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ABSTRACT

From the perspective of improving energy
efficiency and thermal comfort of solar heating system,
different
strageties is experimented in Hezuo city, Gansu province,
China in the heating season of 2018 to 2019. The
that without

consumption, smaller the supply duration and the

the active solar heating system under

conclusions reveal increasing energy
intermittent duration, higher the heating efficiency. The
living room air temperature, average heating rate and
cooling rate of the kang surface temperature change
more slowly. Regarding the on-off time ratio of 50%, the
optimal strategy of the system are to combine 15/15min
mode with variable flow mode B to ensure the system

own high energy efficiency and well thermal comfort.

Keywords: solar heating system, on-off modes, heating
efficiency, variable flow mode, temperature change

P rated power(W)
operating energy consumption(kW-h)
number of measured points on the kang

n
(piece)

¢ average change rate on the kang(°C/h)
T temperature(°C)
T time(h)

average ambient temperature during
Ta

heating period(°C)
Ti initial supply temperature(°C)
Ta water temperature in storage tank(°C)

indoor air temperature difference during
Tq

heating period(°C)

Symbols  Interpretation

Q heat flow(MJ)

M the total mass of water in system(kg)
Cp specific capacity of water[J /(kg-°C)]
m mass flow rate(kg/s)

T temperature(°C)

At duration of water-flowing(h)

n heating efficiency(%)

1. INTRODUCTION

Fossil energy is gradually depleted, mankind are
facing an energy crisis [1]. Solar energy is a rich and
widely available source of energy, which can replace
fossil energy to a certain degree. There are large areas,
numerous populations in rural areas of China but
backward heating methods. Using of clean and green
solar energy to solve rural heating problems has broad
prospects.

Some researches have been carried out on the



operational strategies of solar heating systems. [2-4]
studied the operational strategies of the solar heating
system with a purpose to optimize operational modes,
reduce energy consumption and improve energy
efficiency. J. P. ForsstrOn et al. analyzed the impact of
different prices of auxiliary heat source on the heating
economy of the solar heating system, and obtained the
best auxiliary energy solution with the lowest cost [5].
Chun W G found that solar heating systems experienced
relatively large fluctuations in indoor air temperature in
intermittent heating mode [6]. Kurtay et al. developed
an operation strategy for rainy weather to improve
performance of the system [7]. Wang Haitao used DeST
to obtain the feasibility of the scheme and the best
scheme among 4 different modes [8]. Zhang Zhicheng
found that the solar air heating system adopts the
mode than the
continuous constant air volume mode, which can save
37% of
Weeratunge H proposed a mixed

variable air volume operation

operational energy consumption [9].

integer linear
programming method to minimize the operating cost of
the solar-assisted ground source heat pump system. The
results show that the system can improve peak shaving
and reduce operating costs by up to 7.8% [10]. Schiller S
R studied the heating efficiency of the solar ground
source heat pump combined heating system in different
operating modes [11]. Wei Wei et al. found the solar
composite system under different operational modes
that in the evening, the change of the surface
temperature and air temperature is relatively flat [12].
Many related researches have found that the on-off
modes have a significant impact on the performance of
the district heating system. Cho S H found that the
two-parameter control is better than the constant
temperature control of the indoor air temperature [13].
Fang Lide got the on-off durations and start-stop
frequency of the electric valve in the system during
various time periods of the day [14]. In order to reduce
power consumption of the circulating pump in the
secondary network, Wang S L proposed an adjustment
mode combining quantity adjustment and quality
adjustment. The research results show that the
adjustment mode has greater energy saving potential
[15]. Liu L et al. found that the indoor air temperature
control in a new heating regulation mode is within
0.5 T of the set point, and the energy consumption of
the household is reduced by about 30% [16,17]. Li

Yemao et al. proposed a new on-off regulation method
in the central heating system, which can effectively
reduce the return temperature and improve the
adjustment effect [18]. Ulpiani G et al. found that the
reasonable fuzzy control heating performance is better
than PID and on-off control, which can reduce heating
energy consumption by 30-70% while maintaining the
same comfort [19]. Xiang Xiangjian et al. Studied a
replacement time in which the water-flowing time is
equal to the retained water is used, and the mode of
heating is continued by using the retained hot water in
the coil during the intermittent period, which can
greatly reduce the return temperature and improve the
heat utilization efficiency [20].

For the solar active heating system, the operation
strategies [21] not only should ensure safe and reliable
of the system, but also have the effect of improving
heating performance and user's thermal satisfaction.
With a certain collecor area, how to utilize the limited
heat collectored by the solar heating system effectively
to improve the system cost is an important issue that
should be solved by operational strategies.

The application of the on-off modes in solar heating
systems has not yet existed, and the application of
variable flow in solar hot water heating systems has not
yet appeared. Therefore, studying the impact of
operational strategies on the performance of active
solar heating systems by experiment to explore
effective ways to optimize the systems.

2. MATERIALS AND METHODS
2.1 Solar composite heating system

The active solar composite heating system consists
of the collector array, circulating pumps, valves,
heat-dissipating devices (floor and solar kangs), heating
cables, insulation materials and a controller. During the
day, the vacuum tubes collect heat, which was stored in
the tanks. The circulating pumps are used to supply the
room at night. The collector array of the system consists
of 7 sets of all-glass vacuum tube solar collectors. The
vacuum tube of collectors are directly connected with
the storage tank with an effective volume of 200 L, and
the heat exchange of hot water between the vacuum
tube and the storage tank is realized by convection.
There are 30 all-glass vacuum collector tubes with a
length of 1.8 m and a diameter of 58 mm in a solar



collector. The total collectors area of the system is 20.2
m2. In order to collect more solar radiant energy, the
heat collector array is placed in the south direction, and
the angle between the vacuum tube and the horizontal
plane is 45<

The power of the system mainly comes from 3
parallel pumps, all of which are 15WBX0.9-15, with
rated power of 90 W, a maximum head of 15 m and a
maximum flow rate of 0.9 m3/h. The heat-dissipating
device of the system are floor and kangs. The floor and
kangs have the same pipe material of PPR and the
diameter of 20 mm. The heating pipe is laid in a
double-pass mode to ensure that the temperature
distribution on the heat-dissipating devices surface
during heating is more uniform. The pipes under floor
with the distance between the pipes of 200 mm, and
the distance from walls of 150 mm. The polystyrene
foam board is used as the insulation layer under the
floor heating pipes with a thickness of 50 mm, and 50
mm thick cement mortar is used as the filling layer. The
screed layer has a thickness of 20 mm, and the surface
layer is a wooden floor with a thickness of 8 mm.

Fig.2. Diagram of the solar heating system. 1. Solar
collector array. 2.Valves. 3.Floor heating pipes. 4. Kang
pipes. 5. Water pump. 6. Controller. 7. Flow meter. 8.
Temperature sensors.

The heating target is a rural single-storey building
with a height of 2.8 m and total area of 170 m?2. There
are no windows and doors in the east wall, west wall
and north wall, but a passive house in the South. The
actual heating room of the building is a living room, a
bedroom and a study. The east side of the building is a
kitchen without being heated, the actual heating area is
about 60 m2 The interior of the single building is
equipped with 3 solar kangs, which all have the same
size of 2.5 m long and 1.25 m wide. The physical plan
view of the heating single building are shown in Fig.1
and Fig.2. There are 3 solar kangs in the single building.

Each kang is the same size, 1.4 m long and 1.25 m wide.
The supporting structural parameters and thermal
performance of the heating single building of the solar
composite heating system are shown in Tablel and
Table2.
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Fig.1. Plan of the single building.
Table 1

Construction envelope structure

Enclosure )
structural materials
structure
East
) 65 cm Earthen wall
Wall(kitchen)
East 11.5 cm Red brick+1.5 cm Cement

Wall(bedroom) plaster

11.5 cm Red brick+1.5 cmCement

South Wall

plaster

5 cm Wooden partition+10 cm Air
West Wall

layer+65 cm Earthen wall

5 cmWooden partition+10 cmAir
North Wall

layer+65 cmEarthen wall
Window Single glazed wooden window

50 cm Clay+30 cm hay+10 cm
Roof

wood

Table 2
Envelope structure area and heat transfer coefficient

Enclosure Area/  Heat transfer
structure m? coefficient/W m2 K
East

18.2 1.17
Wall(kitchen)
East

8.7 2.26
Wall(bedroom)
South Wall 24.9 2.26
West Wall 30.5 0.81




North Wall 47.3 0.81
South Window 7.4 4.7

2.2 Research method

The paper make some researched on the effect of
operational strategies on the heating performance of
active solar composite heating system through
experiment and theoretical analysis. By ensuring the
values of other influencing factors being basically same,
the interference caused by these factors on the heating
performance of the system under different operating
and the

operational modes on the heating performance of the

modes is eliminated, influence of the
system is obtained, and then the comparative analysis
of different weathers and different system heating
parameters are carried out.

The average heating effect of the system explain the
difference heating performance in the operational
modes and the effect of accidental factors on the results
is reduced, so that the accurate and reliable results are
obtained. Finally the optimal operational strategy is
finally obtained.

2.3 Experiment

The experiment measured various relevant

parameters including supply temperature , return
temperature, living room temperature, floor surface

temperature, kang surface temperature, circulating flow

rate, ambient temperature, ambient wind speed, and
solar radiation intensity. The data was automatically
acquired and recorded every 4 s by the Agilent 34970A.
The layout of the measuring points, the model and
specifications of the instrument fully comply with the
relevant testing standards, and the basic information of
the experimental instruments are shown in Table 3.
There are 9 temperature measuring points on each
kang surface and 2 measuring points of the living room
air temperature and 2 temperature measuring points on
the floor surface of living room. Select the two equal
points on the diagonal of the living room as the
measuring point to test the floor surface temperature at
that point and the air temperature at 1.7 meters
vertically. Place a measuring point for the return
temperature and supply temperature at the inlet and
outlet of the collector array. The measurement position
of ambient temperature is at vertical height 1.5 m
above the outdoor, 0.5 meters away from the wall.
Place the radiometer on the open space of the roof
without any obstruction testing solar radiation intensity,
and use the compass to locate the south and fix it.
Ambient  wind point is
unobstructed at the roof. The turbine flow meter is
mounted on the heating straight line supply pipe away

speed measurement

from the curve.

Table 3

Test instruments and related parameters

Instruments Model specification Test parameters
i Ambient temperature, indoor air
Temperature Pt100; range -50 ~ 100 C;
] temperature, supply temperature
sensor accuracy £0.1°C
and return temperature
Patch o
Pt100; range -50 ~ 100 ‘C, accuracy: Floor surface temperature, kang
temperature .
A grade £0.15 C surface temperature
sensor
Total solar TBQ-2 tral 03 3
o -2;spectral range 0.3pum ~ 3um; L .
radiation " " Solar radiation intensity
test range 0 ~ 2000W/ m
meter
Flow meter Range: 0.45 ~ 9 m3/ h; accuracy: 0.5% Circulating flow rate

Ambient wind

speed sensor 0.3m/s

YGC-FS; range: 0 ~ 45 m /s, accuracy:

Ambient wind speed

2.4 calculation method

During the heating period from 18:00 to 8:00 next



day, the internal energy variation of the active solar
composite heating system can be mainly divided into
two parts, one part is supplied to the single building
through the heat-dissipating devices, and the other part
is heat loss of the system.

The heat balance equation of the system is as
follows:

Q,= Q,+ Q, (1)

Where: Q; is the amount of internal energy change
of the system, Quis heat supply to the water-flowing
side of the system, Qs is the amount of heat loss of the
system.

The formula for calculating the internal energy
variation of the system is as follows:

dT,
dt

Where: M is the total mass of hot water in the

Q,= ZMg, t (2)

system, ¢, is the specific heat capacity of hot water, Ts is
the temperature of water in the tank during heating at
night.
The calculation formula of the heat supply of the

system is as follows:

n

2m(T;-To)CpAT (3)
i=1

Q,=

Where: m is mass flow rate of hot water, t;,t,are the
supply temperature and return temperature of the
system, At is the duration that circulating pump
operates.

The heating efficiency calculation formula of the
solar active heating system is as follows:

n= % (4)
t

The operating energy consumption [21] of the

system is calculated as follows:

P= Pg(a+ be PLR+ c* PLR?) (5)

Where: Py is the rated power of the circulating
pump, PLR is the partial load ratio of the heat source
utilized, the ratio of the actual output power to the
rated output power. And a, b, c is the thermal load
factor of the system. The load of the pump is constant
and the flow rate is constant so that: a=1, b=0, c=0.

The average kang temperature is the mean

temperature of measuring points on the kang surface
during the heating period. The formula is as follows:

n
Tk= 2Ty (6)
j=1

Where: T, is the average temperature of the kang
surface, Tkjis instantaneous average temperature of
the facet, n is the number of measuring points.

The change rate of the kang surface is the
difference between the average temperature on the
kang surface per unit time and the initial average
temperature of the kang surface, which affect thermal
comfort at night. Calculated formula is as follows:

o= Tk T o)

Where: ¢ is the average change rate of the kang
surface, including the rate of rising ¢ and the rate of
cooling ¢., T, is the average temperature of the
kneading surface, T, is initial average kang surface
temperature, 7 is the experimental duration during

heating stage.
3. RESULTS AND DISCUSSIONS

3.1 Living room temperature changes in on-off mode

Taking Nov. 10, 2018 as an example, the variation
law of living room air temperature and floor surface
temperature in active solar composite heating system in
on-off regulation mode is analyzed. The average value
of the two measuring points in the living room at a
height of 1.7 m from the floor surface in the vertical
direction is taken as the living room air temperature.
Since the indoor air temperature of the residential
building differs from the operating temperature by a
small difference, it is considered that the living room air
temperature is equal to the operating temperature [22].
As shown in Fig.3, the surface temperature of the
heating floor gradually rises from the 18:00 to the
highest value, and as the floor gradually descends, the
air temperature in the living room changes slowly
during this period. As the ambient temperature drops
more, the heat dissipation of the single building
increases, and the air temperature in the living room
gradually decreases. As shown in Table 4, the air



temperature fluctuation of the living room at night is in
full compliance with the ASHARE-55-2004 standard.
Table 4
Indoor temperature fluctuations of heating period.

min mode.
Table 5
Comparison on thermal performance of the system in
different on-off modes.

Time limit/h 0.25 0.5 1 2 4
Operatin

P & i 1.1 1.7 22 28 33
temperature/C

Living room air
) 008 01 03 06 1.4
temperature/C

20
15

—=— floor temperature
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—A— ambient temperature

temperature/'C
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o
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Time/h

Fig.3. Change of floor temperature and living room air
temperature during heating in Nov. 10 2018.

3.2 Heating performance in different on-off modes

The heating experiment days at the same heating
ratio of 50% are 18.
temperature at night, the initial supply temperature of

time From the ambient
the heating and the water temperature in storage tank,
the factors that may affect the test results were
compared. The factors affecting the nighttime heating
were similar on Nov. 19 and Nov. 22, and Nov. 25 was
compared and analyzed.

Table 5 shows the operation results of the solar
active heating system in different on-off modes. It can
be seen from Table 5 that the initial heating supply
temperature on Nov. 19, Nov. 22, and Nov. 25 is about
70 <T. Under the condition that the environmental
conditions are similar and the initial supply temperature
is similar, the heat supply of different on-off modes
indicates that in different modes, the heat supply is
different. Therefore, in the case where the initial supply
temperature of the system is about 70 <, the solar
heating system in different on-off modes has different
heat supply, compared with 30/30 min and 20/20 min,
the system provides the most heat supply in the 15/15

Date T,(C) T(C) Mode (min)  Qw(MJ)
11-19 -7.1 55.7 15/15 313.84
11-22 -8.1 57.1 30/30 224.69
11-25 -5.9 56.4 20/20 229.05

The long-term results of calculating the nighttime
average heating efficiency of the system in the 3 on-off
modes in Table 6 reveal that the shorter the on-off time
length of the circulating pump, the higher the average
heating efficiency of the system, and the mode
corresponded by average heating efficiency from high
to low is: 15/15 min>20/20 min>30/30 min. Without
increasing the running time of the circulating pump, the
average heating efficiency of the system is increased by
4.15% from 3030 min to 15/15 min. The energy
consumption calculated in the 3 on-off modes at
18:00-day 8:00 are all 1.89 kW +.

For the active solar heating system, longer the
supply duration, more heat is supplied, but the average
heat supply rate in the corresponding period is
decreasing; during the intermittent duration, the law is
same. Smaller the supply duration and intermittent
duration, higher the heating efficiency. Therefore, the
supply duration and the interruption duration of the
active solar heating system should be smaller on the
basis of safe and reliable operation.

Table 6

Long-term heating effect in different on-off modes.

Date Mode(min)Ti(C) T.('C) Q(MJ)  Quw(MJ) (%)

11-2230/30 69.8 -8.1 59249 224.05 37.81
11-2830/30 68.8 -4.2 559.64 213.91 38.22
11-2930/30 56.2 -1.7 443.79 164.71 37.11
12-0530/30 61.0 -10.5 520.53 193.32 37.14
12-0630/30 66.1 -10.2 562.82 207.86 36.93
12-0730/30 47.3 -8.8 364.71 145.58 39.92
Mean 37.86
11-2020/20 66.2 -84 54556 207.28 37.99
11-2120/20 63.9 -9.4 518.07 196.09 37.85
11-2520/20 713 -59 573.35 222.05 38.73
11-2720/20 63.2 -6.2 508.17 206.09 40.56
12-0220/20 58.7 -89 457.12 175.76 38.45




12-0420/20 571 -7.5 45191 177.75 39.33
Mean 38.82
11-0915/15 743 -2.8 582.26 250.03 42.94
11-1915/15 70.1 -7.1 521.17 227.87 43.72
11-2315/15 62.8 -39 452.86 189.20 41.78
11-2415/15 55.6 -7.6 407.07 166.46 40.89
12-0315/15 479 -89 359.31 144.38 40.18
12-0915/15 57.3 -88 402.59 171.34 42.56
Mean 42.01

3.3 Variable flow rate modes

From 18:00 to 8:00 the next morning, 3 variable
flow modes of the system have been designed, as
shown in the table 7.

Table 7
Three variable flow rate modes.

Mode
18:00-0:00 0:00-4:00 4:00-8:00
(kg/s)
A 0.26 0.20 0.32
B 0.20 0.26 0.32
C 0.32 0.26 0.20

As shown in Table 8, on Jan. 4, Dec. 30 and Jan. 8,
the initial supply temperature all are about 61 C, the
initial tank temperatures are about 51 °C, and the
average ambient temperature at night are 18:00-day
8:00 is approximately -11 C.

The heating effects in the 3 variable flow modes
shows that the temperature changes more slowly of
living room in the mode B, in which the average room
temperature decline amplitude of the living room at
night is 1.7 “C, which is 1.5 'C and 0.5 ‘C lower than the
temperature in the mode A and mode C, respectively.

Table 8
Variations of indoor air temperature in variable flow

modes.
Date T,('C) Tu(C) Ti(C) To(C)
01-04 -11.4 439 54.5 3.2
12-30 -12.5 443 53.4 1.7
01-08 -10.9 425 52.8 2.2

129 —=&— Livingroom air temperature in Dec. 30

—e— Livingroom air temperature in Jan. 4
—A— Livingroom air temperature in Jan. 8

104

Temperature/ 'C

4 T T T T T T 1
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Time/h

Fig.4. Indoor air temperature change in 3 variable flow

modes.

During 18:00 to 8:00 next day, the average
temperature on the kang surface basically reached the
maximum during 2.5 h, and the average rising rate of
the kang surface during the period is analyzed. Kang
surface experienced a gradual decline during 22:00 to
8:00 next day, and the average cooling rate during the
period is analyzed. The average rising rate in mode B is
2.6 C/h lower than mode A and C by 0.8 <T/h and
1.8 T/h, the average cooling rate of the kang surface is
reduced by 0.2 T/h and 0.4 <T/h, respectively.
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Fig.5. Average temperature change on kang surface in
variable flow modes.
Table 9
Average temperature change on kang surface in variable

flow modes.
Date  ¢{C/h) p(‘C/h)
01-04 34 0.5
12-30 2.6 0.3

01-08 4.4 0.7




Considering the heating capacity of active solar
heating system during heating period gradually
decreasing, the use of small to large variable flow mode
can significantly improve the heating process and

thermal comfort of the system.

4. CONCLUSIONS

From the above researchs, we can get some
conclusions. With the on-off time ratio is 50%, the
operation energy consumption of the system is same in
the 3 on-off modes. Compared with the 30/30 min, the
average heating efficiency in the 15/15 min mode is
increased by 4.15 %. The air temperature of the living
room in variable flow mode B decreased by 1.7 <T,
which is 0.5 T and 1.5 T lower than the variable flow
mode A and mode C. The average heating rate of the
kang surface in mode B is 2.6 T/h, which is lower than
that of mode A and mode C by 0.8 <T/h and 1.8 T/h,
respectively. the average cooling rate of the kang
surface is reduced by 0.2 </h and 04 </h,
respectively.

In comclusion, under the on-off time ratio of 50%,
the optimal operational strategy of the system is to
utilize 15/15 min mode combined with variable flow
mode B to adjust the heating process to ensure that the
system has high energy efficiency and thermal comfort.

Finally, we can infer that heating efficiency in the
same heating time ratio of 50% has a maximum, the
corresponding mode is that the supply duration is equal
to the water replacement duration retained in the
heating pipes, the hot water is continuously heating
during the intermittent duration.
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