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a b s t r a c t

In the pursuit of energy savings and emission reductions, solar energy heating systems have been
promoted in China. However, there still exist many barriers to the operation of solar heating systems, in
combination with other systems, under realistic conditions. In order to investigate this further, an in-
tegrated space heating system including passive sunspace, active solar water heating, and air-source heat
pump (ASHP) was built. The detailed running performance of each subsystem was comparatively
analyzed in a full-scale test house in a cold climate zone. This integrated system showed many
encouraging results in terms of the maintenance of a stable and comfortable indoor thermal environ-
ment during the winter season. The study building consumed electricity as convectional energy, which
only accounted for about one-third of the total energy supplied for heating. However, our study also
found some shortcomings in the system design. Feasible suggestions regarding the running procedures
aimed at a more optimal and effective design were proposed. The systems proposed in this study could
be used as a promising future technology for energy savings and emission reductions in rural buildings.
The study could also help achieve targets for energy savings and renewable energy utilization in China
and other countries.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

With the development of the Chinese economy, energy con-
sumption in the residential sector of rural areas has increased
greatly over the last several decades. A recent large-scale national
survey on energy consumption and indoor environmental quality
in Chinese rural houses showed that the total energy consumption
in this sector had reached 317 million tons of coal equivalents (tce)
(9.3 � 109 GJ) per year [1]. I The widespread use of solid fuels (e.g.
coal, wood, and straw) for space heating and cooking leads to
negative impacts such as shortages in national energy supply, in-
door and outdoor air pollution [2], and human health threats [3]. A
recent study [4] indicated that in Beijing, soil dust, coal combustion,
biomass burning, traffic emissions, industrial pollution, and sec-
ondary inorganic aerosols were the main sources of the identified
PM2.5. Coal and biomass burning in rural areas may contribute

15e20% of primary PM2.5 emissions. Therefore, an increased utili-
zation of clean renewable energy is important.

Solar energy technologies show much promise, considering
their ever-increasing output efficiencies and adaptability to a va-
riety of regions. The use of solar energy has experienced rapid
growth in recent years due to both cost reductions resulting from
technological improvements, and the support in the form of gov-
ernment policies. Solar energy usage has been emphasized in the
National Guideline on Medium- and Long-Term Program for Sci-
ence and Technology Development of China 2006e2020 [5]. Solar
water heating is one of themost popular solar thermal systems, and
accounts for 80% of the solar thermal market worldwide [6]. Over
the past four decades, solar water heating systems have gained a
wide application in the building sector on a global scale [7e11].
China has also experienced a strong growth in the solar water
heater industry. The production of domestic solar water heaters
increased from 3.5 million m2 in 1998 to 125 million m2 in 2008,
with an annual average growth rate of 25% [12].

Most areas within the cold climate zone in China have
3000e3200 annual hours of sunshine, and 5860e6670 MJ/m2 of
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annual solar radiation [13]. The utilization of solar energy for
heating has the advantages of higher heat collecting efficiency and
less possibility of freezing of water pipes and collectors [14]. A few
demonstration projects have shown ways to utilize solar water
heating systems in different types of building in China [15e18].
However, these systems encountered such problems as high initial
cost, low average room temperatures, and excessive auxiliary en-
ergy consumption.

Due to its unstable nature, solar energy alone cannot provide
adequate heating in buildings, and auxiliary heat sources are
needed. Most rural houses in the cold climate zone of China have
south-facing windows or attached sunspaces that can provide
passive solar heating inwinter [19,20]. Consequently, when various
sub-systems (e.g. passive solar, active-solar, heat pumps, etc.) are
integrated, additional challenges concerning both design and
optimal operation can emerge. Although previous work on each
individual application can be found in the literature, there remains
a general lack of knowledge and ambiguity regarding several
technological aspects that should be addressed [21,22]. These are:
(1) design principles; (2) comprehensive field data and improved
results; (3) performance evaluation of multiple sub-systems based
on detailed measurements; (4) reasonable and effective running
procedures with different systems.

To provide clarity on the integrated system, a comprehensive
experimental analysis of passive solar, active solar, and auxiliary
heating systems was conducted in this study. The findings could
further the understanding of technical features, identify barriers to
effective operation, and propose suggestions to improve the per-
formance of the overall integration system.

2. Study building and system design

2.1. Study building

The study building is a single-story house at the Rural Energy
and Environment Laboratory of Tsinghua University, located in
Beijing, China (40�2309.1000N; 116�31019.2800E). The building is
located in a cold climate zone, with average temperatures of 26.5 �C
in July and �4.6 �C in January, respectively. This laboratory enables
researchers to use an iterative “practical engineering” process to
develop and rigorously test new energy technologies in a setting
similar to actual rural conditions, as compared to a traditional en-
gineering laboratory.

The housewas constructed in imitation of common rural houses
in Northern China, and comprised of a bedroom, a living room, and
a storage room. The total floor area was around 60 m2. The house
floor was supported by four concrete pillars and suspended 50 cm
above the ground to prevent heat transfer to the soil. Hence, the
heat transfer boundary condition of the floor is simplified and
similar to other external walls. The layout of the study house is
presented in Fig. 1, and detailed information on the building en-
velopes is given in Table 1.

2.2. Integration of system components

The integrated heating system of the study house comprised an
attached sunspace as the passive solar energy system, an active
solar water heater, and an air-source heat pump (ASHP) as the
auxiliary heating source.

The sunspace had a depth of 0.9 m, and the south-oriented in-
ternal and external windows both consisted of monolayer glass
with plastic-steel frame. The total areas of the internal windows
and wall were 6.4 m2 and 27m2, respectively. The external window
had a glass to window ratio of 0.78 (18.2 m2 glass and 23.3 m2

window). A two-layer curtain was added to improve external

window insulation performance, and it consisted of a thin layer
coated with radiation reduction material and a thick cotton layer.
The curtain was open during the daytime to ensure that sunshine
could easily enter the room, and it was closed during the night to
reduce heat loss. The thin layer acted to reduce heat loss from ra-
diation, while the thick layer and the air between the two layers
acted to reduce heat loss from conduction.

The use of an evacuated tubular collector is ideal for active solar
systems, having the advantages of relatively low cost, high effi-
ciency, improved anti-freezing performance, and technological
maturity [23]. Three sets of solar water heaters with a total area of
10 m2 were installed on the roof. Each set contained 26 evacuated
glass tubes with a length of 1.8 m, and external and internal di-
ameters of 58 mm and 47 mm, respectively. All evacuated glass
tubes were oriented to the south with a 45� inclination angle, and
the tubes had a single opening on the top end connected to three
stainless steel water tanks (capacity 240 L � 3) which was sur-
rounded by a 10 cm expanded polystyrene (EPS) insulation layer.
The main advantage of directly adopting a solar water heater as an
active solar energy system is the reduction in the energy con-
sumption of water pumps, due to the combination of collection
tubes and water tanks, along with natural circulation.

The air-source heat pump (ASHP) had a scroll compressor with
1840 W of input power. An 800 L stainless steel water tank with a
6 cm rubber plastic insulation layer was used to store the heat
generated by theheat pump. Theheatwas exchanged byaplate heat
exchanger connecting thewater tank and air-source heat pump. The
thermal performance of ASHP under low temperature conditions
has been greatly improved in recent years. The primaryadvantage of
adopting ASHP as an auxiliary energy system is the elimination of
pollution from coal and biomass stoves, and the avoidance of high
running costs from direct electric heating devices. In order to avoid
the supplied hot water being mixed with the returning cool water,
all hot water tanks were specially designed to connect the heat
source loopwith thefloor-heating loop. Considering the influence of
buoyancy, the hotwater was pumped from the top of thewater tank
to the radiant floor, and the water returning from the floor heating
system flowed to the bottom section.

Radiant floor heating was adopted as a terminal device due to its
increasing popularity in China. It can provide a more comfortable
indoor thermal environment as compared to convective heating
systems. Furthermore, floor-heating systems provide an optimal
compromise between energy consumption and thermal comfort
[24]. The configuration of the radiant floor adopted in this study is
shown in Fig. 2. From the bottom to the top, the floorwas composed
of an insulating layer (30 mm), circulation water pipes (Ф20 mm/
16 mm) with surrounding concrete (30 mm), a screed coat
(~20 mm), and a surface layer of ceramic tile (8 mm). The water
pipe spacing was 150 mm.

The entire system schematic is shown in Fig. 3.

2.3. System running procedure

The common temperature priority mode of active solar system
and ASHPwas designed to study and compare system performance.

The solar collectors operated through natural circulation within
the hot water tank. As illustrated in Fig. 3, the ASHP, pump 3, and
electromagnetic valves M5 and M6were simultaneously controlled
by the thermometer T2, which regulated the average temperature
of the hot water tank connected to the heat pump. When T2 was
lower than the set value (35 �C), the heat pump system would run
until T2 reached a set value (38 �C). The room heating system could
be operated automatically via a comprehensive controller. The
room temperature T0 had the highest priority in order to control
the operation of the entire space heating system. When T0 was
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