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Abstract

The solar air collector assisted air source heat pump is demonstrated to be an
efficient clean heating technology, while the research on its working modes, and the
corresponding energy, exergy, economic, environmental (4E) analysis is insufficient. In
this study, a novel triangular solar air collector assisted air source heat pump (TSAHP)
for building heating is proposed, and three working modes including preheating, series
and parallel modes are illustrated. The energy model is established and used to
determine the optimal working mode, and solved by Python environment. Four
scenarios including TSAHP with three areas of triangular solar air collector (TSAC)

and conventional air source heat pump (ASHP) are compared based on the optimal
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working mode. Thermodynamic performance of the four scenarios under different

working conditions is analyzed, and result indicate that the TSAHP with 3 m? TSAC

can reduce the power consumption and exergy destruction of ASHP components by

321.9 kWh and 784.6 MJ respectively during the whole heating period. Economic

evaluation shows that TSAHP has the shortest payback period with moderate TSAC

area, and has economic advantages at low nominal interest rate and high electric power

cost with large TSAC area. In addition, based on the whole life cycle, 1 m? of TSAC

can reduce CO emission by more than 4500 kg.
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Nomenclature air circulating air of TSAC
A surface area (m?) comp compressor
C heat capacity (W/K) exc evaporator and condenser
Cp specific heat capacitance (J/(kg-K)) fan fan of evaporator and condenser
D hole aperture of perforated gc glass cover
corrugated absorber (m) ho insulation housing of TSAC
d thickness (m) hole hole of perforated corrugated
din inner diameter (m) in inlet
dout outer diameter (m) nv inverter
Exgest exergy destruction (W) mot motor
heonv convective heat transfer coefficient out outlet
(W/m?*K) ref refrigerant
hin convective heat transfer coefficient sol solar
of the inside surface (W/m*K) t total
hout convective heat transfer coefficient thr capillary throttle
of the outside surface (W/m%*K) Greek symbols
Nrad radiative heat transfer coefficient a absorptivity (-)
(W/m?/K) B inclination angle (°)
1 solar irradiance (W/m?) € emissivity (-)
i refrigerant enthalpy (J/kg) &r exchange efficiency (-)
ie the effective interest rate (%) Hcomp total compressor efficiency (%)
if inflation rate (%) Hest.pre exergy efficiency of preheating




L length (m)

m mass flow rate (kg/s)

n beneficial years

P pressure (Pa)

Pn porosity factor of perforated
corrugated absorber (-)

QOconv convective heat transfer (W)

On heating load of rural residence (W)

Orad radiant heat transfer (W)

Osol absorbed solar irradiance (W)

Ou net heat gain of TSAC (W)

r nominal intertest rate (%)

s entropy (J/mol/K)

T temperature (°C)

U overall heat transfer coefficient
(W/m?/K)

% specific volume (m3/kg)

/4 power (W)

y heat transfer area percentage (%)

Subscripts

ab perforated corrugated absorber

Hest.ser&par

Hif
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)

W
)

Abbreviations
SAHP
ASAHP

ASHP
TSAC
TSAHP

mode (%)

exergy efficiency of series and
parallel mode (%)

total finned efficiency (%)
polytropic exponent (-)

heat conductivity coefficient
(W/m/K)

density (kg/m?)

specific volume (m?/kg)
transmissivity (-)

exergy factor (W/kg)

fan speed (rpm)

solar-assisted heat pump

solar air collector assisted heat
pump

air source heat pump
triangular solar air collector
triangular solar air collector
assisted air source heat pump

1. Introduction

Climate change has become an indisputable fact, and the earth has warmed by

1.47 °C due to human activities since the first industrial revolution (Sakellariou et al.,

2021). Continuous temperature rise will cause irreversible damage to the earth's ecology,

as reducing carbon emissions has become the consensus of human (Pater., 2019). China

aims to have carbon dioxide emissions peak before 2030 and achieve carbon neutrality

before 2060. According to data released by the International Energy Agency (IEA),

China accounted for 25% of global carbon emissions in 2018, about 10 billion tons, and

building heating emissions contribute about 550 million tons (Chen et al., 2022).

Therefore, the development of clean heating technology has an important significance

to achieve carbon peak and neutrality (Esen, 2000).




The solar-assisted heat pump technology (SAHP) has been introduced and
researched, and is considered to be one of the most promising clean heating
technologies in the near future (Song et al., 2021a). Long et al. (2019) proposed a SAHP
system with a dual heat source integrated heat pump evaporator, which uses solar hot
water coils to preheat the air entering the evaporator, thus improving the evaporation
temperature and COP of the air source heat pump (ASHP). The COP of SAHP is
increased by 15% as the temperature of the solar hot water coil rise from 14.6 °C to
39.5 °C. Song et al. (2021b) compared a novel SAHP system with the traditional ASHP,
and the SAHP system can make full use of solar and air energy. When the solar
irradiance is 1000 W/m?, the COP of the SAHP system is 0.39 higher than the traditional
ASHP. Chen et al. (2020) tested SAHP performance in cold areas and achieved a COP
of 4.92 on sunny days. During the whole heating season, the operating costs of SAHP
are 65.6% lower than traditional ASHP. Liu et al. (2020) investigated SAHP system for
low-energy residential buildings in Alpine regions, and compared with traditional
ASHP, the SAHP system reduced energy consumption by 55.38% and increased COP
by 109.43%.

The above literature review shows that the SAHP system is technically feasible,
has higher COP than traditional ASHP, and is suitable for cold areas (Long et al., 2020;
Afshari., 2017). But its thermodynamic performance (Esen et al., 2007; Afshari., 2019),
economic feasibility and effect of carbon-emission reduction are a concern to the
decision-makers, 4E (energy, exergy, economic and environmental) analysis addresses

these issues (Rout et al., 2021). Singh et al. (2020a, 2020b) developed a batch-type



SAHP dryer, and experimented in both simple heat pump and the novel SAHP for
drying bananas. It can be concluded that the SAHP performs better in all aspects,
although the initial investment is higher than the simple heat pump, the total running
cost is lower, and the payback period is 3.9 years. Treichel and A.Cruickshank (2021a;
2021b) economically analyzed the applicability of traditional heat pump and SAHP
based on environmental parameters across Canada and the United States. The results
showed that the SAHP is economically feasible in locations with high electricity rate or
long heating periods. Cai et al. (2017) proposed a dual source multi-functional SAHP
system and calculated the exergy loss of the system under different working modes.
The components of maximum exergy loss vary under different working modes, and the
performance optimization of each working modes should focus on these key
components. Saloux et al. (2019) compared and evaluated the exergo-economy of the
SAHP system and the ASHP used for building heating. Two-dimensional exergy
diagram was used to illustrate the dynamic exergy performance of both systems, and
the SAHP is considered to have the best exergy efficiency. Ural et al. (2021a; 2021b)
tested the ASHP with fabric solar air collector, and evaluated its thermodynamic
performance and economy. The results showed that the electrical consumption of the
novel SAHP system decreased by 8%, total exergy efficiency values increased by 3.1%
and the levelized cost of heating dropped by 11.8%.

Compared with the other SAHP system, solar air collector assisted heat pump
(ASAHP) has advantages of simple structure, small initial investment, suitable for

evaporator of ASHP, and air as a heat transfer fluid does not need anti-freezing and is



not afraid of leakage. Kegel et al. (2012) compared the annual energy consumption and
utility cost of SAHP with solar water collector and ASAHP based on three different
single detached residential houses in Canada, and the ASAHP demonstrated better
energy savings and lower capital costs in all housing types. Treichel and A.Cruickshank
(2021c) deemed that the water type solar collector is intrusive to the evaporator of
ASHP, and ASAHP can reduce the secondary space cooling benefit and improve
heating efficiency by preheating the inlet air. The above literatures illustrated that the
ASAHP is an efficient and ideal residential heating method. However, to the authors’
knowledge, the working mode of the ASAHP considered in the literatures is only
limited to using the solar air collector to preheat the inlet air of the evaporator, while
researches on the operation strategy of ASAHP are rare as the ASAHP is suitable for
different working modes under variable operating conditions. Similarly, 4E analysis
related to operation strategy of ASAHP under different working modes has not been
researched till yet.

Considering the above gaps in the literature, the current work focuses on
completing the working modes of the ASAHP to ensure that the ASAHP has a
corresponding most efficient working mode under different operating conditions, and
the ASAHP is 4E analyzed under the optimal operation strategy to comprehensively
illustrate the feasibility of the system. A novel triangular solar air collector (TSAC) is
used as components of the ASAHP (TSAHP), and can penetrate more solar irradiance
with tilted glass cover. The contents of this research are as the following: (1) COP was

used as a standard to determine the optimal working mode under different operating



conditions based on the energy model; (2) Exergy performance of ASAHP systems on
four scenarios were compared and analyzed. (3) Economic methods consist of A7TC,
LCC and PP were used to evaluate the economic viability of the ASAHP. (4) ASAHP

carbon emissions based on the whole life cycle were calculated and compared.

2. System description

This chapter describes the working modes and mathematical model of TSAHP,
and the schematic of the TSAHP system is shown in Fig. 1. The system consists of the
TSAC, evaporator, condenser, rotary compressot, capillary throttle, fan, air duct and air
valves (AV). The TSAC with tilted glass cover increases the heat collection area, and
the perforated corrugated absorber (PCA) coated with chromium atomic deposition can
efficiently absorb solar irradiance and transfer heat to the circulated air which is drawn
into the TSAC through the upper air duct and discharged through the lower air duct
(Jiang et al., 2021). The TSAHP system has three working modes under different
operating conditions to achieve full utilization of solar energy. When solar irradiance
and ambient temperature are low, AV 2 and 3 are opened, and the TSAHP in preheating
mode. The outdoor air is heated by TSAC and enters the evaporator to improve
evaporation temperature and heat pump efficiency. This working mode is designed to
avoid low heat gain of indoor air into TSAC, as high temperature of indoor air causes
large heat loss of TSAC. When solar irradiance and ambient temperature are high, AV
1 and 4 are opened, and the TSAHP in series mode. The indoor air is heated by TSAC
and condenser successively, and returned to the room. This working mode is designed

to avoid a drop in thermal comfort due to insufficient circulating air outlet temperature



(the threshold for this research is 25°C). When the outlet temperature of the circulating
air exceeds 25 °C, AV 1 and 5 are opened, and the TSAHP in parallel mode, and the
circulating air returns directly to the room. The geometric and physical parameters of
TSAHP system are shown in Appendix. A.
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Fig. 1. Schematic of the TSAHP system.

3. Method

3.1. Assumptions

The mathematical model is developed to evaluate the 4E of TSAHP system, and
some assumptions are considered for simplicity:

a) There is no heat loss in air ducts and refrigerant circulation pipes.

b) The pressure drop in the air ducts and refrigerant circulation pipes are ignored.

c) The TSAHP system is operating in steady state.

d) The circulating air and refrigerant are one—dimensional steady flows.

e) The thermal properties of the system are temperature-independent except for

circulating air and refrigerant.



3.2. Energy model

TSAC is divided into glass cover, PCA, circulating air and insulation housing. The
heat transfer relationship consists of convection and radiation heat transfer between the
four parts of TSAC and outdoor environment. The radiation heat transfer inside TSAC
1s solved based on Kirchhoff’s irradiance law, and other heat transfer terms are
calculated by empirical formulas, as shown in Appendix. B. The energy conservation

equations are as follows:

Qsol.gc + Qconv.gc—outdoor + Qconv.gc—air + Qrad.gc—outdoor + Qrad.gc—ab + Qrad.gc—ho =0 ()
Quorab + Qeonvaab-air TQconvote + Qrad.ab—gc +Quag.abno T Qrad.aprar =0 (2)
Qeonvno-air T Qeonvnote + Qconv.gc—air + Qeonv.ap-air T Quair =0 3)
Qeonvhoair Qrad.ho—gc +Qradnoab + Qradnono =0 4)

Evaporator and condenser are finned-tube heat exchangers. The energy
conservation equation and heat transfer equation between refrigerant and air based on
heat transfer unit (NTU) method are as follows:

Quonvexcaair = Meef (iout - iin) (5)
Quonviexcair = Er.exceair Cair (Tair — Trer ) (6)

The heat exchange efficiency ¢ and air thermal capacitance rate of

r.exc-air
refrigerant in single-phase and two-phase regions are calculated by empirical formulas,
as shown in Appendix. C.

The compression process is considered as isentropic compression, and the
polytropic model is used to describe the refrigerant compression process (Armstrong et

al., 2014).
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comp.out — comp.in 7
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comp.in comp.out
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In (p;(/pcomp.in )

The total input power of compressor consists of motor power and inverter loss, the
motor power of compressor is calculated by introducing the combined efficiency, and

the inverter loss is considered as a linear function of motor power (Safijahanshahi et al.,

2019).
Wcomp :Wmot +Winv (9)
&1
Pooin [P x
Wmot ><77c0mb = mref ( £ j —— = _1 (10)
K—1 pcomp.in I:)comp.in
I:)comp out
Mooy = —0.145+1.213exp| —0.04 2wt (11)
comp.in
W, =0.0153W,_  +23.4 (12)

The refrigerant is isenthalpic at the inlet and outlet of the capillary throttle.
Lior out = Verin (13)
Evaporator and condenser fans are also considered. The input power of the fan

depending on the angular velocity is calculated as follows (Zakula et al., 2011).

W, =1.48x107 @*%32 (14)

fan
a)=:|.602.6I'T'IairVair +57.8 (15)
The COP is a key parameter to evaluate the energy efficiency of TSAHP under

three working modes, which can be calculated as:

COP=Q, /(W,qp +Wi,, ) (16)



The energy model of TSAHP system has been verified in literatures (Jiang et al.,
2021; Jiang et al., 2022). The absolute error of evaporation temperature is less than 2 °C,
the average relative error of COP is 7%. The average and maximum relative errors of
the net heat gain are 4.6% and 10.8%, respectively. During the test, the average
uncertainty of the recirculation air net heat gain was 12.3%. By comparing the above

data, the model is reliable.
3.3. Exergy analysis

The exergy models of the TSAHP system components are elaborated based on the
second law of thermodynamics. The exergy balance equation of the TSAC consists of
input exergy of the solar irradiance, input and output exergy of the circulating air and
exergy destruction (Hassan et al., 2021).

EXgestsac = ¥so Qoo = Mair Wairout —Vairin) (17)

The sun is assumed as infinite thermal source and temperature is equivalent to

6000 K. The exergy factor of solar irradiance is written as (Petela et al., 2003):

4
4(T 1T
— 1 _ - outdoor +— outdoor 1 8

sol sol

The solar irradiance absorbed by TSAC is calculated as the following:
Qsol = Qsol.gc +Qso|.ab (19)
The exergy of air at state (i) with environment as the reference state can be

calculated as follows:

Wairi = bairi — Lir outdoor _Toutdoor (Sair.i - Sair.outdoor) (20)



The exergy balance equation of the evaporator and condenser consists of input and
output exergy of refrigerant and air, and exergy destruction. The exergy of refrigerant
in state (i) also takes environment as the reference state.

EXgestexc = Mair Wairin — Yairout) T Mret Wretin = Wretout) (21

Vieti = Iref.i - Iref.outdoor _Toutdoor (Sref.i - Sref.outdoor) (22)

The exergy balance equation of the rotary compressor and capillary throttle can be
expressed as follows.
EXdest.comp = Wcomp = Mot W ot our — Wietin) (23)
EXestinr = Meet Wretin — Vet out) (24)
The exergy efficiency is the ratio of effective exergy and input exergy. When the
TSAHP system is on preheating mode, the condenser provides indoor heating, and the
exergy efficiency of TSAHP system is written as:

mair Wcon.air.ou _Wcon.air.in
nest.pre = ( t ) (25)
l//soIQsoI +Wcomp +Wfan

When the TSAHP system is on series and parallel modes, the TSAC and condenser
provide indoor heating, and the exergy efficiency of TSAHP system can be calculated
as:

_ mTSAC.air (WTSAC.air.out - l//TSAC.air.in ) + mcon.air (l//con.air.out - Wcon.air.in ) (26)
nest.ser&par - W W
V/soIQsoI + comp +

fan

3.4. Economic method

One of the evaluation methods of economic process is annual total cost (A7C),
which consists of the annual maintenance cost (AMC), annual electric power cost

(AEPC), and annual cost of initial cost (/C) and system salvage value (SV). AEPC is



the product of the electric power cost and the power consumption of the compressor
and fan during the heating season. The other economic parameters of TSAHP system

are presented in Table. 1 (Jiang et al., 2021).

ATC = AMC + AEPC + IC M _sv L 27)
(1+ie) —1 (1+ie) —1

The effective interest rate (ie) can be calculated by the nominal interest rate (r) and
the inflation rate (if).
ie=(1+r)/(1+if)—1 (28)
The life cycle cost (LCC) method can represent tomorrow’s cost with today’s
prices (Kavian et al., 2020), and the LCC method considers the /C and present value of
AMC, AEPC and SV.

Lcc = 1c +(Amc + agpc) 1) 1 g1
i(1+ie) (1+ie)

(29)

In addition, to better evaluate the economic performance of the TSAHP system,
the levelized cost of heating (LCOH) as the ratio of LCC and the present value of annual

heating capacity (4HC) is proposed as follows:

[ (1+ie)"—1j
LCOH =LCC /| AHCA—— (30)
ie(1+ie)

Compared to the traditional ASHP, the TSAHP coupled with the TSAC leads to
the growth in /C, while saving electricity and thus reducing the ATC. The payback

period (PP) for the TSAHP is defined as follows:

PP = ICTSAHP — ICASHP (31)
ATCASHP - ATCTSAHP

Table. 1. The economic parameters of TSAHP system (Jiang et al., 2021).



Parameter Value

IC of ASHP 500 $

IC of TSAC 54 $/m?
AMC 10% of ATC
N4 5% of IC
Electric power cost 0.14 $/(kWh)
n 20 years

r 1.75%

if 3.41%

3.5. Environmental impacts

Compared with the conventional ASHP, the TSAHP with TSAC can reduce the
annual electric power consumption (4EP) and CO: emission during system operation.
However, it is inappropriate to merely consider the CO; emission reduction during the
operation, as the TSAC cause energy consumption and CO> emission in the production,
transportation and dismantling process. Therefore, the CO; emission reduction
performance of the TSAHP based on the whole life cycle is analyzed. Considering the
loss of power transmission and distribution, the generation of 1 kWh electricity emit 2
kg of COz (Deniz et al., 2016), and the CO2 emission reduction of the TSAHP during

operation (ERCOxop) 1s calculated as follows:

ERCO,,, = (AEP,p — AEP,¢1p) X Nx 2 (32)

20p

The COz emission in the production process of TSAC (ECOzpro) 1s the product of
the materials consumption (MC) and the CO; emission factors (Cerl), the dismantling
process (ECOz4is) is 10% of the production process, and the transportation (ECO2a)
process should be considered in the transportation distance (7D) and carbon emission
factor per unit distance (Cef2). The CO2 emission parameters during TSAC production

and transportation are shown in Table. 2. The CO> emission of each process and the



CO; emission reduction performance of the TSAHP based on the whole life cycle

(ERCO2wic) can be calculated by the following equations:

ECO,,, = > (MCxC,1) (33)
ECO,, =Y (MCxTDxC,2) (34)
ERCO2wlc = ERCOZope - ECOZpro - ECOZdis - ECOZtra (35)

Table. 2. The CO; emission parameters of TSAC.

MC of 1m? TSAC Cefl TD Cef2
Glass cover  11.5 kg Polycarbonate 1.1 kg COxkg 500 km 0.3 kg CO2/(t-km)
PCA 1.7 kg Stainless steel 2.3kg COxkg 500 km 0.3 kg CO2/(t-km)
Insulation 4.8 kg Polystyrene board 5.0 kg COxkg 500 km 0.3 kg CO2/(t-km)
housing 6.3 kg galvanized sheet 2.8 kg CO2/kg 500 km 0.3 kg CO2/(t-km)

3.6. Numerical method

At the beginning of the 4E analysis, the energy model of TSAHP is solved to seek
for the optimal working mode. The geometric parameters of TSAC, evaporator and
condenser, and the physical parameters of corresponding materials are input. Boundary
conditions are determined including heating load, indoor temperature, outdoor
temperature and solar irradiation. The inlet temperature of the TSAC circulating air is
outdoor temperature on preheating mode, or indoor temperature on series and parallel
mode. The outlet temperature and net heat gain of circulating air are obtained by solving
the TSAC energy model, and as the boundary conditions of the ASHP energy model
according to the corresponding working modes. The COP of the three working modes
is calculated and the working mode with the maximum COP is selected. Based on the
optimal working mode, exergy loss of each component, different economic methods

and CO> emission reduction during whole life cycle are calculated. The numerical



method is realized by Python environment, and the physical parameters of circulating
air and refrigerant are calculated by the REFPROP package. The flowchart of the

numerical method is shown in Fig. 2.
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Fig. 2. Flowchart of the numerical method.

4. Result and discussion

To analyze the 4E performance of the TSAHP system, four scenarios including the
TSAHP system with three different TSAC areas and the conventional ASHP are
compared, as shown in Table. 3.

Table. 3. The describe of four scenarios.



Scenarios Configuration

1 TSAHP system with 1 m? TSAC
2 TSAHP system with 2 m?> TSAC
3 TSAHP system with 3 m?> TSAC
4 Conventional ASHP

The key parameters that affect the exergy performance of TSAHP system are solar
irradiance, outdoor temperature, indoor temperature and heating load of building. To
investigate the effects of single parameter, the alternative parameters were set at

Stal’ldard ValueS: Igc = 600 W/m2, Toutdoor = 0 OC, Tindoor = 18 OC, Qh = 2 kW
4.1. Energy analysis

As shown in Fig.3, in the three TSAHP scenarios, with the growth of solar
irradiance, energy consumption goes down and COP goes up as the circulating air outlet
temperature of the TSAC is improved. On the preheating mode, the heated circulating
air is directly blown into the evaporator, the evaporation temperature raises, and the
compressor compression ratio and energy consumption fall down. On series and
parallel modes, the net heat gain of the TSAC reduces the heat transfer demand by the
condenser, thus reducing the compression ratio and energy consumption. The energy
consumption of scenario 3 is the lowest, as TSAHP with larger TSAC area can use more
solar energy. When the solar irradiance is 300 W/m?, the working modes of the three
TSAHP scenarios are changed from preheating mode to series mode, and the slope of
energy consumption and COP rises. This is because the net heat gain of the TSAC is
directly input into the room on series mode, while the net heat gain is input into the
evaporator on preheating mode, which heat pump circulation is requires to enter the

room. The scenario 2 and 3 is turned into parallel mode when the solar irradiance is 600



and 450W/m? respectively, while scenario 1 remained in series mode as the TSAC area
is small and the outlet temperature of circulating air cannot reach the threshold.
Compared with the series mode, the TSAC flow rate and heat loss of the parallel mode
are minor, and the condensation temperature is not gone up as that under the series
mode, therefore, the slope of energy consumption and COP is larger. As the heating
load is constant, COP is inversely proportional to the energy consumption. Solar
irradiance does not affect the energy consumption and COP of the scenario 4. When the

solar irradiance is 900 W/m?, COP of scenario 3 is 5.7 times that of scenario 4.
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Fig. 3. The effect of solar irradiance on energy consumption and COP.

The effects of the outdoor temperature on the energy consumption and COP of the
four scenarios are illustrated in Fig. 4. With the rise of outdoor temperature, the energy
consumption of the TSAHP goes down, and COP increases, as the evaporation
temperature raises. When the outdoor temperature is 0 °C, the working mode of the
scenario 2 changed from series mode to parallel mode, and energy consumption

decreased significantly. With the enlargement of TSAC area, more net heat gain is



received and the energy consumption drops successively. When the outdoor
temperature is -12 °C, the difference of energy consumption between scenarios 1 and 2
1s less than that between scenarios 2 and 3. This is because at -12 °C, scenarios 1 and 2
are series mode but scenario 3 is parallel mode. When scenario 2 is transformed into
parallel mode, the energy consumption is greatly reduced, and the difference of energy
consumption between scenarios 1 and 2 is bigger than that between scenarios 2 and 3.
With the rise of outdoor temperature, the energy consumptions of 4 scenarios decrease,
and indoor heating load is constant, thus the COP raises and its slope increase. When
the outdoor temperature rises from -12 to 12 °C, COP difference between scenarios 3

and 4 ascends from 3.2 to 15.3.
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Fig. 4. The effect of outdoor temperature on energy consumption and COP.

Fig. 5 shows the effect of indoor temperature on the energy consumption and COP
of the four scenarios. With the increase of indoor temperature, the condensation
temperature and the compression ratio go up, thus the energy consumption goes up and

the COP goes down. The scenario 2 and 3 are turned into parallel mode when the indoor



temperature is 18 and 16 °C respectively, as the energy consumption is dropped slightly
and the COP has the same inflection point. At different indoor temperatures, the
working modes of three TSAHP scenarios are series and parallel modes and the inlet
temperature of the TSAC is the indoor temperature. When the indoor temperature is
higher, the temperature difference between the TSAC and the outdoor increase, as the
scenarios with large TSAC area has large heat loss and fast COP decrease. The COP
difference between scenarios 3 and 4 is 7.5 when the outdoor temperature is 12 °C, but

only 4.4 when the outdoor temperature is 24 °C.
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Fig. 5. The effect of indoor temperature on energy consumption and COP.

The effects of the heating load on the energy consumption and COP of the four
scenarios are illustrated in Fig. 6. As the heating load increases, the compression ratio
and the energy consumption of the compressor raises, in addition, the fan air volume
and the fan power consumption of evaporator and condenser goes up, thus the system
energy consumption increases. For scenario 3, when the heating load is 1000 kW, the

TSAC can fully take on the heating load, and the heat pump does not work. When the



heating load rises, the excess load needs the heat pump to operate, as the working
conditions and the net heat gain of TSAC are unchanged. The proportion of heating
load operated by TSAC is reduced, and the effect of TSAC is weakened. Therefore, the
COP of three TSAHP scenarios are gradually tends to the COP of scenario 4. However,
when the heating load is 3000 W, the COP of scenario 3 is still 3.5 higher than that of

scenario 4, indicating that TSAHP has obvious advantage under different heating loads.
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Fig. 6. The effect of heating load on energy consumption and COP.

To compare power consumption of the four scenarios under actual working
conditions, a typical meteorological parameter in Tianjin, China (39.98 °N, 117.38 °E),
and the heating load of a 36 m? rural residence under corresponding meteorological
parameter was adopted for simulation. Geometric and physical parameters of the rural
residence are listed in Appendix. A. Monthly power consumption of the four scenarios
during the heating period are show in Fig. 7. Monthly power consumption is mainly
affected by the outdoor temperature, and power consumption is the highest in January

as the outdoor temperature is the lowest. The power consumption of scenario 3 in



January is 81.2 kWh greater than that in December, and that in scenario 4 is 104.6 kWh
greater. In addition, the scenario with large TSAC area has low power consumption,
and power consumption of scenario 4 is the largest in the whole heating period, which

is 321.9 kWh larger than scenario 3.
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Fig. 7. The comparison of power consumption in heating period.

4.2. Exergy analysis

As shown in Fig.8, when the solar irradiance is below 150 W/m?, the TSAHP
system of the three scenarios are on the preheating mode, and the TSAC inlet
temperature is outdoor temperature, as the TSAC has low circulating air temperature
and little exergy destruction. With the rise of solar irradiance, the working modes of the
three scenarios turn into series and parallel modes, and the TSAC inlet temperature is
indoor temperature, the exergy destruction of TSAC and TSAHP increased. But the net
heat gain of the TSAC falls off the heat transfer demand by the condenser, thus reducing
the compression ratio and exergy destruction of TSAHP components other than TSAC,

as the exergy destruction of TSAHP tends to be stable. The exergy destruction of TSAC


file:///C:/Users/45706/AppData/Local/youdao/dict/Application/8.9.5.0/resultui/html/index.html#/javascript:;

is the largest among the TSAHP components, and the maximum TSAC area of scenario
3 leads to the large exergy destruction. When the solar irradiance is 450 W/m?, exergy
destruction of the scenario 3 goes down significantly as working mode changed from
series mode to parallel mode, and compared with the series mode, the TSAC flow rate
and exergy destruction of the parallel mode are minor. With the rise of solar irradiance,
effective exergy and input exergy increase simultaneously. On the preheating mode, the
net heat gain of the TSAC is input into the evaporator, and the rise of effective exergy
is slow and the exergy efficiency decreased, while on the series and parallel modes, the
net heat gain of TSAC is directly used for space heating, thus the exergy efficiency
gone up, and exergy efficiency of scenario with large TSAC area is higher. Solar
irradiance does not affect the exergy destruction and exergy efficiency of the scenarios
4, and when the solar irradiance is higher than 300 W/m?, the exergy efficiency of the

TSAHP system is higher than that of the scenarios 4.
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Fig. 9 shows the effect of outdoor temperature on the exergy destruction and
exergy efficiency of four scenarios. With the growth of outdoor temperature, the exergy
destruction of the ASHP decreases, as the evaporation temperature raises and the
compressor compression ratio falls down. In addition, the exergy destruction of TSAC
decreased, leading to a larger decrease of the TSAHP exergy destruction than that of
conventional ASHP. When the outdoor temperature is 0 °C, the working mode of the
scenario 2 changed from series mode to parallel mode, and exergy destruction
decreased significantly. With the growth of outdoor temperature, the effective exergy
and input exergy of scenarios 4 drop, and the exergy efficiency raises first and then
drops. While the effective exergy of TSAC increase leading to the exergy efficiency of
TSAHP ascend and exergy efficiency of scenario with large TSAC area is higher. When
the outdoor temperature rises from - 12 to 12 °C, the difference of exergy efficiency
between the scenarios 1 and 4 ascends from 23% to 50%, which indicated that the

TSAHP is superior at higher outdoor temperatures.
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The effects of the indoor temperature on the exergy destruction and exergy
efficiency of four scenarios are illustrated in Fig. 10. With the increase of indoor
temperature, the condensation temperature and the compression ratio go up, thus exergy
destruction of ASHP ascend. At different indoor temperatures, the inlet temperature of
the TSAC is the indoor temperature, thus the exergy destruction of the TSAC goes up
with the raise of the indoor temperature. To the combined effect of the ASHP and TSAC,
exergy destruction of TSAHP significantly enhance. On series and parallel modes, the
effective exergy of TSAHP is provided by condenser and TSAC. The effective exergy
of condenser increases as the outlet temperature of condenser raises, while the decline
of TSAC effective exergy leads to the descend of overall effective exergy. Besides,
input exergy also goes up as the condensation temperature and the compression ratio
raised, and the exergy efficiency of TSAHP goes down. With the increase of condenser

effective exergy and input exergy, the exergy efficiency of scenarios 4 increases slowly.
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The effects of the heating load on the exergy destruction and exergy efficiency of
four scenarios are illustrated in Fig. 11. With the ascend of the heating load,
compression ratio goes up, thus the exergy destruction of ASHP and four scenarios are
raised. As the heating load enhance, the air flow of evaporator and condenser increases.
For scenario 1, the working mode under different heating loads is series mode, and the
air flow of TSAC is equal to that of condenser, thus the exergy destruction of TSAC
increases. While the TSAC exergy destruction of scenarios 2 and 3 remains as they
operate on parallel mode with constant TSAC air flow. To the combined effect of the
ASHP and TSAC, exergy destruction of scenario 1 rise larger than scenarios 2 and 3.
With the heating load and compression ratio go up, the outlet temperature of the
condenser and effective exergy raise, but the input exergy also goes up, and the exergy
efficiency of four scenarios goes down slowly. The effective exergy of TSAHP is
provided by both TSAC and condenser, thus the exergy efficiency of TSAHP is higher

than that of scenarios 4, and exergy efficiency increases with the enhance of TSAC area.
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Typical daily meteorological parameters on January 19 of Tianjin (39.98°N,
117.38°E) are shown in Fig.12 (a). As shown in Fig. 12 (b). the exergy efficiency and
COP of scenario 4 change little on the combine effect of heating load and outdoor
temperature, while the exergy efficiency and the COP of TSAHP are mainly affected
by solar irradiation. From 8:00 to 9:00, the solar irradiation and outdoor temperature
are small, and the working mode of TSAHP is preheating mode. The exergy efficiency
is descended as the effective exergy growth slower than input exergy, which also
appeared at 17:00 to 18:00. At other times, the change of exergy efficiency is consistent
with solar irradiance, and the exergy efficiency of TSAHP with large TSAC area is
higher. With the TSAC area increases, the growth rate of effective exergy and exergy
efficiency go down. The average exergy efficiency of scenario 2 is 16.1% higher than
that in scenario 1, while average exergy efficiency of scenario 4 is only 4.6% higher
than that in scenario 3. From 8:00 to 18:00, the COP of the scenario with large TSAC
area is higher, and the COP growth rate raises with the rise of TSAC area, as the
reduction rate of compressor power consumption goes up. The average COP of scenario
1 to scenario 4 is 4.3, 5.8, 9.8, and 3.7, respectively. Safijahanshahi and Salmanzadeh
proposed a SAHP system with transpired SAC, which could improve COP by 17.4%
compared with the traditional ASHP under the operating condition close to 11:00.
However, the COP of the TSAHP system in this study increase by 152% at 11:00, as
the TSAHP system adopted the optimal working mode under different operating

condition, instead of the single preheating mode in the literature.
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Fig. 12. The comparison on exergy efficiency and COP of four scenarios.

Monthly exergy destruction of four scenarios during the heating period are show
in Fig. 13(a). Monthly exergy destruction is mainly affected by the outdoor temperature,
and exergy destruction is the highest in January as the outdoor temperature is the lowest.
In addition, the scenario with large TSAC area is greatly affected by outdoor

temperature, as the exergy destruction of the TSAC raises rapidly with the decline of



outdoor temperature. The exergy destruction of scenario 3 in January is 393.2 MJ
greater than that in December, while that in scenario 1 is only 313.8 MJ greater. Exergy
destruction of scenario 3 is the largest in the whole heating period, which is 1637.3 MJ
larger than scenario 4. Fig. 8(b) shows the components exergy destruction of four
scenarios, and exergy destruction of TSAC and compressor is much greater than other
components, accounting for 62.6% of the total exergy destruction in scenario 4 and 80.7%
in scenario 1. With the area and exergy destruction of TSAC increase, exergy
destruction of other components goes down. Exergy destruction of other components
except the TSAC in scenario 1 and 3 decreased by 321.2 MJ and 784.6 MJ compared
with scenario 4, as TSAC can effectively reduce the compression ratio of the
compressor and the heat exchange temperature difference of the evaporator and
condenser. In addition, the exergy destruction of the TSAC can be significantly reduced

by using the double glass cover.
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Fig. 13. The comparison of exergy destruction in heating period.

4.2. Economic analysis

The economic evaluation methods including IC, ATC, LCC and LCOH of four
scenarios are comprehensively compared, as shown in Fig. 14. With the growth of
TSAC area, the /C and AMC of TSAHP increase, while the AEPC goes down. Based
on the 20 beneficial years of TSAHP, the AEPC is the main parameter that affects the
economic evaluation method, as the A7C, LCC and LCOH of the TSAHP with large
TSAC area are smaller. The ATC of scenario 3 is 12.1% lower than that of scenario 1,
and the minimum and maximum LCC belong to scenario 3 and scenario 4 with values
of 5311.3 and 6384.4, respectively. The LCOH of scenario 4 is 0.048 $/kWh and lower
than the electric power cost of 0.14 $/kWh, as the average COP of ASHP is higher
during the heating period. Similarly, heating performance of TSAHP is further

improved, with LCOH reduced by 18.4 % of scenario 3 compared to scenario 4.
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Fig. 14. The comparison of economic evaluation methods in heating period.

Fig. 15 shows the effects of nominal interest rate on the LCC and PP of four
scenarios. With the ascend of nominal interest rate, present values of AMC and AEPC
are decreased, thus the LCC of four scenarios are descend. The nominal interest rate
has a greater impact on the scenarios with high AEPC as the present value of AEPC is
significantly reduced. When the nominal interest rate increases from 0 to 10, the
difference of LCC between scenario 3 and scenario 4 descends from 469.5 to 142.0. In
addition, with the rise of nominal interest rate, the annual cost of /C and ATC ascends.
As the IC of TSAHP is higher, the difference of ATC between TSAHP and conventional
ASHP decreases, and the PP goes up. It is noticed that scenario 2 has the shortest PP
as the /C of scenario 3 is higher and the AEPC and ATC of scenario 1 are higher, and
the average PP of scenario 2 is 0.2 and 0.5 year shorter than the scenario 1 and scenario
3, respectively. This is indicated that the TSAHP has advantages at low nominal interest
rate, and when the PP is the dominating economic parameter to be considered, a

moderate TSAC area should be selected, which is 2 m? of scenario 2 in this research.
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Fig. 15. The effect of nominal interest rate on the LCC and PP.

The effects of electric power cost on the LCC and PP of four scenarios are
illustrated in Fig. 16. With the rise of electric power cost, the present value of AEPC
and LCC go up, and the ascend of LCC is significant in the scenario of high AEPC.
When the electricity power cost is 0.04, the LCC difference between the four scenarios
is small, while when the electricity power cost is 0.2, the LCC of scenario 3 is 1546.7
higher than that of scenario 4. Besides, the TSAHP scenario saves a certain amount of
electricity compared with scenario 4, while with the growth of electricity power cost,
the saved AEPC and ATC increases and the PP is shortened. The scenario 3 is not
desirable at an electric power cost of 0.04 as the PP is longer than 20 beneficial years.
According to the above analysis, the TSAHP has advantages at high electric power cost,
and when the electricity power cost is low, the TSAHP with larger TSAC area is not

economically feasible.
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Fig. 16. The effect of electric power cost on the LCC and PP.

4.3. Environmental impacts analysis

Fig. 17 shows the CO2 emission reduction performance of the TSAHP based on
the whole life cycle. With the TSAC area increases, the consumption of AEP decreases,
and the AEP of scenario 3 is 324 kWh/year less than that of scenario 4, which
effectively reduces the CO» emission during operation of TSAHP system. However,
CO» emissions during the production, dismantling and transportation of TSAC also
ascend with the rise of TSAC area, and the scenario 3 is 135.3 kg more than that of
scenario 1. The TSAC production leads to the largest CO; emissions, which are 16 times
higher than the transportation. Considering the CO> emission of each TSAC process,
the CO; emission reduction of scenario 1, scenario 2 and scenario 3 based on the whole

life cycle is 4646.7, 9631.3 and 12960.8 kg, respectively. In other word. 1 m? of TSAC

can reduce CO; emission by more than 4500 kg.
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Fig. 17. The CO; emission reduction performance of the TSAHP scenarios.

5. Conclusions

A novel triangular solar air collector assisted air source heat pump (TSAHP) is
presented, and three working modes of TSAHP are illustrated. The optimal working
mode under different operating conditions is determined according to COP. Based on
the optimal working mode, the energy, exergy, economy and environment (4E) are
compared and analyzed between the TSAHP with three areas of triangular solar air
collector (TSAC) and the conventional air source heat pump (ASHP). The main
conclusions are drawn as follows:

(1) Increasing TSAC area can effectively reduce energy consumption and improve
COP. Power consumption of scenario 3 is 321.9 kWh lower than scenario 4 in
the whole heating period.

(2) The exergy efficiency of the TSAHP on parallel working mode is higher than
that in series working mode. When the solar irradiance and outdoor

temperature are high, the exergy efficiency of TSAHP is higher than that of



conventional ASHP, and TSAHP with 3 m? TSAC can reduce the exergy
destruction of ASHP components by 784.6 MJ during the whole heating period.
(3) In the 20 beneficial years, the life cycle cost of TSAHP with 3 m? TSAC is
18.4% less than that of conventional ASHP, and the TSAHP has more
economic advantages at low nominal interest rate and high electric power cost.
(4) The production of TSAC leads to 16 times CO, emissions than transportation,
and based on the whole life cycle, 1 m? of TSAC can reduce CO, emission by

more than 4500 kg.
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Appendix A.
Table A.1 The technical characteristics of the TSAC.
TSAC Section size: 2.4x2.1x1.2 (mxmxm), width: 0.5/1/1.5 (m)
Glass cover Materials: Polycarbonate;
Size: 2.4x0.7x0.008 (mxmxm)
Physical parameter: ke=0.2 (W/(m'K)); 74c=0.82; 01gc=0.1;
£9c=0.67
Perforated corrugated Materials: Stainless steel
absorber Size: 0.65/0.80/1.39%x0.7x0.00015 (mxmXxm);
Physical parameter: ka=14.8 (W/(m-K)); aap=0.92; £.—=0.2;
Insulation housing Materials: Polystyrene board and galvanized sheet

Physical parameter: £,,=0.028 (W/(m-K)); eno=0.1




Table A.2 The technical characteristics of evaporator and condenser.

Evaporator Condenser
Size  0.62X0.34X0.03 (mXmXm) 0.86X0.50X0.022 (m X mXm)
Fin  Materials: Aluminum; Area: 7.31 (m?) Materials: Aluminum; Area: 12.66 (m?)
Thickness: 1.02 X 10*; Number: 488; Thickness: 7.62 X 10~°; Number: 625;
Tube Materials: Copper; Materials: Copper;
Number: 16 + 16 (two branches) Number: 12 + 12 (two branches)
Rows: 2; Length: 19.84 (m); Rows: 1; Length: 20.57 (m);
Inside/Outside diameter: 5.2/6.8 (mm) Inside/Outside diameter: 4.9/6.5 (mm)

Table A.3 The technical characteristics of compressor.

Compressor
Type rotary-piston type compressor
Effective displacement 9.16787x107° (m?)
Clearance volume fraction 3.17178%1072
Loss in effective displacement per unit back pressure 2.42768x1075 (m*/kPa)
Table A.4 The parameter of refrigerant.
R410a 50% R32+50% R125
Boiling point -51.6 °C
Freezing point -155°C
Critical temperature 72.5°C
Critical pressure 4.95 Mpa
Ozone destruction potential (ODP) 0.000
Global warming coefficient (GWC) 1730
Critical density 0.500 g/cm?
Table A.5 Geometric and physical parameters of the rural residence.
Rural residence Size: 3x6x6 (mxmx>m)
Heat transfer coefficient: 0.35 (W/(m?-K))
Window Window-wall ratio: 0.3
Position: The south wall of rural residence
Heat transfer coefficient: 2.8 (W/(m?-K))
Door Size: 2.3x1 (mxm)

Position: The south wall of rural residence




Heat transfer coefficient: 2.5 (W/(m?-K))

Appendix B.

The heat transfer element of TSAC is calculated as follows:

Quotge T8 Al (B.1)
Quanvg utdoor =Neonvc ouoor Ay (Tauoor ~ T ) (B.2)
Quony goair =Meonvigeair Ave (Tair = Toe ) (B.3)
R { L{/l + C(;S By oy, + 1- cc;s Py LA (B.4)
Quoiar =8 A Lo (B.5)
Qeonvab-air ~Noonv.ab-air Ao (1_ R )(Tair _Tab) (B.6)
Qe i A 20 (T, =T, ) B.7)
Quonvro-air =Meonv o Ao (Tho _Tair) (B.8)
Quair =M Co i (Tair.out —Tairin ) (B.9)

The heat transfer coefficients hcom,lgc_od and hrad,gc_od were proposed by Watmuff

and h were

conv.ho-air

et al. (1977), and Kumar et al. (2009), the hconv,gc_air , h

conv.ab-air

proposed by Leon and Kumar (2007), and the h was proposed by Vandecker et

conv.hole

al. (2001).

Appendix C.

The heat exchange efficiency ¢, of single-phase region which includes de-

superheating, subcooling and superheating region was presented by McQuiston and
Parker (1982).

g =1- exp[NTU 022 (exp(—giin NTU %7 ] —1}} (C.1)



UA

NTU=—2 (C2)
Cmin
Cmin = ymair min(cp.air; IOUI _Iin ) (C3)
ref.out _Tref.in
i—i
C., =ym. max(c_, ;—>—" C4
o = YT ( P Tref.out _Tref.in ) ( )

The heat exchange efficiency of condensing and evaporating region was as follows
(Mcquiston et al.,1982):

gr=1-exp(%6‘j (C.5)

C= ymaircp.air (C‘6)

The evaporator and condenser in this study were finned-tube exchangers, and the
total thermal resistance was derived as follows:

i_ 1 +In(dout/din)+ 1
UA 77tf hout AJut 27[Lk hin Ain

(C.7)

The total finned efficiency 7J; was proposed by McQuiston and Parker (1982),
the convective heat transfer coefficient on the outside surface of the finned-tube

exchanger hout was presented by Gary and Webb (1986), and the convective heat

transfer coefficient of the inside surface N, was proposed by T. Zakula et al. (2011).
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