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Abstract

Solar-assisted heat pump heating system (SAHPHS), which combines solar heating and heat pump technology into a
combined system and can improve both the solar utilization efficiency and COP of heat pump, is a promising energy
utilization technology. In order to discuss the influences of area of solar collector and heat capacity of storage water
tank on the operation performance of SAHPHS, a system simulation model was developed based on the unit model.
The numerical simulation on the performance of the SAHPHS was performed by the model, and an optimization
function was also presented to optimize it. The results obtained and the optimization algorithm presented in this study
can provide a preference for the optimization design of SAHPHS.
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1. Introduction

Solar energy systems and heat pumps are two promising means of reducing the consumption of fossil
resources, and hopefully, the cost of residential heating. An intelligent extension is to try to combine the
two into a combined system named as solar-assisted heat pump (SAHP)[1]. It is widely believed that the
SAHP can improve both the utilization efficiency of solar energy and the COP of heat pump and thus is a
promising energy saving device for energy utilization.

During the last decade, a number of work has been performed by some researchers in the design,
modeling and experiments of SAHP. These studies mainly may be categorized into four groups as
follows[2]: (1) SAHPS for water heating, (2) SAHPS with storage for space heating, (3) SAHPS with
direct expansion for space heating, and (4) solar-assisted ground source heat pump system. For each
system, the size of solar collector and storage volume are two important design parameters for optimize its
operation performance.
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In this paper, a system simulation model was developed to investigate the influences of size of solar
collector and storage volume on system perfromance, and a optimization algorithm was also presented to
optimize it.

2. Development of the system simulation model of solar-assisted heat pump heating system

As shown in Fig.1 that the system investigated here consists of four fundamental components
namely: solar collector, energy storage water tank, heat pump and room thermodynamic system.
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Figure.1 Schematic of solar-assisted heat pump heating system
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2.1Solar Collector

A typical flat-plate solar collector is used in this study, The rate of useful energy gain was calculated
by the Hottel-Whiller steady-state equation[3].

Qu :]CACFR [(Ta)e_Ul(tci_ta)/Ic] (1)
Energy balance for the collector can also be expressed as
Q u_ clml (t co _tci) (2)

From Eq.(1) and (2), we can obtain
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where Q) is the useful energy gain of collector, W. /_is the incident solar radiation ,W/m*. F} is the
heat remove factor. (7x), is the effective transmissivity-absorptivity product. U, is the overall heat
losses coefficient, W/m* K. £, are inlet and outlet fluid temperature of collector, ‘C. T, is outside
ambient air temperature, C. ¢, is the mass specific heat of fluid, J/(kg.’C). m, is the mass flow rate of
circulation fluid, kg/s.

2.2 Energy Storage Water Tank

In the energy storage water tank, the energy is stored mainly as sensible heat and a fully mixed water
tank was assumed, thus the outlet water temperature from the storage tank is equal to the average water
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temperature in tank. Based on the energy balance, the energy equation for the water tank can be expressed
as follows:

CsMS Z’ts +U3As(ts _ta)+Qe = Qu 4
T

For a small time A7, the Eq.(4) can rewritten as
(T +AD) =1 (1) 4]0, -0, ~U,4,(t, ~1,)]AT(CM,) ®)

where C M _is the thermal capacity of storage medium of water tank, kJ/K. £, (7) the average water
temperature of water tank, ‘C; U is the heat losses coefficients of water tank, W/(m’-'C); A_ is the
heat losses area of water tank, m’; (), is the heat extraction amount of heat pump, W.

2.3Heat Pump

In this work, a water-air heat pump is selected, its performance depends on some main operating
parameters, including fluid flow rate, inlet air and fluid temperature. For a given inlet air temperature and
fluid flow rate, the performance depends only on the inlet fluid temperature. To compute the heat rejection
in cooling mode, heat absorption in heating mode and the heat power consumption, the quadratic fitted
equations by the manufacture’s catalog data are used. For heating mode, the equations are as follows:

Q extraction

=a, +apt, +at,’ (6)
qheating
N
————=b +bt, +bt,’ 7
qheating

where a,,a,,a;,b,,b, and b, are curve-fit coefficients of performance of heat pump determined by
manufacture’s catalog data. ¢q ,,,,, is the instantaneous heat load, and can be calculated as

Dheating = 90 X (&, —1,) (2, —1,) (8)

where ¢ , is the design heat load for room. £, and £ are indoor and outdoor design temperature,
respectively. £, is the outdoor air overall temperature considering solar radiation.

2.4Meteorological Model

In the present model, the ambient air temperature z, is modeled as[4]:

t,(r)=t,+At, sin [@} )

The instantaneous solar radiation incident /,(7) is assumed to vary sinusoidally with time t between
sunrise and sunset as[4]
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I.()=1,,,, sin M (10)
d

where /. is the maximum value of / (7)) which corresponds to solar noon. 7, is the sunrise time

and ¢, is the day length.
2.5Control Conditions

e Solar collector control
The solar collector is control by on-off method for maximizing the utilization of solar energy during the
day. Here a control strategy suggested by [4] is used.

On: when 7, —1, >26Cand t,—1,22C

Off: when f,, —¢, <2 Cand f >t

Smax

where 7, " is the average flat board temperature when fluid is stagnation, and can be calculated as

L =1, (), 1./U, (11

stag
where 7, is outside ambient air temperature, C. (ra), is the effective transmissivity-absorptivity product.

e  Electric heater control

Here, an assistant electric heater should be added to prevent the inlet fluid temperature of heat pump
from dropping to the minimum set value required for heat pump. According to the manufacturer, the set
value is -4 C.

3. Numerical simulation of the performance of the solar-assisted heat pump heating system

Based on the model developed above, the numerical simulation on the operation performance of
solar-assisted heat pump system was carried out. The calculated conditions were presented in Table I and
the simulation results were shown in Figs.2~9, among which Figs.2-5 show the influences of collector
area and Figs.6-9 indicate the influences of the thermal capacity of water tank.

Table 1 calculated conditions for the simulation

Variable 7 1C At_,, /'C [FAS [AS ¢,
Value 4 10 30 -4 10
Variable Fy (zcx) U, Us T
Value 0.8 0.8 2.36 0.28 7:00
Variable a a, as b, b,
Value 0.7113 0.0044 -0.0001 0.2887 -0.0044
Variable ar/k)/kgK my/kg/s by t /C t. /C
Value 3.8 0.5 0.0001 0 6
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3.1 Influences of the Collector Area on System Performance

From Figs.2-3 we can find that the collector efficiency of solar collector gradually drop and the COP
of heat pump will increase with the increase of collector area. This is caused mostly by the increase of
heat loss of collector resulted from the increase of plate temperature. As is shown in Fig.4 that the
average water temperature of water tank will increase with the increase of collector area, this inevitably
increase the plate temperature. From Fig.5 we can further find that the total useful energy gain of
collector and assisted electric power will increase and drop respectively with the increase of collector area,
but the input power of heat pump seems to be invariable. So the collector area should not be design to be
too bigger and could be optimized for obtain a good overall effect.
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Figure.2 The variation of collector efficiency with time for different collector area
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Figure.3 The variation of COP of heat pump with time for different collector area
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Figure. 4 The variation of average water temperature of water tank with time for different collector area
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Figure.5 The variation of various power with the collector area

3.2 Influences of the Thermal Capacity of Water Tank on System Performance

Fig.6 shows that the collector efficiency will increase with the increase of thermal capacity of water
tank and the increase degree gradually become small. From Fig.7 we can find that the increase of thermal
capacity will result in the drop of COP, the most reason is that the average water temperature in water
tank can drop when the heat capacity increase, this can be shown in Fig.8. Further analysis on Fig.9 can
find that except assisted electric power, the input power and useful energy gain of solar collector seems to
be invariable when the thermal capacity of water tank increase. Therefore, the thermal capacity of water
tank, the same as solar collector, should not also be too large, and could be optimized by system
simulation.

Figure.7 The variation of COP with time for different thermal capacity of water tank
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Figure.8 The variation of average water temperature of water tank with time for different thermal capacity of water tank
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Figure.9 The variation of various power with thermal capacity of water tank

3.30ptimization method for the System

In order to optimize the size of solar collector and volume of water in the system, the total power
consumption and initial cost could be selected as two optimization objective functions, and the solar

collector

area and the volume of water tank could be used as two optimization variables. According the system
model developed above, the total power consumption and initial cost can be expressed as respectively

Funl =Zm =f(4.,V)
i=1

Fun2= AP +V.P,

(12)

(13)

where Funl and Fun2 are the optimization objective functions used to calculate total power
consumption and initial cost, respectively. IV, is the instantaneous power consumption at i time. F] is the
price of collector, and P, is the price of water tank. Above is a two-objective optimization problem and
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can be changed into a single-objective optimization by introducing a weigh factor, & . This can be
expressed as

Fun=aFunl+(—-oa)Fun2 (14)

Where «& a weigh is factor, and expresses that which is important among the variables.
Based on optimization function presented above, the system optimum calculation can be performed
by several optimization algorithms such as Genetic Algorithm and Direct Search Algorithm.

4. Conclusions

A system simulation model on SAHPHS was developed based on the unit model. Based on the
model, the numerical simulation on the operation performance of SAHPHS were performed to discuss the
influences of collector area and heat capacity of water tank, the results shows that the area of solar
collector and the thermal capacity of water storage tank should not be designed to be too large, and can be
optimized based on the algorithm presented in this study.
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