerant distribution [17–19] . The un-

https://doi.org/10.1016/j.enbuild.2018.01.060
http://www.ScienceDirect.com
http://www.elsevier.com/locate/enbuild
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Nomenclatures 

Variable description unit 

C ASHP initial cost of an ASHP unit (CNY) 

C e, unit unit price of electricity (CNY/kWh) 

C f, i total initial cost of the new ASHP unit in Case i 

(i = D1 −D8) (CNY) 

C f , T initial cost of trays (CNY) 

C f, V initial cost of valves (CNY) 

C i, V installation cost of valves (CNY) 

C i , T installation cost of trays (CNY) 

C r, C total running cost in cooling season (CNY) 

C r, comp , DF running cost of compressor during defrosting 

(CNY) 

C r, comp , F running cost of compressor during frosting (CNY) 

C r, DF running cost during defrosting operation (CNY) 

C r, F running cost during frosting operation (CNY) 

C r, F DH total running cost in heating season with frost 

formation (CNY) 

C r, ITE, DF corresponding electricity cost of indoor air ther- 

mal energy consumed during defrosting opera- 

tion (CNY) 

C r, id, fan, D F running cost of indoor air fan during defrosting 

(CNY) 

C r, od, fan, D F running cost of outdoor air fan during defrosting 

(CNY) 

COP C system COP during cooling operation dimension- 

less 

COP D F system COP during defrosting operation dimen- 

sionless 

COP F system COP during frosting operation dimension- 

less 

P ave, od, fan average power consumption of outdoor air fan 

during frosting (kW) 

P C compressor power consumption during cooling 

operation (kW) 

P DF compressor power consumption during defrost- 

ing operation (kW) 

P F compressor power consumption during frosting 

operation (kW) 

P H compressor power consumption during heating 

operation (kW) 

P id, fan power consumption of indoor air fan (kW) 

P od, fan power consumption of outdoor air fan (kW) 

Q id, air , C indoor air thermal energy taken away during 

cooling operation (kJ) 

Q id, air, D F indoor air thermal energy consumed during de- 

frosting operation (kJ) 

Q id, air , F indoor air thermal energy supplied during frost- 

ing operation (kJ) 

T CD duration of cooling season in a year (day) 

T DC duration of a frosting/defrosting cycle (minute) 

T D D duration of defrosting operation in a cycle 

(minute) 

T DF duration of frosting operation in a cycle (minute) 

T FDH duration of heating season with frost formation 

in a year (day) 

T ind, in average measured air temperature at the inlet of 

indoor coil °C 

T ind, out average measured air temperature at the outlet 

of indoor coil °C 

T NFDH duration of heating season without frost forma- 

tion in a year (day) 
d  
T ODC system operating duration in a day in cooling 

season (hour) 

T ODH system operating duration in a day in heating 

season without frost formatio (hour) 

T OT operating cycle times in a day (time) 

T Y service life of an ASHP unit (year) 

V i, air volumetric flow rate of air passing through the 

indoor coil m 

3 /s 

ρ i, air density of air in the indoor heated space kg/m 

3 

ven defrosting phenomenon was also eliminated by the defrosting

peration starting at a higher FEV, which results in a higher de-

rosting evenness value and better system defrosting performance

17,18] . However, the total initial purchase cost of the optimized

SHP unit would be increased by the additional investment of

rays and valves, thus prolonging the predicted payback period. 

For a new technology or innovation, a techno-economic analy-

is is very important and always given before scaling up to wider

pplications. In the literature, techno-economic analyses are easy

o find in the fields of space heating systems [23–25] , space cool-

ng systems [26–28] , hybrid heating and cooling systems [29–31] ,

nd renewable energy systems [32,33] . In particular, Horton et al.

ave an economic analysis when they evaluated a high perfor-

ance cold climate heat pump [34] . As reported, the maximum

dditional initial cost of the system changes for the Minneapolis lo-

ation (USA), was $430 for a vapor injected system and $391 for an

il flooded system. These estimates assumed a 3-year simple pay-

ack period which was accepted by the customer. Moreover, Dong

t al. experimentally studied an ASHP unit with a PCM thermal

nergy storage system added to improve its RCD performance [16] ,

ith its economic aspect separately discussed. Compared with a

raditional unit, before the replacement of the PCMs, the running

ost could save approximately 650 CNY over 7 years of service life.

However, although many methods were used to improve the

perating performance of an ASHP unit, there is scarce reporting

f techno-economic analysis on them. Previous studies [13,14,17–

9] mainly focused on the energy aspect. There may be several

easons for this. Firstly, the technology or innovation is not ma-

ure or stable enough for the application, such as poor durabil-

ty of some surface treatment methods [15] . Secondly, additional

nitial cost is too high, such as air dehumidification system for

rost retarding [11] . Thirdly, the operation cycle is only partly con-

idered, neglecting the heating operating performance, for exam-

le, when investigating system defrosting [15] . Fourthly, most re-

earchers focused on the technology itself, or macroscopic energy

olicy. Clearly, there is a long way to go before these energy per-

ormance improvement measures are applied to ASHP units. 

Therefore, to analyze the economic performance of the opti-

ized ASHP unit with water collecting trays and/or valves in-

talled in its multi-circuit outdoor coil, an economic analysis of

ts novel frosting/defrosting operation is conducted in this study.

his study is helpful to guide new technologies and evaluate their

ndustry-scale applications. Conclusions given in this study can

lso play a role in the pricing or governmental subsidy policy for

SHP units. 

. Methodology 

Methodology of this economic analysis work is firstly illustrated

n Fig. 1 . As shown, the first step was an experimental study on

n ASHP unit with a specially made three-circuit outdoor coil.

hen, four typical conditions were designed, considering the in-

tallation style of trays and valves. After the experimental proce-

ures were confirmed, a series of experiments were undertaken
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Step 1: Experimental study

l An ASHP unit selected;
l A three-circuit outdoor coil made;
l Four typical conditions designed;
l Frosting/defrosting experiments undertaken 

at different FEVs.

Step 2: Experimental Results & Calculation

l Frosting operation data collected: COP,  
Indoor thermal energy supplied;

l Defrosting experimental results obtained: 
Defrosting duration, Power consumption, 
and Indoor air thermal energy consumed.

Step 3: Assumptions & Equations

l Fundamental assumptions;
l Frosting/Defrosting/Cooling assumptions;
l First cost: ASHP unit, valves and trays;
l Running cost: 

Stage 1, Heating season with frosting formation; 
Stage 2, Heating season without frost formation;
Stage 3, Cooling season.

Step 4: Techno-Economic Evaluation

l Running cost analysis;
l Total cost evaluation vs operating year;
l The best typical case chosen;
l Discussions on payback periods.

Fig. 1. Flow chart for the methodology used in this study. 

Table 1 

Parameters of the selected ASHP unit in this study. 

Item Parameters Value Unit 

1 Rated cooling capacity 5.2 kW 

2 Rated heating capacity 6.5 kW 

3 Rated cooling power consumption 1600 kW 

4 Rated heating power consumption 1840 kW 

5 Rated cooling COP 3.25 –

6 Rated heating COP 3.53 –

7 Total price in Guangzhou, China 80 0 0 CNY 
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Table 2 

Two frosting experimental cases. 

Item Parameters Case F1 Case F2 

1 Valves (status) With (fully open) With (evenly adjusted) 

2 Water collecting trays With With 

3 FEV of outdoor coil FEV 1 ( < 100%) FEV 2 ( ≈100%) 

4 Frosting duration 60 min 60 min 
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ith frost accumulated at different FEVs. Then, these experimen-

al results and calculations, such as the coefficient of performance

COP), indoor air thermal energy supplied during frosting opera-

ion, and defrosting duration, etc., were collected and used in later

echno-economic evaluations. The third step was the development

f equations, including the first and subsequent running costs at

ifferent operating stages. After a series of conditions were as-

umed, the fourth step, a Techno-Economic Evaluation, is given.

inally, the techno-economic analysis on frosting/defrosting opera-

ions for optimized ASHP units is undertaken. The energy perfor-

ance analysis, working as the basis of this study, is shown in

ection 1 . The economic performance was analyzed in Section 2 ,

hich is the focus of this study. 

.1. Experimental study 

.1.1. Experimental setup 

An experimental ASHP unit was specifically designed for carry-

ng out the experimental work illustrated in Fig. 1 . The selected

SHP unit was a split-type that consisted of a swing type com-

ressor, an accumulator, a four-way valve, an electronic expansion

alve, an indoor coil and an outdoor coil. It was modified from

 commercial variable speed Daikin ASHP unit, with its’ perfor-

ance parameters listed in Table 1 . In the experimental ASHP unit,

he indoor coil used was the prototype, with its model name of

TXD50FVM. However, considering the effects of trays and valves,

 three-parallel refrigerant circuit outdoor coil was specially de-

igned and used. As shown in Fig. 2 , three solenoid valves (SVs)

nd three manual stop valves (MVs) were installed at the entrance

nd exit of each circuit in the outdoor coil. The solenoid valves

top the refrigerant flowing into/out of a circuit, and the manual

top valves were used to adjust the flow rates. Using this method,
he frost accumulation on the surface of a circuit could be changed,

nd thus the FEV of a multi-circuit outdoor coil can be improved

19] . In addition, under each circuit, water collecting trays were

sed to collect the melted frost. After the frost that accumulated

n the surface of each circuit melts, the water flows into a mea-

uring cylinder, which was connected with the corresponding tray.

hus, the collected melted frost could be weighed and calculated.

ith this method, as reported in previous energy studies [13,14,17–

9] , the frosting/defrosting operation performances of an ASHP unit

ould be effectively improved. 

.1.2. Experimental case studies 

The experimental ASHP unit was installed in an existing envi-

onmental chamber having a simulated heated indoor space and a

imulated outdoor frosting space. The indoor and outdoor environ-

ent was controlled by the DX A/C system and two load generat-

ng units. The three-circuit outdoor coil was installed in the out-

oor frosting space, where the frosting/defrosting cycle operations

ere carried out. Detailed experimental procedures and conditions

ere reported in References [17,20,22] . In a frosting/defrosting cy-

le, the frosting operation occurred first. After installing the valves,

he frosting performance could be effectively optimized. There-

ore, frosting experiments should be first undertaken before de-

rosting experiments. As listed in Table 2 , two frosting experimen-

al cases were designed, with both valves installed. Two different

EVs, FEV 1 and FEV 2 , were reached with valves fully open and

venly adjusted. In a frosting/defrosting cycle, the frosting duration

as fixed at 60 min. Frosting operation performance of an ASHP

nit at different FEVs could be obtained from the experiments. As

he baseline for comparison, valves in Case F1 were fully open, and

he FEV 1 was less than 100% due to the refrigerant and air be-

ng unevenly distributed. In Case F2, valves were evenly adjusted,

iving an FEV 2 value of almost 100%. Thus, the effects of valves

ere obvious in both cases. 
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Fig. 2. Details of the three-parallel refrigerant circuit outdoor coil in this study [19] . 

Fig. 3. Four typical conditions in this study. 

Table 3 

Four defrosting experimental cases. 

Item Parameters Case D1 Case D2 Case D3 Case D4 

1 Valves Without Without With With 

2 Water collecting trays Without With Without With 

3 Frosting duration 60 min 60 min 60 min 60 min 

4 Cycle duration 70 min 70 min 70 min 70 min 

5 FEV of outdoor coil FEV 3 FEV 3 FEV 4 FEV 4 
6 Shown in Fig. 3 (a) (b) (c) (d) 
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The experimental results that form the basis for the economic

analysis process in this study mainly came from previous defrost-

ing experimental studies. Considering different installation styles

of trays and valves, four typical defrosting conditions existed, as

shown in Fig. 3 . To compare, the prototype condition is shown

in Fig. 3 (a), without any change for an ASHP unit. In Fig. 3 (b),

trays were installed under each circuit, and thus the melted frost

could be collected before it flowed downwards into the lower cir-

cuit(s). In this condition, the negative effects of downwards flow-

ing melted frost could be eliminated. In Fig. 3 (c), six valves were

installed at the entrance and exit of the three circuits. In this con-

dition, the FEV and DEV for the three-circuit outdoor coil could be

adjusted [17–19] . However, in Fig. 3 (d), both the trays and valves

were installed. Four defrosting experimental cases were designed

and listed in Table 3 . In the defrosting experimental study, frost-
ng duration was also designed at 60 min, and 70 min for a frost-

ng/defrosting cycle. To keep the compressor safe, two periods of

–4 min were left for its shut down. The durations in a cycle

re illustrated in Fig. 4 . Clearly, after installing the valves, the FEV

hould be higher at the start of defrosting operations. Therefore,

EVs were at FEV 3 and FEV 4 in the four defrosting experimental

ases. FEV 4 was much higher than FEV 3 . Here, FEV 3 and FEV 4 are

he FEV values of the three-circuit outdoor coil at the start of de-

rosting without and with valves installed in each circuit, respec-

ively. 

.1.3. Experimental results and analysis 

Fig. 5 presents the airside surface conditions of the three-

ircuit outdoor coil at frosting operations in two experimental

ases. Fig. 5 (S1) and 5(S2) were at frosting after 10 min from the

tart, and Fig. 5 (T1) and 5(T2) at their termination. It is obvious

hat frost accumulation in Case F2 was more even than that in

ase F1. Frosting study shows that, when the opening degrees of

alves were different, their FEVs changed. In Fig. 5 , the FEV 1 was

alculated at 75.7%, and the FEV 2 at 90.5%. Table 4 lists the ex-

erimental results. In Case F1, the average value of COP in 60 min

as 4.10, with total indoor heat supplied 11,116 kJ. In Case F2, the

wo values were 4.26 and 11,543 kJ, respectively. In addition, aver-

ge value of COP and total indoor heat supplied in the first 10 min

ere specially listed at 4.23 and 1922.6 kJ in Case F1, and 4.29 and

942.4 kJ in Case F2, respectively. All the values in Case F1 were
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Fig. 4. Durations in a frosting/defrosting cycle in this experimental study. 

Fig. 5. Airside surface conditions of the three-circuit outdoor coil [22] . 

Fig. 6. Airside surface conditions at the start of defrosting in four cases [17,18] . 

Table 4 

Experimental results of the two frosting cases. 

Item Parameters Case F1 Case F2 

1 Valves’ status Fully open Evenly adjusted 

2 FEV of outdoor coil 75.7% 90.5% 

3 Average value of COP (60 min) 4.10 4.26 

4 Average value of COP (first 10 min) 4.23 4.29 

5 Indoor heat supplied (60 min) 11,116 kJ 11,543 kJ 

6 Indoor heat supplied (first 10 min) 1922.6 kJ 1942.4 kJ 

7 Conditions shown in Fig. 3 (a) and (b) (c) and (d) 

8 Results shown in Fig. 4 (S1) and (T1) (S2) and (T2) 
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ower than those in Case F2. This data is used in the later calcula-

ions. 
Different from Fig. 5, Fig. 6 shows the airside surface conditions

t the start of defrosting for the three-circuit outdoor coil in four

ases. Because no water collecting trays were placed under the cir-

uits in Fig. 6 (T1) and 6(T3), the effects of melted frost and FEV

ere coupled [17] . However, in Fig. 5 (T2) and 5(T4), with trays in-

talled to eliminate the effects of melted frost flowing downwards,

nly the effect of FEV on the defrosting performance was evaluated

18] . Due to the valves installed on each circuit, in Fig. 6 (T3) and

(T4), their FEVs were both at FEV 4 , 96.6%. However, compared to

he outdoor coil without valves installed, their defrosting started at

ower FEVs, at 82.6% and 79.4% for Cases D1 and D2, respectively.

ome experimental results are listed in Table 5 . From Case D1 to

ase D4, their total frost accumulations were 878 g, 10 0 0 g, 881 g,

nd 969 g, respectively. The frosting duration was 60 min, but their

efrosting durations were 205 s, 197 s, 185 s, and 175 s, respectively.
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Table 5 

Experimental results of the four defrosting cases. 

Item Parameters Case D1 Case D2 Case D3 Case D4 

1 FEV of outdoor coil 82.6% 79.4% 96.6% 96.6% 

2 Total frost accumulation 878 g 10 0 0 g 881 g 969 g 

3 Defrosting duration 205 s 197 s 185 s 175 s 

4 Total power inputs 124.6 kJ 128.0 kJ 107.6 kJ 117.3 kJ 

5 Energy from indoor air 666.1 kJ 673.7 kJ 541.2 kJ 561.5 kJ 

6 Condition shown in Fig. 3 (a) (b) (c) (d) 

7 Results shown in Fig. 6 (T1) (T2) (T3) (T4) 
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Table 6 

Calculation data and experimental results of the two frosting cases. 

Item Parameters Case F1 Case F3 

1 Valves’ status Fully open Evenly adjusted 

2 FEV of outdoor coil 75.7% 96.6% 

3 Average value of COP (60 min) 4.10 4.55 

4 Average value of COP (first 10 min) 4.23 4.58 

5 Indoor heat supplied (60 min) 11,116 kJ 11,719 kJ 

6 Indoor heat supplied (first 10 min) 1922.6 kJ 1950.6 kJ 

7 Conditions shown in Fig. 3 (a) and (b) (c) and (d) 
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To undertake this economic analysis work, total power inputs to

compressor and indoor air fan, and thermal energy from the in-

door air were calculated and presented. 

2.2. Assumptions and calculation conditions 

To analyze the economics of the frosting/defrosting operation

performances, fundamental assumptions, frosting assumptions, de-

frosting assumptions, and cooling assumptions were given. The

first type was assumed for all operating seasons, and the follow-

ing three types for different operating seasons. 

2.2.1. Fundamental assumptions 

In this work, the following nine fundamental assumptions were

firstly given: 

i. Installation, running and maintenance costs of solenoid valves

and the three-circuit outdoor coil on each circuit were ne-

glected. 

ii. Service life of an ASHP unit was assumed to be 15 years, and

unit price of electricity at 0.9 CNY/kWh [16] . 

ii. In the whole service life of an ASHP unit, three operating sea-

sons were divided: heating season with frost formation, heating

season without frost formation, and cooling season. 

iv. Durations of three operating seasons were constant, and as-

sumed as climate conditions of Beijing city (Heating season:

Nov. 15–Mar. 15 [35] ). 

v. In the heating season with frost formation, duration of a frost-

ing/defrosting cycle was assumed at 70 min. 

i. In a frosting/defrosting cycle, frosting duration was fixed at

60 min, and two periods of 3–4 min for compressor shut down

were left for its safety, as illustrated in Fig. 4 ; (To avoid an

undesired shutdown for the ASHP unit, the frosting duration

was not longer than 60 min in practical application.). 

ii. Defrosting durations in four typical cases, system COP and de-

frosting efficiency were constant. 

ii. All ambient air parameters, such as air temperature and relative

humidity, were constant at fixed operating seasons. 

x. For the cases without valves installed, their FEVs were fixed at

75.7%. For the cases with valves installed, their FEVs were fixed

at 96.6%. 

2.2.2. Frosting assumptions 

To calculate the running cost at frosting stage, system COP and

indoor heat supplied should be obtained. Therefore, the following

assumptions were also given. 

i. Durations of heating season with frost formation and heating

season without frost formation were both assumed to be 60

days/year. 

ii. In heating season with frost formation, cycle operating was

assumed to be 15 times/day. In heating season without frost

formation, duration of frosting operating was assumed to be

12 h/day. 
ii. When an ASHP unit works during the heating season with frost

formation, system frosting COP was assumed at the average

value of COP in 60 min, as listed in Item 3 in Table 4 ; (As pre-

sented in our previous work [36] , when it reached 60 min, the

COP decreased dramatically.). 

iv. When the ASHP unit works during the heating season without

frost formation, the system COP was assumed at the average

value of COP in the first 10 min as listed in Item 4 in Table 4 . 

v. COP showed a good linear relationship with the FEV, allowing

the values of COP at different FEVs to be calculated. 

i. Total indoor heat supplied showed a good linear relationship

with the FEV. The values of indoor heat supplied at different

FEVs could be calculated. 

Based on the six assumptions and the data listed in Table 4 ,

 series of experimental results in Case F3 were calculated and

ummarized in Table 6 , with its FEV at 96.6%. Clearly, all the data

n Case F3 were much bigger than those in Case F1 and Case F2.

he COP and total indoor heat supplied at different stages listed in

able 6 would be used in the economic analysis. 

.2.3. Defrosting assumptions 

To calculate the running cost at defrosting stage, the following

ve conditions were further assumed: 

i. Defrosting duration showed a good linear relationship with the

FEV, thereby, the defrosting durations at different FEVs could be

calculated. 

ii. Total power inputs to compressor and indoor air fan showed

a good linear relationship with the FEV, allowing the values of

total power inputs to compressor and indoor air fan at different

FEVs to be calculated. 

ii. Energy from indoor air showed a good linear relationship with

the FEV, allowing the relative values at different FEVs to be cal-

culated. 

iv. FEV showed a good linear relationship with the total frost ac-

cumulation. Therefore, the FEVs could be calculated when the

total frost accumulated changed. 

v. Frost accumulation difference between Case D2 and Case D4,

31 g, was considered to have evaporated and was neglected. 

Based on the five assumptions and the data listed in Table 5 ,

 series of experimental results in the four typical cases were cal-

ulated. As listed in Table 7 , results in Case D5 to Case D8 were

ased on the Case D1 to Case D4, respectively. In Cases D5 and D6,
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Table 7 

Calculation data and experimental results of the four defrosting cases. 

Item Parameters Case D5 Case D6 Case D7 Case D8 

1 FEV of outdoor coil 75.7% 75.7% 96.6% 96.6% 

2 Total frost accumulation 10 0 0 g 10 0 0 g 969 g 969 g 

3 Defrosting duration 245 s 202 s 203 s 175 s 

4 Total power inputs 151.5 kJ 130.3 kJ 118.3 kJ 117.3 kJ 

5 Total energy from indoor air 828.8 kJ 697.8 kJ 595.3 kJ 561.5 kJ 

6 Condition shown in Fig. 3 (a) (b) (c) (d) 
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heir FEVs were changed from 82.6% and 79.4% to 75.7%. Clearly,

efrosting duration, total power inputs, and energy from indoor air

n Cases D5 and D6 were larger than those in Cases D1 and D2. In

ases D5, D7 and D8, their total frost accumulations were changed

rom 878 g, 881 g, and 969 g to 10 0 0 g. At the same time, the de-

rosting duration, total power inputs to compressor and indoor air

an, and thermal energy from indoor air were calculated and listed

n Table 7 . All these data will be used in the economic analysis. 

.2.4. Cooling assumptions 

Due to the trays and valves in cooling operation mode not being

xperimentally demonstrated, their running cost differences in the

our typical cases were neglected. However, in the economic analy-

is work, all the cost during its operating life should be considered.

herefore, to calculate the running cost of the ASHP unit working

n the cooling season, the following conditions were assumed: 

i. Duration of cooling season was assumed to be 120 days/year,

12 h/day. 

ii. System COP was assumed at the rated value, and Capacity of

the ASHP unit at the rated cooling value, as listed in Table 1 . 

Based on the total 22 given assumptions in four types, the cost

alculation equations used in the techno-economic analysis are

iven in the following section. 

.3. Economic analysis equations 

.3.1. Initial cost 

Initial costs of three water collecting trays and six valves are

 f, T and C f, V , and their installation costs C i, T and C i, V , respectively.

he total initial cost of the new ASHP unit, C f, i , covered the cost of

n ASHP unit, C ASHP , and the additional initial cost of trays and

alves. They were separately evaluated by, 

 f,D 5 = C ASHP , (1) 

 f, D6 = C ASHP + C f,T + C i,T , (2) 

 f, D7 = C ASHP + C f,V + C i,V , (3) 

 f,D 8 = C ASHP + C f,T + C i,T + C f,V + C i,V . (4)

Initial cost of an ASHP unit was 80 0 0 CNY, which was the

ame in the four typical cases. Additional initial cost of trays and

alves was approximately 30 CNY and 300 CNY, respectively. The

rices were relatively high because they were made-to-order for

his study. However, if batch production of this equipment could

e achieved, the additional initial costs of trays and valves are ex-

ected to be as low as 15 CNY and 150 CNY, respectively. Clearly,

n Case D5, the total initial cost was the least, and in Case D8 the

ost. The biggest total additional initial cost, 165 CNY in Case D8,

as only 2% of the initial cost of an ASHP unit. 
.3.2. Running cost 

As shown in Fig. 7 , the running costs of an ASHP unit in a year

ere calculated in three typical seasons (TSs). TS1 is heating sea-

on with frost formation, which contains frosting period and de-

rosting period. At the first period of TS1, TS2 and TS3, the running

osts came from electricity consumption by the compressor, indoor

nd outdoor air fans. At the second period, the outdoor air fan

as turned off. However, indoor air thermal energy would be con-

umed during defrosting, which came from the ambient air during

rosting operation. Therefore, the corresponding electricity cost of

ndoor air thermal energy consumed was included. In Section 1 ,

S1 and TS2 are both in winter, which are different in four typ-

cal cases, due to their different energy performances. However,

n Section 2 , TS3 is in summer, which is the same in four typical

ases, with their energy performances assumed to be constant. 

TS1: Heating season with frost formation: In this typical season,

he total running cost, C r, FDH , includes three parts of electricity

ost, (1) Electricity cost at frosting operation, C r, F , (2) Electricity

ost at defrosting operation, C r, DF , and (3) Corresponding electric-

ty cost of indoor air thermal energy consumed at defrosting oper-

tion, C r, ITE, DF . This can be expressed as: 

 r,F DH = C r,F + C r,DF + C r,IT E,DF , (5) 

here, electricity cost at frosting operation could be obtained by,

 r,F = C r,comp,F + C r,id, fan,F + C r,od, fan,F , (6) 

ere, C r, comp , F was the running cost of the compressor at frosting

peration: 

 r ,com, F = C e,unit × P F × T Y × T F DH × T OT × T DF . (7) 

In this equation, C e, unit is the unit price of electricity. P F is the

ompressor power consumption at frosting operation, which could

e tested in the experiment. In this study, the rated heating power

onsumption was 1840 kW, as listed in Table 1 . T Y was the service

ife of an ASHP unit, which is dominated by the level of mainte-

ance work, and assumed at 15 years. In addition, the duration of

eating season with frost formation in a year, T FDH, and the op-

rating cycle times in a day, T OT, were assumed to be 60 days and

0 times, respectively. T DC was the duration of a frosting/defrosting

ycle. In Eq. (5) , C r, id, fan and C r , o d, fan are the running costs of in-

oor and outdoor air fans, which can be separately calculated by,

 r ,id, fan = C e,unit × P id, fan × T Y × T F DH × T OT × T DF , (8) 

 r ,od, fan = C e,unit × P od, fan × T Y × T F DH × T OT × T DF . (9) 

However, during frosting operation of an ASHP unit, the frost

ccumulated on the surface of the outdoor coil, adversely affects

he capacity of the outdoor air fan [13,14] . Therefore, the running

ost of the outdoor air fan was always calculated by, 

 r,od, fan = C e,unit × P a v e,od, fan × T Y × T F DH × T OT × T DF , (10) 

here, P ave, od, fan is the average power consumption of the outdoor

ir fan, which could be tested in the experimental study. Then, us-
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TS1: Heating season with frost formation

Part 1: Frosting period
l A: Compressor electricity consumption;
l B: Indoor air fan electricity consumption;
l C: Outdoor air fan electricity consumption;

Part 2: Defrosting period
l D: Compressor electricity consumption;
l E: Indoor air fan electricity consumption;
l F: Indoor air thermal energy consumption.

TS2: Heating season without frost formation

l A: Compressor electricity consumption;
l B: Indoor air fan electricity consumption;
l C: Outdoor air fan electricity consumption.

TS3: Cooling season

l A: Compressor electricity consumption;
l B: Indoor air fan electricity consumption;
l C: Outdoor air fan electricity consumption.

Section 1:
In winter;
Different in four cases.

Section 2: 
In summer;
Same in four cases.

Fig. 7. Running costs of ASHP unit in three typical seasons of a year. 
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ing Eqs. (6 )–( 8 ) and (10) , the total electricity cost during the frost-

ing operation was, 

 r , F = C e,unit × ( P f + P id, fan + P a v e,od, fan ) × T Y × T F DH × T OT × T DF . 

(11)

In this study, the C r, F was also calculated by, 

 r , F = 

Q id,air,F 

CO P F 
, (12)

where, Q id, air , F was the indoor air thermal energy supplied at

frosting operation, or the rated heating capacity, at 6.5 kW, listed

in Table 1 . COP F was the system COP at frosting operation, which

could be calculated at Section 2.2.2 using the relative FEVs. Further,

in Eq. (5) , the running cost of defrosting operation, C r, DF , covered

the running costs of compressor and indoor air fan. It was, 

 r ,D F = C r,comp, DF + C r,id, fan,DF . (13)

In this equation, different from the C r, comp, f in Eq. (6) , the run-

ning cost of the compressor during defrosting, C r, comp , DF , was eval-

uated by, 

 r,comp, DF = C e,unit × P DF × T Y × T F DH × T OT × T DD , (14)

where, the defrosting power consumption of the compressor, P DF ,

and duration of defrosting in a cycle, T DD , were changing with the

working conditions. In this period, the electricity cost of the indoor

air fan was given by, 

 r ,id, fan,DF = C e,unit × P id, fan × T Y × T F DH × T OT × T D D . (15)

Thus, using Eqs. (13 )–(15) , the following equation yields, 

C r ,D F = C e,unit × ( P DF + P id, fan ) × T Y × T F DH × T OT × T DD . (16)

However, the electricity cost at defrosting operation, C r, D F , was

calculated by Eq. (13) . In this equation, the electricity consumption

data of the compressor and indoor air fan were collected in experi-

mental study, which are listed in Table 7 . Finally, in Eq. (5) , the cor-

responding electricity cost of indoor air thermal energy consumed

at defrosting operation, C r, ITE , was evaluated by, 

 r,IT E = 

Q id,air,DF 

CO P F 
. (17)
The COP F can be calculated during frosting operation by, 

O P F = 

Q id,air,F 

( P comp + P id, fan + P a v er,od, fan ) × T DF 

. (18)

Here, the indoor air thermal energy supplied at frosting opera-

ion, Q id, air, F , is: 

 id,air,F = c i,air m i,air �t = c i,air ρi,air V i,air ( T ind , in − T ind,out ) , (19)

here ρ i, air is the density of air in the indoor heated space, V i, air 

he volumetric flow rate of air passing through the indoor coil,

 ind, in and T ind, out the average values of measured air tempera-

ures at the inlet and outlet of the indoor coil. All parameters were

btained in the experiments, as well as the indoor air thermal en-

rgy consumed at defrosting operation, Q id, air, D F in Eq. (17) . Con-

idering Eqs. (5) , (11) , (16) , and (17) , the total running cost of an

SHP unit in the heating season with frost formation is: 

 r,F DH = C e,unit × T Y × T F DH × T OT × [( P f + P id, fan + P a v e,od, fan ) × T DF 

+ ( P DF + P id, fan ) × T DD ] + 

Q id,air,DF 

CO P F 

. 

(20)

However, in this study, it was evaluated by Eqs. (5) , (12) ,

13) and (17) : 

 r,F DH = 

Q id,air,F + Q id,air,DF 

CO P F 

+ C r,comp,DF + C r,id, fan,DF . (21)

TS2: Heating season without frost formation: When an ASHP unit

orks in the heating season without frost formation, the total run-

ing cost, C r, NFDH , includes three parts of electricity cost, (1) elec-

ricity cost of compressor, C r , comp, h , (2) electricity cost of indoor

ir fan, C r, id, fan , and (3) electricity cost of outdoor air fan, C r , o d, fan :

 r, NFDH = C r,comp,NF DH + C r,id, fan + C r,od, fan . (22)

In this equation, the three unknown parameters can be calcu-

ated by, 

 r,comp, NFDH = C e,unit × P NF DH × T Y × T NFDH × T ODH , (23)
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 r,id, fan = C e,unit × P id, fan × T Y × T NF DH × T ODH , (24) 

 r,od, fan = C e,unit × P od, fan × T Y × T NF DH × T ODH , (25) 

In Eqs. (23 )–(25) , T ODH is the system operating duration in a day

n the heating season without frost formation, assumed to be 12 h.

onsidering Eqs. (22 )–(25) , the total running cost in the heating

eason without frost formation can be evaluated by, 

 r,NF DH = C e,unit × ( P NFDH + P id, fan + P od, fan ) × T Y × T NF DH × T ODH . 

(26) 

In this study, it was also evaluated by, 

 r, NFDH = 

Q id,air,NF DH 

CO P NF DH 

, (27) 

here, the indoor air thermal energy supplied at the frosting oper-

tion and the system COP in this season, Q id, air, NFDH and COP N FDH ,

ere also obtained from experiments. 

TS3: Cooling season: The total running cost for an ASHP unit in

he cooling season, C r, C , consists of the electricity cost of the com-

ressor, C r, comp , C , electricity cost of the indoor air fan, C r, id, fan , and

lectricity cost of the outdoor air fan, C r , o d, fan : 

 r,C = C r,comp, C + C r,id, fan + C r,od, fan . (28) 

In Eqs. (22) and (28) , the three unknown parameters were eval-

ated by, 

 r,comp, C = C e,unit × P C × T Y × T C D × T ODC , (29) 

 r,id, fan = C e,unit × P id, fan × T Y × T CD × T O DC , (30) 

 r, o d, fan = C e,unit × P od, fan × T Y × T CD × T O DC , (31) 

In Eqs. (29 )–(31) , the system operating duration in the cooling

eason, T ODC , was assumed to be 12 h. Using the three equations,

he total running cost can be expressed as, 

 r, C = C e,unit × ( P C + P id, fan + P od, fan ) × T Y × T C D × T ODC . (32)

In this study, the total running cost in the cooling season was

lso obtained by, 

 r,C = 

Q id,air,C 

CO P C 
. (33) 

In the four typical cases, the indoor air thermal energy taken

way during the cooling operation, Q id, air , C , was replaced by the

ated cooling capacity of the ASHP unit, at 5.2 kW. At the same

ime, the system COP in the cooling season, COP C , also used the

ated value at 3.25. The two values are both listed in Table 1 . 

.3.3. Economic analysis model 

Total running costs in four typical cases were: 

 r,i = C r,F DH,i + C r,NF DH,i + C r,C,i ( i = D 5 , D 6 , D 7 , and D 8 ) . (34) 

Considering Eqs. (20) , (26) , (32) and (34) , it can be evaluated

y, 

 r = C e,unit T Y { T F DH T OT [( P F + P id, fan + P a v e,od, fan ) T DF 

+ ( P DF + P id, fan ) T DD ] + ( P H + P id, fan + P od, fan ) T NF DH T ODH 

+ ( P C + P id, fan + P od, fan ) T CD T ODC } + 

Q id,air,DF 

CO P F 

. (35) 

In this study, C r was also calculated by Eqs. (21) , (27) , (33) and

34) , as, 

 r = 

Q id,air,F + Q id,air,DF 

CO P F 

+ 

Q id,air,NF DH 

CO P NF DH 

+ 

Q C 

CO P C 

+ C r,comp,DF + C r,id, fan,DF . (36) 

1  
Therefore, the total costs in four typical cases were separately

xpressed as: 

 r, D5 = 

Q id,air,F + Q id,air,DF 

CO P F 
+ 

Q id,air,NF DH 

CO P NF DH 

+ 

Q C 

CO P C + C r,comp,DF + C r,id, fan,DF + C ASHP 

, (37) 

 r,D 6 = 

Q id,air,F + Q id,air,DF 

CO P F 

+ 

Q id,air,NF DH 

CO P NF DH 

+ 

Q C 

CO P C + C r,comp,DF + C r,id, fan,DF + C ASHP + C f,T + C i,T 

, (38) 

 r, D7 = 

Q id,air,F + Q id,air,DF 

CO P F 

+ 

Q id,air,NF DH 

CO P NF DH 

+ 

Q C 

CO P C + C r,comp,DF + C r,id, fan,DF + C ASHP + C f,V + C i,V 

, (39) 

 r,D 8 = 

Q id,air,F + Q id,air,DF 

CO P F 
+ 

Q id,air,NF DH 

CO P NF DH 

+ 

Q C 

CO P C 
 C r,comp,DF + C r,id, fan,DF + C ASHP + C f,T + C i,T + C f,V + C i,V 

. (40) 

Based on all the listed assumptions and known experimental

ata, all the costs in four typical cases could be calculated with

he 40 equations given in this Section. 

. Results and discussions 

All the calculation results are shown in Figs. 8–13 . Among them,

he running costs of four typical cases are presented in Figs. 8–10 ,

nd total costs shown in Figs. 10 and 11 . Proportions of initial cost

nd additional initial cost in the total cost are shown in Fig. 12 .

ariation of electricity unit price is discussed and presented in

ig. 13 . 

Fig. 8 (a) shows the running costs of four typical cases in three

ypical seasons over 15 operating years. In the cooling season, the

unning costs are always the highest. This resulted from the oper-

ting duration this season being the longest, at 21,600 h. However,

he operating duration in the heating season with frost formation

as only 13,500–15,750 h, and that in the heating season with-

ut frost formation the shortest, at 10,800 h. In four typical cases,

he running costs in the cooling season are same at 31,104 CNY.

his is because of the effects the valves have on the system COP in

his operating season were neglected. For the running cost in the

eating season with frost formation, the differences in four typi-

al cases were obvious due to the effects of the trays and valves.

rom highest to lowest, their values were 21251.46 CNY in Case

5, 20952.48 CNY in Case D6, 18758.5 CNY in Case D7, and 18711.1

NY in Case D8. The largest difference between Cases D5 and D8

emonstrated that, the running cost of the ASHP unit in the heat-

ng season with frost formation could decrease by as much as

540.36 CNY or 11.95%, after the trays and valves were installed. In

ddition, for the running cost in the heating season without frost

ormation, from Case D5 to Case D8, the values were 14936.17 CNY,

4936.17 CNY, 13794.8 CNY, and 13794.8 CNY, respectively. The ef-

ects of the water collecting trays on defrosting performance did

ot exist in this operating season. But the effect of the valves was

hown, with the difference of 1141.37 CNY between Cases D5 and

8. It was demonstrated that, the running cost of the new ASHP

nit in the heating season without frost formation could decrease

y as much as 7.64%. Therefore, after optimizing the ASHP unit

ith trays and/or valves, its economic performance would be bet-

er. 

To clearly compare the running costs in the heating sea-

on in four typical cases, Fig. 8 (b) shows their running costs

n a year. It is obvious that the running cost in the heating

eason without frost formation was much more than that in

he heating season with frost formation. From highest to low-

st, the running costs in the heating season with frost forma-

ion were 1416.76 CNY in Case D5, 1396.83 CNY in Case D6,

250.57 CNY in Case D7, and 1247.41 CNY in Case D8. Their biggest
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Fig. 8. Running costs over 15 and 1 operating years. 

Case D5 Case D6 Case D7 Case D8
1,100

1,200

1,300

1,400

1,500

1,600

127.00

169.35

1,247.411,250.57

1,396.83
1,416.76

1,157.141,157.14

1,284.151,284.15R
un

ni
ng

 c
os

t (
C

N
Y

)

Four typical cases

 Electricity cost on frosting
 Total running cost

Case D5 Case D6 Case D7 Case D8
30

40

50

60

70

80

90

46.28
49.06

63.82

12.83

29.53

43.9944.36
48.86

56.81

75.80

R
un

ni
ng

 c
os

t (
C

N
Y

)

Four typical cases

 Electricity cost on defrosting
 Indoor air thermal energy consumed

Fig. 9. Running costs in the heating season with frost formation in 1 operating year. 
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Fig. 10. Running costs and total costs in a cycle and 15 operating years. 
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ifference was 169.35 CNY between Case D5 and Case D8. For the

unning costs in the four typical seasons in the heating season

ithout frost formation, their values were at 995.74 CNY in Cases

5 and D6, and 919.65 CNY in Case D7 and D8. Their biggest differ-

nce was also between Case D5 and Case D8, at 76.09 CNY, which

as smaller than the difference in the heating season with frost

ormation. This is because the water collecting trays installed had

o effect as there was no defrosting operation during the heat-

ng season without frost formation. In addition, the total difference

howed that, after trays and valves were installed, the total run-

ing cost during heating seasons could decrease by 245.44 CNY, or

0.17%. 

Furthermore, in order to clearly analyze the running cost con-

umed in the heating season with frost formation, Fig. 9 shows

he running costs in four typical cases in a year. As shown in

ig. 9 (a), the trends of the two curves are nearly the same. This

hows that the total running cost was mainly decided by the elec-

ricity cost of the frosting operation stage. It is reasonable, be-

ause the operation duration frosting is 60 min during a 70 min

eriod frosting/defrosting cycle. However, the total running cost

hows at D5 > D6 > D7 > D8, but electricity cost on frosting at
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D5 = D6 > D7 = D8. This is because the trays and valves had no ef-

fect at this stage. As shown in Fig. 9 (b), these effects were shown

on running costs of electricity on defrosting, and indoor air ther-

mal energy consumed during defrosting. Therefore, from highest to

lowest, the running cost was 1416.76 CNY in Case D5, 1396.83 CNY

in Case D6, 1250.57 CNY in Case D7, and 1247.41 CNY in Case D8.

Their biggest difference was 169.35 CNY between Case D5 and Case

D8. Here, the fact that the running cost could save a lot after trays

and valves were installed was further confirmed. Also, from the big

difference between Case D6 and Case D7, as shown in Fig. 9 (a), we

can find that the economic effects of valves are bigger than those

of trays. Due to the installation of trays and valves, in Fig. 9 (b),

the trends of the two curves show that, from Case D5 to Case D8,

their running costs became steadily smaller. Their biggest differ-

ence was also shown between Case D5 and Case D8, at 29.53 CNY

in indoor air thermal energy consumed, and 12.83 CNY in electric-

ity cost during defrosting. It is interesting that the value of indoor

air thermal energy consumed during the defrosting operation is al-

ways higher than the electricity cost of defrosting. This is because

the cold refrigerant takes more thermal energy from the indoor air

during defrosting. Clearly, the defrosting duration in Case D8 was

the shortest. Therefore, the running cost in this case was always

the lowest. 

In order to analyze the proportions of three running costs, in-

door air thermal energy consumed, electricity cost on defrosting

and frosting stages, the data showing the running cost of a frost-

ing/defrosting cycle in the heating season with frost formation is

available in Fig. 10 (a). In four typical cases, their total running

costs are decreasing steadily from Case D5 to Case D8. Their val-

ues were 1.574 CNY in Case D5, 1.552 CNY in Case D6, 1.389 CNY

in Case D7, and 1.386 CNY in Case D8. However, for the electric-

ity cost during frosting in four cases, although their values show

at D5 = D6 > D7 = D8, their proportions at D5 < D6 < D7 < D8. It is

easy to conclude that, the running cost saved at the defrosting

stage was much more than that saved at the frosting stage. This

also reflects the economic performance of an ASHP unit was highly

improved after the trays and valves were installed. Fig. 10 (b) shows

the total costs in the four typical cases over 15 operating years.

From big to small, their values were at 64880.46 CNY in Case D5,

64716.08 CNY in Case D6, 63910.52 CNY in Case D7, and 63895.80

CNY in Case D8. This directly reflects that the economic perfor-

mances of an ASHP could be effectively improved after trays or/and

valves are installed. With nearly the same initial costs, the total

costs in the four cases were mainly decided by their running costs.

The running cost in Case D5 was 56880.46 CNY, but 55730.80 CNY

in Case D8. That means that as much as 3681.75 CNY, or 5.47%, of

the running cost could be saved after the trays and valves are in-

stalled, from conditions (a) to (d) shown in Fig. 3 . With their initial

costs considered, the total cost decreased by as much as 3516.75

CNY, or 4.67%. 

Fig. 11 (a) shows total costs in four typical conditions over 15

operating years. As the Fundamental Assumptions are given, the

total costs kept increasing in line with the operating time. In

practical application, the total running cost would increase much

quicker than expected, because the energy performances of the

ASHP unit would decrease with time. Also, the maintenance costs

increase the total running cost. As shown in Fig. 11 (a), the running

cost relationship of four typical cases shows at D5 ≈ D6 > D7 ≈
D8. This also reflects the effects of valves were more obvious than

that of trays on the running cost. After 2 years of operation, their

differences were obvious. As shown in the inset in Fig. 11 (a), their

relationship became at D5 > D6 > D7 ≈ D8 after 12 years of opera-

tion. The running period enlarged their differences. Therefore, con-

clusions of this study play important roles in the budgeting work

of equipment procurement. To clearly show the biggest difference

of total costs in four typical cases, the difference between Cases
5 and D8 is further shown in Fig. 11 (b). Also, to further confirm

he effects of valves is larger than those of trays, the total cost dif-

erence between Case D6 and Case D7 in the 15 operating years is

hown in this figure. When their values were 0, the operating peri-

ds were both at 0.65 year. That means their additional initial costs

n Cases D6, D7 and D8 could be covered by their running costs in

.65 year, compared with the total cost in Case D5. When the op-

rating duration was 5, 10, or 15 years, the total costs saved could

e as much as 1062.25 CNY, 2289.50 CNY, and 3516.75 CNY, re-

pectively. Meanwhile, the total cost difference between installing

rays and valves was 976.78 CNY, 2088.58 CNY, and 3200.36 CNY,

espectively. 

Fig. 12 (a) shows proportions of the initial cost of the total cost

n four typical cases over 15 operating years. At the end of its

ife span, their relationship showed at D8 ≈ D7 > D6 ≈ D5. This

lso confirmed the installation of trays and valves could save more

oney in an ASHP unit’s application. As shown, when the recov-

ry proportions of initial costs were at 50%, 40%, 30% and 20%,

he operating durations were at 1.9, 2.9, 4.5, and 7.6 years, respec-

ively. That means, before the ASHP unit works 8 years, more than

0% of the initial cost could be recovered. After 15 years, the ini-

ial cost becomes only 10% of the total cost. It is also confirmed

hat the total cost is mainly decided by the running cost. After the

rays and valves are installed, the total cost could significantly de-

rease. To clearly show the additional initial cost effect on the to-

al cost during operation of an ASHP unit, Fig. 12 (b) shows pro-

ortions of the additional initial cost of the total cost over 15 op-

rating years in three typical cases. As shown, the curve of Case

6 was the lowest, because its additional cost was the smallest,

nly 15 CNY for the three water collecting trays. Therefore, after

he ASHP unit worked 5 years, 10 years, and 15 years, the propor-

ions of the additional initial cost of the total cost remained very

mall, at only 0.409%, 0.028%, and 0.020%, respectively. However,

he line of Case D8 was always the highest, because its additional

nitial cost was the most, 165 CNY for trays and valves. Although

he proportions in Cases D7 and D8 were much bigger, when the

SHP unit worked for 5 years, additional initial costs became less

han 0.6% of total cost. This also reflects the dominant role of run-

ing cost on economic analysis of an ASHP unit. In addition, this

gure shows that the additional initial cost played a minute effect

n the total cost. When the ASHP unit is changed for another with

 higher rated power, the running cost difference between a tra-

itional and modified ASHP would be larger, implying that more

oney could be saved by installing valves and trays in the multi-

ircuit outdoor coil due to improved operation performance and

ess energy consumed after modification. Thus, the modification of

he multi-circuit outdoor coil should be fully considered when we

esign or optimize a bigger scale residential ASHP unit or commer-

ial units (i.e. the rated heating capacity of the ASHP unit is higher

han 6.5 kW). 

In this study, the electricity unit price was assumed to be

.9 CNY/kWh. Proportions of initial cost of the total cost over 15

perating years with electricity unit price variation from 0.7 to

.1 CNY/kWh were discussed and presented in Fig. 13 . As seen, the

rend is decreasing as the electricity unit price increases. It is easy

o understand that the operation cost is affected by the electric-

ty price. At the same time, the difference of D6 and D4 is de-

reasing, from 0.83% with unit price at 0.7 CNY/kWh to 0.59% with

nit price at 1.1 CNY/kWh. That means, as the electricity unit price

ncreases, the additional initial cost effect on the total cost be-

omes smaller. If the electricity unit price decreases, we should

lso consider this modification with two reasons: 1) more energy

ould be saved with a higher rated power ASHP unit; and 2) en-

ironmental factor, more energy saved leads to a reduction in the

nvironmental pollution. It is well known that environmental prob-

em has a big negative influence on our life and society. There-
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ore, modifications should be fully considered no matter the unit

rice of electricity decreases or increases. This also demonstrates

he fundamental meaning of this study. 

. Conclusions 

A techno-economic analysis study on frosting/defrosting opera-

ions for an optimized ASHP unit, with trays and/or valves installed

ith its outdoor coil, was conducted and the results are reported.

he following conclusions are made from this paper: 

i. After the water collecting trays and/or valves were installed,

economic performance of an ASHP unit was effectively im-

proved. The total running cost decreased by as much as 3681.75

CNY, or 10.33%, the total cost 3516.75 CNY, or 4.67%, over 15

years of service life. 

ii. After installing both the water collecting trays and valves, the

running cost of the new ASHP unit in the heating season with

frost formation decreased by 2540.36 CNY, or 11.95%, and in

the heating season without frost formation the decrease was

1141.37 CNY, or 7.64%, over 15 years of service life. 

ii. The effect of valves on economic performance of the ASHP unit

is obviously better than that of trays. After water collecting

trays were installed, the total cost decreased by 283.98 CNY.

But the cost saved after the valves were installed enlarged 12.27

times, to 3484.34 CNY. 

iv. The payback period for the additional initial cost was calculated

at less than 8 months. Electricity unit price variation was fur-

ther discussed. Contributions of this research work play impor-

tant roles in application and evaluation of new technologies in

the HVAC field. 
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