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Introduction

Solar energy application in buildings is expected to play a major part in the global effort
of carbon reduction considering that the global building sector accounted for 36% of
energy consumption and 37% of CO, emissions in 2020 (IEA 2021). According to the
reports of International Energy Agency, the global dwellings using solar thermal tech-
nologies for water heating have reached 250 million by 2020, and the electricity gener-
ated by solar PV panels exceeded 1000 TWh (1 TWh=1 billion kWh) in 2021. In the
Net Zero Emissions by 2050 Scenario, however, 290 million new solar thermal systems
(IEA 2022b) and an average annual PV generation growth of 25% are needed in the years
to 2030 (IEA 2022a). China has been dominating the global solar energy market thanks
to the strong support from the government (Shen et al. 2021). Since 2009, the Chinese
government has initiated a series of policies including project and city-scale demonstra-
tions with subsidies (He et al. 2015) and multi-tiered feed-in tarift systems (Zhang and
He 2013). Now, as the PV market has reached a grid-parity by 2022, a more compli-
cated policy instrument is needed (Zhang et al. 2022a, b). In the solar thermal market,
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domestic solar water heating (SWH) systems have long been popular in rural areas (Hou
et al. 2022) while installations in urban areas have gained considerable increase only
recently and have expanded into the space heating market (Sovacool and Martiskainen
2020). With the new carbon goal of China reaching peak emissions by 2030 and neu-
tralization by 2060 (Zhang et al. 2022a, b), the market is seeing a growing interest in
zero-carbon buildings that use a larger share of renewable energy, especially the build-
ing-integrated solar energy(Ma et al. 2021; Yu et al. 2022).

In solar planning for building energy systems, either solar photovoltaic (PV) or solar
thermal collectors (STC) can be considered. One primary issue associated with solar
energy is the need of energy storage to cope with its unstable nature and seasonal cycles
that mismatch the demand cycle. The PV systems can be installed as off-grid systems
(standalone) with batteries or on-grid systems that use the power grid as the stor-
age media. In addition to roof-top installations, PV panels are integrated with various
building components, such as windows or facades (Kuhn et al. 2021), roof tiles (Martin-
Chivelet et al. 2022), awnings, and parking structures (Deshmukh and Pearce 2021) to
increase installation areas. In the solar thermal utilization, the STC systems are often
combined with other technologies, such as air source heat pump (ASHP) and seasonal
thermal energy storage (STES) (Bie et al. 2020; Kamel et al. 2015). The heat pump has
long been considered as an energy efficient and mature technology (Sadeghi et al. 2022).
However, in some climates, the ASHP system is associated with declined efficiency and
reduced heating capacity because of frosting issues (Qu et al. 2017). Solar-assisted heat
pump (SAHP) systems, which combine solar energy and heat pump, can achieve higher
efficiencies than the two systems acting alone(Fan et al. 2021; Lerch et al. 2015; Lu et al.
2021). The STES addresses seasonal imbalances of solar energy by saving excessive solar
heat in the non-heating seasons for use in the heating season (Ucar and Inalli 2008). The
use of thermal storage in general increases the efficiency of collectors (Kalogirou et al.
2016; Mahon et al. 2020). According to Lu et al.(2020), STES can increase the energy
production of collectors from 51 to 229 kWh/m? in Hangzhou, China.

Solar energy is a low-density energy source. Solar energy systems normally require
a large installation area to cover energy needs, which can be a challenge in buildings.
Therefore, in the solar energy planning of a building, it is important to identify the
system with the highest energy production rate per unit installation area. To meet the
heating demand, both solar collectors and PV panels (with ASHP) can be installed. A
circulating SWH system typically has an efficiency from 30 to 40% depending on solar
radiation, water temperature, and ambient temperature (Gao et al. 2020; Sabiha et al.
2015). A PV + ASHP system can generate heating energy at a similar efficiency consid-
ering a typical efficiency of 13% to 20% for the PV system and a COP of 2 to 3 for the
ASHP (Pedraza 2022). Recently, the development of photovoltaic/thermal (PV/T) tech-
nologies makes it possible to deliver both electricity and heating energy in a more spa-
tially efficient way (Joshi and Dhoble 2018; Leonforte et al. 2022).

So far, there have been very few studies on comparing the energy performance of solar
collectors and PV panels in terms of spatial efficiency. This study attempts to fill the gap.
The energy production rates of the two solar technologies are compared through five
optimized systems that use ASHP and STES in varied ways. The objective is to find out
the most spatially efficient system in terms of energy production per unit of installation
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area and assess its economic performance and environmental impact. The study helps
the decision process in choosing proper solar technologies within the limit of installa-

tion areas.

Systems and modelling

To compare the energy capacity of various solar energy systems, the reference energy
demands of domestic hot water (DHW), heating, and cooling of a residential building
is chosen. In this section, a brief description of the building is presented first with pre-
scribed heating, cooling, and DHW demands. Then various solar energy systems, along
with their modelling in TRNSYS (S.A. Klein 2016), are proposed to meet the energy
demands. In all systems, the DHW tank and heating terminals are not included and
therefore their impact on the energy efficiency and cost is not considered. In addition,
water is used as working fluid in thermal collectors for simplicity.

The site and loads
The energy demands were estimated based on a two-story house model with 220 m?
floor area as described in (Hong et al. 2019). The building is assumed to be in Hangzhou
city (30°E, 120°N), which is in the hot summer and cold winter region in China. The
average total horizontal solar irradiation is 4,402 MJ/(m?yr) (Huang et al. 2014). The
annual cooling and heating loads have been estimated using EnergyPlus. However, some
adjustments have to be made in this study. The original building model included a solar
chimney that could provide extra solar heating during the heating season. However, this
is not a general feature in practice. In addition, the original model had insulation exceed-
ing the current building codes, which is also not universal in China. For these two rea-
sons, the heating load is increased to a more practical level. The resulting annual heating
and cooling loads are 8,072 kWh and 10,709 kWh, respectively.

The domestic hot water (DHW) load was calculated based on five occupants and
a daily demand of 60 °C, 40 L/person according to the national standard (MOHURD
2019).

Qprw = Cm(60 — t;,) (1)

where Qppyy is the daily DHW load (kWh/d), C is the specific heat capacity of water (k]J/
kg-K), m is the daily hot water mass (=200 kg/d), and ¢;, is the tap water temperature
(°C). The tap water temperature was estimated based on the measured temperature in
Lake Taihu (Zheng et al. 2021), which is one of the city’s supply water source. The calcu-
lated DHW load is 3,578 kWh/y.

Figure 1 plots the daily horizontal total solar radiation per unit area along with daily
loads for DHW, space heating, and space cooling throughout the year. In meeting these
demands, five different combinations of PV, ASHP, STC, PV/T, and STES are compared.

System A: PV with ASHP

This system consists of solar PV panels and two ASHP systems. As shown in Fig. 2, one
ASHP (Type 941) is used to provide heating energy (DHW and space heating). The other
ASHP (Type 655) provides cooling energy in summer. Although one single ASHP sys-
tem with heat recovery could provide both chilled water for cooling and hot water for
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heating in summer, this is not considered in this study. The PV panel system provides all

the electricity demand of the energy system.

System B: PV with ASHP assisted by STC

Compared with the system A, a solar collector system is added to provide part of the
heating energy (Fig. 3). The addition of the collectors reduces the required area of
PV panels because the electricity consumption of the ASHP is reduced. If the STC
is more efficient than the PV panels, the overall installation area will be reduced. In
Fig. 3, the STC (a flat plate collector, Type 1b) works with a small water tank (Type
4c). The STC starts to charge the water tank when its outlet temperature exceeds
the bottom temperature of the tank by 10 °C and stops when the difference is below
2 °C. In addition, for safety purpose, the charging stops when the top node tempera-
ture of the tank exceeds 95 °C. The operation control puts the priority on using solar
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energy. The ASHP is switched on only when the tank temperature is below 40 °C and
is switched off once the temperature is above 45 °C.

System C: PV with STC and STES
Compared with system B, system C uses the STC and STES to provide the heating
energy and the ASHP is only used for cooling purpose (Fig. 4). The STES (a bur-
ied type, Type 4c) has an initial temperature of 45 °C and is modelled as a stratified
water tank that loses heat to the surrounding soil of 16 °C at a rate of 0.1 W/(m?*K).
To ensure that no pre-stored energy in the tank is used in a one-year cycle, the sys-
tem is sized such that the year-end temperature of the tank is no less than its initial
temperature (45 °C). In this way, the system is sustainable with 100% of the heating
energy coming from the solar energy of the current year, not partially from previous
years. This is true for all cases with the STES.

A water-source heat pump (WSHP, Type 927) is used to raise the water tempera-
ture for heating when the tank temperature falls below 45 °C. To prevent the forma-
tion of ice or too low COPs, tank temperatures below 8 °C shall be avoided.
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System D: PV/T with ASHP

Compared with system B, system D replaces the STC with the PV/T (Type 50a) panels
(Fig. 5). The heat transfer fluid in the PVT system is water because the freezing issue
is not a concern in this study region. The thermal efficiency of PV/T panels is gener-
ally lower than the STC. Like in system B, the collected solar energy is also used first
before the ASHP, i.e., the ASHP only works when the tank temperature drops below
40 °C and stops once the temperature of the tank is above 45 °C again. The optimized
system sizes are such that the annual electricity production of the PV/T balances the
total electricity demand by the ASHPs.

System E: PV/T with STES

System E relates to system D in the same way that system C relates to system
B (Fig. 6). A seasonal storage tank is added to test its impact on the system efficiency.
Like in system C, the initial temperature of the tank is set to 45 °C and the system is
sized such that the year-end temperature of the tank is no less than its initial tem-
perature (45 °C).
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Model Parameter Value
Solar collectors Intercept efficiency 0.8
(Type 1b) Efficiency slope, kJ/(h-m?-K) 13
Efficiency curvature, kJ/(h-m?-K?) 0.05
Installation slope, degree 30
Azimuth angle (From true north), degree 180
ASHP for heating Rated heating capacity, kW 11.24
(Type 941) Rated heating power, kW 3.26
ASHP for cooling Rated heating capacity, kW 11.64
(Type 655) Rated COP 3
Pump Solar pump flow rate, kg/h variable
(Type 3b) ASHP pump flow rate, kg/h 900
Load side pump flow rate, kg/h 800
WHSP Heating loop pump flow rate, kg/h 900
(Type 927) Rated heating capacity, kW 1
Rated heating power, kW 1.9
Storage tank Average tank loss coefficient, W/(m?-K) 033
(Type 4c) Initial storage temperature in all layers, °C 40
Ambient temperature, ‘C 22
Number of tank nodes 5
Seasonal tank Average tank loss coefficient, W/(m?2-K) 0.1
(Type 4c) Initial storage temperature in all layers, C 45
Soil temperature, C 16
PV Module area, m? 1717
(Type 94a) Module short-circuit current at reference conditions, A 8.98
Module open-circuit voltage at reference conditions, V 38.39
Module voltage at max power point and reference conditions, V 30.94
Module current at max power point and reference conditions, A 8.56
Temperature coefficient of | at reference condition 0.067
Temperature coefficient of V. at reference condition -033
Installation slope, degree 30
Azimuth angle (from true north), degree 180
PV/T Cell efficiency 0.17
(Type 50a) Collector plate absorptance 0.92
Collector loss coefficient, kJ/(h-m?-K) 16
Cover transmittance 0.89
Packing factor 0.8
Installation slope, degree 30
Azimuth angle (from true north), degree 180
Users loads Total heating loads, kWh 11,650
(Type 682) Total cooling loads, kWh 10,709

System input parameters and optimization

The modelling and simulation of the above five systems were performed in TRNSYS.
Table 1 presents the system parameters and initial conditions. The ASHP and WSHP
were rated to meet the maximum hourly heating and cooling loads, respectively. The
circulation pumps were rated to deliver the heat to meet the maximum hourly loads
at a temperature difference ranging from 5 to 10 °C. The rated COPs of ASHP and
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2019)

WSHP were in accordance with the national standards (Standardization administra-
tion 2015). For the ASHP, the rated heating capacity was 11.24 kW and its COP curve
was set in TRNSYS to match the measured data from a unit of similar size, as shown
in Fig. 7.

The electricity production of the PV panels was estimated in TRNSYS based on
parameters in Table 1 and the Typical Metrological Year data of Hangzhou (China Mete-
orological Administration and Tsinghua University 2005). The resulted annual produc-
tion rate was 192.45 kWh/m? Using a decline rate of 2.5% for the first year and 0.7%
for the 19 years after (China Electricity Council 2021), an average rate of 177.08 kWh/
m?, or 14.1% in terms of electricity production efficiency, was obtained for a 20-year life
cycle. This average rate was used to calculate the area of PV panels needed to balance all
power consumptions in each system. All systems consider an on-grid PV system so that
no electricity is wasted because of mismatches between loads and production.

The PV/T was modelled in TRNSYS with a constant loss coefficient. The packing fac-
tor, which is the ratio of the PV cell area to the absorber area, is 80%. The following
default collector efficiency in TRNSYS (S.A. Klein 2016) was used:

(t - ta)

n =0.786 — 15.36 )

where ¢ is the collector temperature (°C), ¢, is the ambient temperature (°C), and G is the
solar radiation (kJ/h-m?).
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The simulation involved optimization to find the minimal size for a given system to meet
the energy demand. For system A, minimal tank volumes for different ASHP heating capac-
ities were searched. For systems C and E, minimal sizes of the STES for different collector
areas were searched. The heating demand was considered met when the difference between
the supplied heat and the heating load was less than 1% of the heating load for every hour.
Rarely, the 1% criterion was exceeded. When this occurred, the simulation was still con-
sidered valid if the water supply temperatures at these hours were higher than 40 °C. There
was still heating capacity for water above this temperature.

The heat loss of piping work was neglected. The flow rate of the solar pump was esti-
mated based on a ratio of 0.063 m>/h per square meter of collector area (MOHURD 2018).

Performance indexes
The thermal efficiency of solar systems is defined as the total delivered heating energy
divided by the total received solar irradiation on the solar panels (e.g. thermal collector or
PVT):
Q

n = > (3)
where 1 is the thermal efficiency, Q (kWh) is the heating energy output, and ® (kWh) is
the total received solar radiation. This efficiency differs from the collector efficiency (see
Eq. 2) in that the system efficiency is concerned with the heating energy delivered to the
heating loop while the collector efficiency is only concerned with the energy delivered
to the storage tank. For systems without storage tank, the two efficiencies are the same.

The electricity production efficiency of PV or PVT panels is defined as:

= (@)

O

where 1 is the electricity production efficiency and W (kWh) is the total electricity
generated. When the generated electricity is used to drive the ASHP to deliver heating
energy, the thermal efficiency can be calculated using Eq. (3), where the heating energy
output is the heat energy delivered by the heat pump.

The spatial efficiency of solar systems is evaluated as the total installation area per unit
of energy demands. Alternatively, it can be substituted by the energy capacity of systems,
which is defined as the total energy delivered per installation area:

Total energy output
£ =

(5)

Artor

where & (kWh/m?) is the energy capacity of the system. The total installation area is the
sum of the required areas for the PV panels, PV/T panels, and STCs:

Artor = ;Ai ©)

E
Apy = MAX<,0> (7)
V4



Liu et al. City and Built Environment (2023) 1:16

where Ao (m?) is the total installation area, A; (m?) is the area of solar panels (i=PV,
PV/T, or STC). E is the total electricity consumption (kWh/y), and p is the electricity
production rate of PV panels (= 177.08 kWh/(m?-y)). The heat pump units and STES can
be placed in shaded areas and are not necessarily competing against solar panels. There-
fore, the spaces for these components are not considered. E is negative if the system pro-
duces more electricity than it consumes. The heating and DHW demands are met using
water supplied at temperatures of 45 °C.

The economic performance is evaluated using the equivalent annual cost (EAC), which
is the annual cost in the whole life cycle of the system considering the initial investment,
operation and maintenance (Vijay and Hawkes 2019).

n
EAC=C%+PE-E+05C ()
where C (CNY) is the initial investment, r is the discount rate (=8%),x is the lifetime of
the system (=20 years), Pr is the local utility price (a tiered pricing: 0.536 CNY/kWh up
to 2760 kWh, 0.588 CNY/kWh for between 2760 and 4800 kWh, and 0.838 CNY/kWh
for >4800 kWh). « is the ratio of the annual maintenance cost to the initial investment
(=1%). The initial investment is estimated using Eq. (7).

C=) cAi+ > G +csres - Vsies + Cpap
i j

)

where ¢; (CNY/m?) is the unit cost (i=PV, PV/T, or STC), G (CNY) is the component
cost (j=ASHP or WSHP). csres (CNY/m?) is the unit cost of the tank and Vsrgs is the
tank volume. Cpg, is the cost of pumps and pipe working. Table 2 gives the prices of the
components used.

The environmental impact is evaluated using the carbon emission of the system in a
life cycle. This includes the embodied carbon emissions and the emissions during the
operation phase as shown in Eq. (10).

CE =Y cei-Ai+ Y CEjfp +e¢-E (10)
i J

where CE (kg CO, eq.) is the total emission in a life cycle, ce; is the embodied emis-
sion per unit area of the solar panel i, CE; is the embodied emission for the component
(j=ASHP, WSHP, and STES), LT} (y) is the lifetime, and ¢ is the carbon emission factor
of power grid. Table 3 lists the emission factors for the three types of solar panels. The
embodied carbon emission for ASHP and STES tanks were estimated based on materials

Table 2 Component prices used in cost evaluation

Parameter 4] (CNY/m?) G (CNY) Cpap(CNY) cstes (CNY)
Description  PV/T PV STC ASHP  WSHP Pumps &Piping Buried tank Surface
Value 1948 1345 1000 35000 10,000 3000 1867 1100
Reference (Sifnaios (Lu et al. 2020) (Chu et al. 2022)

etal. 2021)

Exchange rate between Chinese yuan and US dollar: CNY: USD =6.72:1 (China State Administration of Foreign Exchange
2023)

Page 10 of 21
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Table 3 Parameters used in carbon emission evaluation

Parameter  ce; kg CO, eq./m? CE;, kg CO, eq./unit €, kg CO, eq./
kWh
Description PV PV/T STC ASHP WSHP STES
Value 293.24 387.00 231.02 5254 3284 51931 0.5810
xVses+
771.64 for
small tanks
296.1 x \/5755
+16404 for
buried tanks
Reference (Lietal (Good 2016) (Lietal. (Yang et al. - - (China Minis-
2022) 2022) 2018) try of Ecology
and Environ-
ment 2022)

Table 4 Simulation results for the PV + ASHP heating systems with different rated capacity

Percentage of fully Min. tank volume  Tank heat loss Power consumption for ASHP
rated Py, (m3) (kWh) heating (kWh) cop
100%*Php 33 835 4895 2.82
90%*Pp,, 4.5 1000 4865 2.86
80%*PhID 12.1 1933 5133 290
70%*Py, 555 6093 6431 3.00

and its carbon emission factors (Yuancheng and Bin 2018). The CE for WSHP was esti-
mated as 0.625 times of the ASHP of similar heating capacity (Greening and Azapagic
2012). Two correlations were obtained for the tanks because the insulation was different:
the insulation is 0.1 m polyurethane for small tanks and 0.2 m for buried tanks. The life-
time is assumed to be the same as that of the system (LT; = n) for all components and
solar panels.

Results

System A: PV with ASHP

The ASHP heating system typically works with a buffering tank, which helps reduce par-
tial load losses associated with the heat pump not working at its full capacity (Conti et al.
2022). The disadvantage is that the tank also introduces heat losses. The partial load,
however, is not considered in the present study.

The use of a tank allows a reduced size of ASHP. The larger the tank is, the smaller
the size of the ASHP can be. Table 4 shows the energy simulation results for the ASHP
at different rated heating capacities. The size of the ASHP has little impact on the total
power consumption when the tank volume is less than 12 m®. System A consumes
approximately 4900 kWh in total for heating, which can be met with 35.5 m* of PV pan-
els. However, the heat loss of the tank increases considerably as the size increases. In the
case of 70% rating, the tank needs to be at least 55.5 tons, and almost 1/3 of the gener-
ated heat is lost by the tank. The loss increases the total power consumption. Therefore,
a large tank should be avoided for the ASHP system. Note that the overall COP value of
the ASHP ranges from 2.82 to 3.00.
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System B: PV with ASHP assisted by STC

Table 5 shows the changes in energy performance of the system when different areas of
STC are added. The first row is System A with 35.5 m? of PV panels. Introducing collec-
tors into the system reduces the need for PV panels. The difference between the reduced
PV area and the collector area is the reduced installation area. Maximum reduction
occurs at STC =3 m? However, the reduced installation area is negligible. The reduction
diminishes after STC =5 m? At somewhere between STC=3 m? and 5 m?, the thermal
collectors and the PV panels share the same annual thermal efficiency. From Table 5, it
can be seen the collector efficiency at this point is between 43.7% and 46.5%. The ther-
mal efficiency is lower due to the thermal loss. Nonetheless, it should be very close to
the thermal efficiency of PV + ASHP (43%), which can be estimated as the product of the
electricity production efficiency (15.3% for the first year, see Sect. "System input param-
eters and optimization") and the average COP of the ASHP (2.82, see Table 4). In other
words, in order for collectors to be as thermally efficient as the PV panels in delivering
heating energy, its annual collector efficiency needs to reach at least 43%. In real applica-
tions, it is difficult for a system with a large size of collectors to achieve this threshold
without thermal storage because a large portion of solar energy cannot be utilized in
summer as a result of seasonal mismatches between solar energy and building loads.

System C: PV with STC and STES

In system C, various combinations of three parameters were simulated: the STC area,
the tank volume, and the use of WSHP. Figure 8 shows the influences of the three
parameters on the energy performance. Some combinations fail to meet the heating
demand with an ending tank temperature below the initial temperature of the storage
tank (45 °C), which is not sustainable. These failed cases are plotted in hollow symbols
(circles). Points of solid symbols represent cases where the heating demand is met. All
cases with Agpc =40 m? fail except for the first point (tank =80 m?).

For each collector area, there exists an optimal tank volume that corresponds to the
minimal power consumption. Large tanks have greater heat losses, which may make the
system unable to meet the heating demand. For example, the system with Agpc=44 m?
fails to meet the heating demand when the tank size is greater than 220 m* (hollow sym-
bols). The electricity consumption by the WSHP is also shown in Fig. 8 for the A¢;-=55

Table 5 Performance results with different collector areas added

Collector area Collector Power consumption for Reduced PV area Reduced

(m?) efficiency heating (kWh) (m?)2 installation
area (m?)

0 0.0% 4895 0.0 0.00

1 47.0% 4713 1.03 0.03

3 46.5% 4356 3.04 0.04

5 43.7% 4069 4.66 -0.34

7 40.4% 3844 5.94 -1.06

10 34.9% 3629 715 -2.85

20 25.0% 3203 9.56 -10.44

40 15.4% 2630 12.79 -27.21

2The reduced PV area for each collector area is calculated based on a PV production rate of 177.08 kWh/m?
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Fig. 9 The total installation areas, STES volumes, and collector efficiencies at different collector areas

m? case. The minimal energy consumption is shown to occur at zero WSHP energy. This

implies that the WSHP does not necessarily increase efficiency, but it helps reduce the
tank volume.

When the PV panels are used to balance the electricity consumption by the circula-
tion pump and the WSHP, the total installation area (STC+ PV panels, heating only) for
each collector area can be obtained and is plotted in Fig. 9 along with the collector effi-
ciency. The smallest total installation area (50.2 m?) occurs at the smallest collector size:

Page 13 of 21
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Agrc=40 m? Although a smaller total installation area appears available with smaller
sizes of collectors, the difference would be minimal. From Fig. 9, it is also evident that
the use of STES increases the thermal efficiency of the collectors. For an example, at
Agrc=40 m? the collector efficiency (31%) doubles compared with that of the case with-
out the STES (15.4%, in Table 5).

System D: PV/T with ASHP

Compared with system B, system D replaces STC with PV/T. Figure 10 plots the thermal
efficiency of the PV/T and the total installation area (PV/T +PV) at various PV/T areas.
Again, the PV panels are to balance any remaining electricity. Like system B, the thermal
efficiency of PV/T declines as the PV/T area increases. The least installation area (23.2
m% PVT =10 m?, PV =13.2 m?) is 4.3 m? less than the minimal installation area of Sys-
tems A and B. Further increasing the PVT areas results in surplus electricity production
and wasted thermal energy.

The thermal efficiency of the PV/T is generally lower than that of the STC. However,
when the area is greater than 12 m? their differences become small. The threshold ther-
mal efficiency of PV/T will be much smaller than that of STC because the PV/T pro-
duces electricity as well.

System E: PV/T with STES

In this system, an STES tank is used to improve the thermal efficiency of the PV/T. Fig-
ure 11 shows the simulation results with varied PV/T areas and STES sizes. The hollow
symbols indicate that the system is unable to meet the heating demand without using
the pre-stored energy in the storage tank. Again, compared with system D, system E
achieves higher thermal collection efficiency at large collector areas thanks to the use of
STES. For instance, at Ap, =50 m?, the thermal efficiency of system E (31.7%) is almost
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X 35 7 \‘\ o'*
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Fig. 10 Performance operating conditions by increasing the PV/T areas
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triple of system D (11.9%). In addition, the electrical efficiency of system E (10.7%) is also
higher than that of system D (9.4%). This is because the use of STES allows the PV/T to
operate at lower temperatures. However, this system requires greater installation area
(50 m? of PV/T). The reason is obvious: The STES tank introduces considerable thermal
losses. Note that there is surplus electricity. With 50 m? of PV/T, the electricity produc-
tion is 6696 kWh for the first year. Assuming a first-year decline rate of 2.5% and 0.7%
thereafter, the average electricity production for a 20-year life cycle is 6161 kWh/y and
the average surplus electricity is 1,801 kWh/y. The surplus electricity is not accounted for

in the area comparison, but it will affect the cost and environmental impact assessment.

Area comparison

In this section, the total installation areas (solar panels for heating and cooling) are com-
pared. The cooling of the building was simulated separately with the supplied chilled
water temperature between 7 and 12 °C. The simulation resulted in an amount of elec-
trical consumption of 3079 kWh for the total annual cooling load of 10,709 kWh. In all
cases, the PV system is used to balance any remaining electricity balance after the elec-
tricity produced by the PV/T, if present, is accounted for.

The minimum total installation area of each system is shown in Fig. 12. The bench-
mark system (the PV + ASHP system, or system A) requires an installation area of 44.9
m? (PV panels). Introducing a proper size of STC (system B) can only reduce the instal-
lation area by less than 0.1 m% Introducing STES (system C) does not reduce the total
installation area. Instead, this system requires the most installation area. However, intro-
ducing PV/T (system D) is advantageous with a least total area of 40.6 m?, a reduction of
4.3 m? compared with the benchmark case. Preferably, PV/T is used without the STES.

The values of energy capacity for systems A, B, C, D, and E are 498 kWh/ m?, 497 kWh/
m?, 331 kWh/m?, 551 kWh/m?, and 494 kWh/m?, respectively. If only the heating system
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Table 6 The initial cost, EAC, and carbon emission of five systems and the conventional system

System: descriptions Initial Cost EAC Total embodied  Total
(CNY) (CNY/y) carbon carbon
(kgCO, eq.) emission
(kgCO, eq.)

A: PV + ASHP + ASHP 138,288 15,468 26,772 26,772
B: PV +STCH ASHP 4+ ASHP 136,102 15,223 25,999 25,999
C: PV 4 STCHSTES +WSHP + ASHP 261,123 29,207 60,871 60,871
D: PVT + ASHP + ASHP 137,224 15,349 25,827 25,827
E: PVT+WSHP + STES 4+ ASHP 472,790 51,917 94,629 73,698
Conventional systems: ASHP 4+ ASHP 77,950 14,752 13,617 96,728

Currency exchange rate: CNY: USD = 6.72:1 (China State Administration of Foreign Exchange 2023)

is considered, the energy capacities for these systems in the same order are 424 kWh/
m?, 422 kWh/m?, 232 kWh/m?, 503 kWh/m? and 523 kWh/m?, respectively. The values
for heating systems only are generally lower than those for cooling and heating systems
together because apparently the cooling system is more energy efficient than the heating
system. System E appears to be an exception because the surplus electricity generation is
not counted in the heating cycle.

Cost and environment impact

Table 6 compares the economic performance and environmental impact of the five sys-
tems, each in its minimal installation area, in a 20-year lifetime. System B turns out to be
the most economical system. However, the other two systems (A and D) are only slightly
higher. The systems with STES (C and E) cost 1.9 to 3.4 times of the other three systems
without STES. The main reason is that the STES with a water tank is not an economi-
cal technology (Lu et al. 2020). The comparison result is not sensitive to the utility price
because only system E has surplus electricity, and the amount is not influential. The last
row of the table is the conventional system which is the same as system A except that the
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PV is removed, and all power is from the grid. In comparison, system B costs only 3.2%
more than the conventional system.

System D emits the least carbon in its 20-year lifetime, but its advantage over systems
A and B is small. The systems with STES (C and E) have much greater impact than the
other three systems without STES. System E emits the most carbon dioxide. Its impact is
2.85 times of that of system D. The higher emission is due to the large STES tank. Nev-
ertheless, all five solar systems have less environmental impact than the conventional
system. Among them, systems A, B, D can reduce the impact by 72% in a lifetime of
20 years.

Discussions

From Sect. "Area comparison’, it is found that systems A and B share similar energy
capacities. However, a closer examination of the optimization of system B reveals that
the thermal collector in a large area is less efficient than the PV. In the studied climate,
the equivalent thermal efficiency of the PV panel (with ASHP) is approximately 43%.
Although the instantaneous thermal collector efficiency can be greater than this value,
the annual average is much smaller because the mismatches between loads and solar
energy reduces the portion of collected energy to be unutilized. The PV system does
not have such losses if it can use the power grid as the storage. What is surprising is
that even the STES cannot change to favour the solar collectors. Although the STES can
increase the efficiency of the STC considerably, its thermal losses still prevent the STC
from matching up with the PV panel in energy capacity.

Integrating PV with thermal collectors can help reduce the installation area. Among
the five studied systems, system D uses the smallest area indicating that PV/T is the
most spatially efficient panels. In the studied climate, PV/T system can deliver 551 kWh/
m? of energy (cooling + heating), 10.6% higher than the PV system (with ASHP).

As previously mentioned, solar energy is an important source for fighting global
warming. Our results show that adding solar energy systems can achieve 72% of emis-
sion reduction compared with the conventional ASHP heating system that uses grid
power. Therefore, promoting solar panels in buildings is an effective solution to fight the
global warming considering the large building stock.

Solar systems are not yet cost effective compared with the conventional ASHP heat-
ing system that uses grid power. Regardless of the forms of solar panels, the addition
of solar energy systems increases the EAC value by 3.2% (Sect. "Cost and environment
impact"). An earlier study (Lu et al. 2020) has shown that solar heating systems using
STC have no economic advantages over the conventional ASHP heating systems. Here it
is further shown that not only STC but also PV and PV/T have no economic advantages
over the ASHP heating systems. But this could change if the utility price becomes higher.
Further calculation shows that at a fixed utility price of 0.7 CNY/kWh, the EAC of the
solar energy systems would be the same as the conventional ASHP heating system. This
means that if the solar energy system is to have a realistic payback period, the utility
price should be greater than 0.7 CNY/kWh.

The EAC values of the three systems (A, B, and D) are very close, indicating that PV,
STC, and PVT do not pose significant economic advantages over each other. How-
ever, STES adds to the cost considerably. Current STES using water tanks is neither
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cost-effective nor environmentally friendly. It presents two obvious issues. Firstly, it is
associated with high thermal loss ratios. In previous simulations, the STES tank has a
thermal loss rate of 0.1 W/(m?K), which means a typically well-insulated storage tank
(Del Amo et al. 2020). Even so, the thermal loss is still significant: approximately 49.2%
of the energy collected is lost in system C. Various seasonal storage technologies have
been developed that can keep the thermal loss to a minimum, such as thermochemical
storage (Kant and Pitchumani 2022) and latent heat storage (Umair et al. 2019). These
new technologies may help the STC for higher efficiency. Secondly, it has low energy
density, which means that the tank often needs to be very large. Large tanks are associ-
ated with high system’s EAC and high embodied carbon. For the tank to be small, STES
with higher energy density is needed. There are high temperature collectors (Gaudino
et al. 2022), which make it possible to have higher storage temperature and hence higher
energy storage density. In addition, research is also active in searching for cost-effective
STES in previously mentioned thermochemical storage and latent heat storage.

Limitations

In this study, a comparison of energy production efficiency between solar collectors and
PV panels for heating and cooling is presented. The mismatches of seasonal variations
between the solar radiation and the heating demand are resolved using an STES to shift
the demand. An alternative to this energy shift is to use the thermal energy for cool-
ing. Several technologies are available for that purpose, such as solar absorption cool-
ing (Alobaid et al. 2017; Hang et al. 2013) or solar adsorption cooling (Chauhan et al.
2022). The solar thermal system generating electricity using organic Rankine cycle is also
a hot topic (Sun et al. 2020). These systems typically have an overall low thermal utili-
zation efficiency although they may increase the thermal collector efficiency (Bataineh
and Alrifai 2015). Because these technologies have a low market maturity, they are not
included in this study.

Furthermore, the thermal efficiency of the PV + ASHP system is highly dependent on
the COP of the ASHP, which is related to the climates. The ASHP is a recognized energy
efficient technology in the hot summer and cold winter region of China (Chen and Nan
2022). However, in colder climates, its efficiency will be lower (Zhang et al. 2017), which
will make solar collectors more favourable. In addition, other factors may need to be
considered, such as the solar radiation levels. Therefore, a specific analysis is recom-
mended in different climates.

Conclusions

There are various options available to provide the building energy need with solar
energy. Among them are the choices of solar PV panels, solar collectors, and PV/T. The
study examined five solar energy systems that varied in the way of using solar energy
with other technologies such as heat pump and STES to meet the heating demand (space
heating and domestic hot water) for a two-story single-family house in Hangzhou,
China. Cooling was considered too, but the method was the same in all cases. What is of
interest is which system requires the least installation area of solar panels and what the
associated cost and environmental impact are from a life cycle perspective. The conclu-
sions are as follows:
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1) Among the three types of solar panels (STC, PV, and PV/T), PV/T is the most spa-
tially efficient with an energy capacity of 551 kWh/m? working with ASHP. The pre-
ferred heating system is PV/T with ASHP (system D), which requires the minimal
installation area of 40.6 m” to meet the energy demand of the studied house.

2) In a larger scale, the PV system working with ASHP is more efficient than the solar
thermal collector system. The thermal energy efficiency of PV +ASHP is approxi-
mately 43% in the studied climate. The annual efficiency of the STC is much lower
because of the mismatches between the seasonal variations of the load and the solar
energy. To exceed this value, the STC system needs to work with an efficient STES
that minimizes thermal losses.

3) For the optimized systems involving the three types of solar panels, the EAC val-
ues in a 20-year life cycle are similar so long as the STES is not involved. At current
tiered utility pricing in the residential sector, the addition of solar energy systems to a
conventional ASHP heating system that uses grid power increases the EAC value by
3.2%. However, solar energy systems could be cost-effective when the utility price is
increased above 0.7 CNY/kWh.

4) All five solar systems are effective in reducing environmental impact. In particular,
the systems without STES can achieve 72% of emission reduction compared with a
conventional heating system that uses ASHP only.

5) The sensible STES with water can increase the efficiency of STC. However, its ther-
mal loss is considerable and limits the energy efficiency of STC. In addition, it usu-
ally comes with a large size because its energy density is low. This makes the current
STES neither economically appealing nor environmentally friendly.

It is important to understand the role of the ASHP in the conversion of thermal effi-
ciency of the PV panels. When the ASHP is less efficient than that in the studied climate,
the PV will be less appealing compared with the STC. Therefore, the conclusion is only
valid for the studied climate.
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