Energy & Buildings 301 (2023) 113660

Contents lists available at ScienceDirect

Energy & Buildings

ELSEVIER journal homepage: www.elsevier.com/locate/enb

Direct-expansion solar-assisted heat pump coupled with
crystallisation-controlled supercooled PCM for shifting building
electricity demand

Cagri Kutlu™ ", Yanan Zhang®, Qinghua Lyu”, Yuehong Su?, Saffa Riffat®

& Department of Architecture and Built Environment, University of Nottingham, University Park NG7 2RD, UK
Y School of Science, Hubei University of Technology, Hubei, Wuhan, China

ARTICLE INFO ABSTRACT
Keywords: This paper proposes a novel approach for improving the performance of a direct-expansion solar-assisted heat
Demand-shifting pump (DX-SAHP) system by integrating a crystallisation controllable phase change material (PCM) and building

Direct-expansion solar-assisted heat pump (DX-
SAHP)

Crystallisation controllable

Phase change material (PCM)

energy demand shifting strategy. The proposed system aims to reduce buildings’ energy consumption while
utilizing solar energy efficiently. Sodium acetate trihydrate (SAT) as the crystallisation controllable supercooled
PCM has a promising feature of releasing the stored latent heat when it is externally triggered, allowing the user
to control the stored heat whenever needed. In the study, the PCM can store the thermal energy generated by the
DX-SAHP during peak solar hours in an efficient way. This stored energy can be released when solar energy is
unavailable, but the heating is requested. This approach not only reduces the load on the heat pump system but
also makes efficient use of the stored thermal energy by crystallisation controllable PCM. A detailed controlling
methodology of the system is given, and heating output is controlled considering the level of solar irradiance.
The proposed system was modelled and simulated using MATLAB, and the results show that the integration of
crystallisation controllable PCM and building demand shifting strategy can significantly reduce the energy
consumption of the buildings. On the low solar radiation day, the COP improvement compared to the air source
heat pump system was found 9.4%, this improvement value can reach 77% on high solar radiation days. The
system can also effectively utilize solar energy and reduce the overall carbon footprint of buildings.

There is a significant effort to increase use of heat pumps (HP) in
built environments instead of gas boiler to reduce carbon emissions.
However, the performance of conventional air source HP is still a
question for end users, especially in cold areas, because its performance
depends on the ambient temperature and its performance suffers
considerably. Therefore, various renewable heat sources have been in-
tegrated on heating systems [4] such as ground source heat pumps [5]
and solar assisted heat pumps [6]. As it is in the scope of this study, solar
assisted heat pumps have been introduced and developed for a long time
for higher performance using available solar energy. In this way, elec-
tricity consumption can be reduced [7]. However, because of the nature
of the solar energy, there will be a mismatch between available solar
energy and building heating demand. The system requires an additional
thermal storage to supply higher heat source than ambient air. It is
called indirect solar assisted heat pump systems and many papers have
investigated it in detail [8]. Dik et al., [9] presented that using indirect
solar assisted heat pump can reduce the energy consumption around

1. Introduction

The mitigation of climate change still poses a significant challenge
despite massive efforts to address this issue. To effectively implement
climate change policy and meet the objectives of European environ-
mental policy, it is crucial to lower the contribution of all sectors to
greenhouse gas (GHG) emissions [1]. It is absolutely essential to reduce
GHG emissions in the residential sector as well. The heating demand in
residential and commercial buildings has increased significantly [2] and
it rises greenhouse gas emissions together with concerns about the
environment. In 2021, households represented 27.4 % of final energy
consumption in European Union and, 77.8 % of residential energy
consumption was used for space heating and domestic hot water (DHW)
needs [3]. As a result, there is a growing interest in developing energy-
efficient and sustainable solutions for space heating and DHW
applications.
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Nomenclature ¢ PCM liquid fraction
Subscripts
Acol Collector area, m> am Ambient
c1 Heat loss term, W m2K ! col Collector
[ Heat loss term, W m2K 2 comp Compressor
Ion Specific heat, J kg 'K * cond Condenser
D Diameter, m dis Discharge
G Solar irradiance, Wm™2 htf Heat transfer fluid
h Specific enthalpy, J kg~* is Isentropic
L Heat of fusion, kJ kg~* r Refrigerant
m Mass flow rate, kg s~! st Storage
M Mass, kg suc Suction
Nu Nusselt number n Node number
p Pressure, kPa w Water
pr Prandtl number t Tank
Ra Rayleigh number Abbreviations
Q Heat rate, W COoP Coefficient of performance
T Temperature,°C DHW Domestic hot water
U Overall heat transfer coefficient, W m2K ! HP Heat pump
\4 Volume, m® PCM Phase change material
Greek letters LHTES Latent heat thermal energy storage
n Efficiency SAT Sodium acetate trihydrate
p Density, kg m 3

41.5 % in an average day compared to conventional air source heat
pumps. However, in order to avoid indirect HP’s heat exchanger losses,
buffer tank heat losses and bulky space of the buffer tank, direct-
expansion solar-assisted heat pump (DX-SAHP) was introduced. In this
system, refrigerant is circulated directly inside the solar collector, and it
is evaporated in the collector with solar energy. The studies about the
DX-SAHP have focused on bare collectors in order to benefit both solar
energy and available air energy. Chow et al., [10] used weather data of
Hong Kong in their study and they found that the DX-SAHP system could
achieve a year-long average COP of 6.46 which was significantly higher
than conventional air source HP systems. Rodrigues et al., [11] tested
the DX-SAHP in extreme conditions and reported that COP varies be-
tween 1.9 and 2.7. Even the collector is covered by snow, the condenser
heating load reached 1.5 kW with condensing temperature of 32 °C. The
effect of condenser area and refrigerant charging were also investigated
[12]. The studies also revealed that the performance of the DX-SAHP is
mainly influenced by solar radiation intensity. Kong et al., [13] pre-
sented a modelling work using R410a refrigerant for water heating
purpose. They concluded that when solar radiation intensity increases
from 300 W/m? to 900 W/m?, water heating time decreases by 32.8 %
and average COP increases by 46.3 %. It is obvious that solar irradiance
improves performance and increases the heating capacity, the important
issue here is the controlling the system operation considering varying
solar radiation intensity. Kong et al., [14] applied a control strategy of
the DX-SAHP operation and set experiments. Their control strategy was
regulating the degree of superheating 5-10 °C by controlling the
expansion valve opening area. Rabelo et al., [15] tested valve opening of
the small scale CO, charged DX-SAHP unit. They presented that con-
trolling the expansion valve opening can provide maximum COP of the
system. Rabelo et al., [16] also investigated a transcritical CO, DX-SAHP
system to control refrigerant flow rate by using needle expansion valve.
They presented a new correlation based on experimental data for the
mass flow rate of the working fluid. Yin et al., [17] carried out an
experimental study to predict evaporation temperature based on envi-
ronmental parameters. They used independent variables as solar radia-
tion, ambient temperature and wind speed, and predicted the
evaporation temperature using linear regression method. It was reported
that solar radiation intensity has significant influence on evaporation
temperature.

In addition to DX-SAHP, latent heat storage is also an emerging
technology that can provide more efficient, space and cost-effective way
to store thermal energy for heating. Phase change materials (PCMs),
which have a high latent heat capacity and can store and release thermal
energy at a constant temperature during the phase change process have
been used as storage material. This makes it a suitable option for storing
thermal energy for demand shifting purposes to promote renewable
energy sources [18]. Latent heat storage unit can provide heat to the
evaporator of the heat pump thus, a higher heat source temperature can
be provided [19]. Recently, Zhu et al., [20] presented simulation and
experiment results of solar evaporative heat pump system integrated
with a PCM tank between the heat pump evaporator and solar collector.
Their findings indicated that daily energy consumption of the heat pump
with PCM is only 41.2 % of the single heat pump heating system.
Another configuration of solar assisted heat pump with PCM unit is
replacing the PCM storage unit between the building and condenser of
the heat pump. This configuration also serves the demand shifting as the
heat pump operates during off peak hours and charges the PCM storage
[21-23]. However, heat losses of the conventional PCM systems can be a
problem since the PCM loses heat and low temperature PCM could be
useless for heating applications. Supercooled PCMs solve this problem,
the latent heat is only released when the PCM is triggered to induce
crystallisation which makes it suitable for load shifting and synchro-
nising the available solar heat and demand issue in building heating
systems [24]. There are many methods to trigger a controlled crystal-
lization to release the latent heat of the most commonly used PCM so-
dium acetate trihydrate (SAT) [25]. In order to trigger the stored latent
heat, step motor injection was designed [26], Peltier devices were used
[27] and electric triggering devices were prepared [28], and applied to
building heating systems [24,29].

The use of DX-SAHP and heat storage also address to demand shifting
concept. Demand shifting is a strategy that aims to move energy con-
sumption from peak periods to off-peak periods, in order to reduce en-
ergy costs and stress on the grid. It is also important in order to reduce
carbon emissions, because emissions from the grid reach peak level
during peak demand periods because of fossil-based electricity genera-
tion [30].

Therefore, this paper proposes a system integrating DX-SAHP, LHS,
and demand shifting for space heating and DHW applications. The
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Fig. 2. Proposed system operation periods.

proposed system aims to provide an efficient and sustainable solution
while reducing energy consumption, promoting solar energy and
balancing the electricity grid. The system will be evaluated using a
simulation model that considers control strategies, energy demand of
the building and weather conditions. The main objectives of this paper
are as follows:

e Design and Develop an Efficient and Sustainable DX-SAHP System: The
primary aim of this research is to propose and develop a DX-SAHP
system that emphasizes energy efficiency and reduced energy con-
sumption. To achieve this objective, the system incorporates evac-
uated tube collectors, which have been underutilized in the literature
[31,32]. Unlike conventional bare/unglazed solar collectors, the
evacuated tube collectors demonstrate superior performance in cold
and low solar radiation areas/seasons. By adopting evacuated tube
collectors, the system can overcome the negative impact of cold
weather conditions and function optimally day and night. This
approach not only ensures efficient energy utilization but also pro-
motes the system’s ability to relieve grid stress by operating only
during the off-peak times.

Evaluate the Proposed System Using a Comprehensive Simulation Model:
To assess the effectiveness and performance of the proposed DX-
SAHP system, a detailed simulation model is employed. This simu-
lation considers various control strategies, the energy demand profile
of the building, and real weather conditions. Previous studies have
highlighted the necessity of considering real weather data and
building heating demand profiles in evaluations of DX-SAHP sys-
tems. By incorporating these factors into our transient simulations,
we can provide a more realistic and accurate assessment of the sys-
tem’s performance under different scenarios.

e Develop Solar Profile-based Heating and Performance Maps for Control
Methodology: In this study, solar profile-based heating and perfor-
mance maps are developed to establish a robust control methodology
for the DX-SAHP system. These are derived from extensive perfor-
mance predictions, providing valuable insights into the system’s
behavior under varying solar energy availability and building heat-
ing demands. Implementing the control methodology based on these
findings will contribute to the system’s efficiency and overall per-
formance, ensuring optimal energy utilization.

Demonstrate the Effectiveness of Supercooled PCMs in the DX-SAHP
Unit: To highlight the system’s energy efficiency, cost-saving po-
tential, and positive environmental impact, this research introduces
the use of supercooled PCMs in the DX-SAHP unit. The incorporation
of supercooled PCMs in the DX-SAHP represents a novel and inno-
vative approach, demonstrating their effectiveness in improving the
system’s performance and reducing environmental impact. Through
comprehensive simulations, the benefits and advantages of using
supercooled PCMs will be demonstrated and compared to conven-
tional air source heat pump system.

2. System components and methodology

The system consists of three main sections namely, solar collectors,
heat pump and a PCM storage tank. Evacuated tube solar collectors work
as an evaporator of the heat pump. The refrigerant enters the solar
section, and it is evaporated by collected solar energy. Then, the
refrigerant goes to the compressor at gas phase and its pressure and
temperature increase. High temperature working fluid condenses in the
heat exchanger, later its pressure and temperature are reduced by the
expansion valve. The expansion valve controls the temperature and flow
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Fig. 3. Control parameters in the simulation.

rate considering the available solar energy and the collector’s thermal
efficiency. Fig. 1 shows the schematic of the unit.

Methodology of the paper covers PCM charging and load shifting,
load management and control parameters of DX-SAHP coupled with
crystallisation controllable supercooled PCM storage tank. The control
parameters are delivery temperature, heat pump heating load and
adjustment of evaporation temperature.

The PCM charging process is limited to solar hours since the heat
pump can only operate during this period. As a result, the system en-
forces load shifting from peak times to daytime, aligning with solar
energy availability. The DX-SAHP utilizes solar energy as a heat source
and efficiently delivers high-temperature heat to the condenser heat
exchanger. This heat is then transferred to the hot water loop, connected
to the PCM storage tank, where the circulated water heats the PCM
tubes. During PCM charging, the water temperature in the tank remains
sufficiently high, enabling continued space heating.

Regarding the load management, the system aims to achieve optimal
load management during the charging and discharging phases of the
PCM storage tank. When charging is completed, the water temperature
in the tank reaches approximately 70 °C, and the PCM temperature rises
to more than 58 °C. This stored heat can be utilized during evening peak
hours without any additional electricity consumption. However, as
heating continues during the night, the tank temperature gradually
decreases. To address this, the PCM tubes can be activated to increase
the water supply temperature. The latent heat of the PCM provides the
necessary heat to cover the early morning peak load, ensuring efficient
use of stored energy. Fig. 2 shows the system operation for a given
heating load and solar irradiance profile.

In order to operate the system effectively, specific control parameters
and actions are determined based on the simulation results. The study
introduces three different control parameters and actions, reflecting its
contribution to the field:

2.1. Delivery temperature

One of the primary targets of the system is to supply the building
with sufficient hot water temperature. The designed supply temperature
takes into account various factors such as location, building insulation,
and radiator size. The radiator design temperature can be regulated by
authorities and also based on the design power of the radiator, but in the

new buildings or renovated old buildings, the supply temperature or the
number of radiators is reduced in order to avoid overheating as the
heating demand is lesser [33,34]. Jangsten et al., [33] presented the
results of a survey of 109 radiator systems as part of a district heating
system in Sweden, and they observed that ambient temperature is the
main influencing factor of the supply temperature. They showed that
average supply temperature is 64 °C when the outdoor temperature is
—16 °C and 55 °C when the outdoor temperature is 5 °C. Regarding air to
water heat pump system, Huchtemann et al., [35] used 35 °C, 45 °C and
50 °C supply temperatures to optimise the domestic heat pump system.
Literature shows that air to water heat pump systems usually provide
supply hot water temperature of 36 °C to 55 °C to the radiators [36-38].

2.2. Heat pump heating load and evaporation temperature

DX-SAHP systems have better performance potential compared to
indirect solar-assisted pump systems and air-source heat pump systems.
This better performance comes from the higher evaporation temperature
with the help of the solar heat input and less heat loss because there is no
additional heat exchanger and storage medium. However, the heat
output of the DX-SAHP is depending on the solar intensity which directly
affects the system operation. In order to provide constant heat output
from the heat pump, the evaporator/solar collector needs to collect a
certain amount of heat. For this reason, the evaporation temperature of
the refrigerant in the collector should be adjusted. In this way, the
collected heat can be secured but the heat pump performance would be
affected. Therefore, the system operation should be optimised/regulated
by external control strategies to maintain the operation in an acceptable
range and to be sure of the daily heating demand is provided. Fig. 3
shows the adopted control mechanisms in the simulation.

If the hot water delivery temperature falls below the set temperature
and the operation period allows, the PCM activation increases the tank
temperature. Additionally, an electrical water heater is incorporated in
the system to ensure that the water delivery temperature never falls
below the set value. The simulation uses predetermined solar
irradiation-heating load variations to establish the relationship between
collector efficiency, heat pump performance, and heating loads based on
solar intensity.
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3. Component models of the system
3.1. Solar collectors

There is an interest in using bare solar collectors in DX-SAHP ap-
plications in the literature as bare solar collectors can operate even at
night as they can harvest heat from the air as well. However, their
thermal efficiencies are lower due to the heat loss. In this study, evac-
uated tube solar collectors are adopted to benefit low solar irradiance
values with better efficiency and force the system to operate only during
day times. The collector model is built on the thermal efficiency equa-
tion by neglecting thermal capacity [39]. It is clear to say that direct
steam generation collectors’ thermal efficiency is higher than the single-
phase collectors because the convection heat transfer coefficient is
better when phase change is happened [40], however, in this applica-
tion, a conservative approach was applied in order to present the po-
tential of the system. Eq. (1) is the collector thermal efficiency equation.

T - Tam ’
G _Cz( G ) M

Neor = Mo — €1

The thermal efficiency equation uses mean working fluid temperature
but, in this application, the working fluid will be at constant temperature
as it is at two-phase region. Where 7, ¢1, T, Tom and G are zero-loss
efficiency, collector heat loss coefficient, refrigerant evaporation tem-
perature, ambient temperature, and solar irradiance, respectively. The
modification if the efficiencies were taken from Freeman et al., [39]. The
used parameters are 1, = 0.556, ¢; = 0.888, c; = 0.006. The given
parameters are for Thermomax HP-200 evacuated-tube heat pipe col-
lector [41]. Eq. (2) can be used for heat balance of the collector
considering absorbed heat by the collectors and the refrigerant.

ch}l =Moot ® A oG =i, ® (hml,om - hcol.in) 2

Where A, is collector area and m, is refrigerant mass flow rate, hop our
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and hcyin are enthalpies of the refrigerant at collector out and inlet,
respectively. Refrigerant pressure will be controlled for finding the
required collector thermal efficiency to match the energy balance.

3.2. Heat pump

The heat pump consists of a compressor, a condenser, an expansion
valve and an evaporator as main components. In DX-SAHP, the evapo-
rator is solar collector where the heat is absorbed. It is assumed that the
refrigerant has 3 K superheating at the collector outlet [42] and 3 K
pinch temperature difference with hot water in the condenser heat
exchanger. Fig. 4a shows T-s diagram for condenser pinch temperature
for condensation temperature of 75 °C and water inlet temperature of
65 °C. By using this approach, the hot water outlet temperature would
be 72 °C to 73 °C for various heating loads as the water flow rate is
constant at 0.32 kg/s. Therefore, while providing maximum hot water
temperature, the heating capacity varies as the temperature increment is
limited with this approach as seen in Fig. 4b. In conclusion, regardless of
the solar irradiance input, heating capacity is limited depending on
water inlet temperature.

After the condenser heat exchanger, the refrigerant enters the
expansion valve and isenthalpic expansion occurs. Regarding the
compressor model, isentropic efficiency is considered. As the evapora-
tion temperature depends on solar profile and heating load and
condensation temperature depends on the hot water temperature, the
pressure ratio of the system varies with the operating conditions. Eq. (3)
is given for isentropic efficiency of the compressor for different pressure
ratios [43]:
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Pus
N, = 0.874 —0.0135 e =% 3)

suc

The COP of the heat pump can be defined in Eq. (4):

cop = Leoa 4)

comp

Similarly, the air source heat pump is also modelled to compare the
performances. The only difference in air source heat pump is evaporator
uses ambient air as a heat source. That means, the evaporation tem-
perature depends on ambient air temperature. The difference between
the evaporation temperature and the ambient air temperature is
considered to be 10 °C [44] as it is recommended as a practical approach
for the appropriate cost of heat exchangers [42].

For comparison of the system, COP improvement is defined in Eq.(5):

copr,, — COP

*
COP.. 100 5)

COPimprovement = '

3.3. PCM storage tank

PCM storage tank is a conventional cylindrical water tank, but PCM
tubes are immersed inside to enhance the heat capacity. Our previously
validated PCM tank model is used in the modelling [24,29]. In the
model, the PCM storage tank is divided into control volumes in a hori-
zontal direction. For each volume, energy balance equations are
considered to calculate water and PCM temperatures. Since the PCM
tubes are immersed in the water, heat transfer continues during the out
of heating times in discharging period. Water flow in the tank is assumed
in one direction depending on the discharge side. The PCM tubes are also
additionally divided into 10 radial nodes while their surrounding water
is represented by one node. Fig. 5 is given to show the PCM storage tank
layout. 20 PCM tubes are immersed into the water tank where the water
element has contact with PCM outer surfaces and the tank wall. Based on
heat transfer rates, the temperature of the water element in different
horizontal nodes, PCM radial and horizontal nodes and heat loss to the
ambient are calculated simultaneously.

General energy equation of PCM is used in Eq. (6) [45,46]:

T pcusjn

in_y ° e °
PCM;, ® Ppem;,, ® Cp.PCM;,, ot

Vecujn ® Ppcujn ® Locwjn ® 5

= Ow,—rcmjn + Opcu(i—1)n-prcmjn + Crcmjn—pcmjn+1) (6)

Where n is horizontal node number and j is the radial node number.
Vpemjn is volume of the given node, ¢ is liquid fraction of the PCM,
Prcmjn is density and Lpcyjq is the heat of fusion per unit mass of the

PCM. Qw,-pcmjns Qpem(—1).n-PcMjn and Qpcmjn-pcmj (n+1) are convection
heat transfer rate between water and the PCM element, conduction heat
transfer rate between PCM nodes in the radial direction and conduction
heat transfer rate between PCM nodes in horizontal direction, respec-
tively.

For the water element, Eq.(7) is given as energy balance equation:

Ovonan (1) + Ouossn (i) + O, pcrijn(i)

At 7
Mxr.i o Cp.w ¢ ( )

Ton(i+1)=T,,(i)+

where Q'W",pCM}-‘n (i) is the heat transfer rate between PCM material and
the water element.

Natural convection heat transfer equations for spherical shapes can
be used to calculate the convection heat transfer coefficient for cylin-
drical shapes in the water tank. [47]. Nusselt number to find natural
convection heat transfer coefficient is found by Eq. (8):
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The PCM storage is assumed to be placed inside the house. Thus, the heat
loss from tank to the surrounding air can be still useful for space heating.
The surrounding air temperature is assumed as 20 °C. To calculate the
heat loss from the PCM tank, 0.8 W/ (mzK) was taken as overall tank heat
loss coefficient [48].

In the following section, parametric study to reveal steady state heat
pump operation will be presented for different operating conditions.
Once, the system operation profile is mapped, transient analysis for a
designed system will be carried out for the given heating profile. This
heating profile is given in Fig. 2 to show the system methodology. The
heat pump heating profile is taken from the datasets of the Renewable
Heat Premium Payment (RHPP) trial [49]. The RHPP scheme was
administered by the UK Energy Savings Trust and Buildings Research

house in the UK. It is obvious that the heating profile changes with
weather conditions, building age, insulation, and user profiles, however,
the heating profile can be similar for many houses showing peak load
trends during morning and evening. Therefore, to represent the system
performance for different solar and ambient profiles, heating demand is
kept constant for different scenarios.

4. Results and discussions

The results section is divided into three parts: steady-state DX-SAHP
performance evaluation with varying parameters, validation of the
study, and transient simulations based on established system dynamics
and determined control strategies.
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Table 1
Determined control parameters for different heating capacities and results.
Solar irradiance Heating capacity kW  Evaporation cop
range temperature range
W/m?
0-74 0 - -
75 - 99 3.5 2.68 °C - 10.64 °C 2.66 —
3.13
100 - 124 4.5 4.3°C-11.7°C 2.75 -
3.2
125 -149 7.5 —4.42°C-1.37°C 2.32-
2.6
150 - 174 8.5 —-3°C-271°C 2.4 -
2.67
175 -199 9.5 -1.71°C-3.9°C 2.46 —
2.73
200 - 299 10.5 0.22°C-21.57 °C 2.52-4
300 11 19.2°C 3.78

4.1. Steady state calculations for DX-SAHP performance

Heating capacity is one of the important problems in DX-SAHP sys-
tems because solar irradiance varies in the day and the seasons, and it
affects the heating capacity. Thus, the system should adjust its operating
pressures according to solar input. Considering the collector heat ab-
sorption ability which refers to collector thermal efficiency, the heat
balance equation is applied to the evaporator to find a suitable
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evaporation temperature for given heating load. Fig. 6a shows the effect
of solar irradiance on COP values for different heating capacities. As it is
known, the condensation temperature is determined based on the water
temperature that comes from the tank and changes during the day. In
this analysis, the condensation temperature is chosen as 75 °C to show
the lowest performance of the heat pump unit. In order to set a reference
value, the COP of the air source HP is shown in the figure. When the
ambient temperature is 0 °C and the condensation temperature is 75 °C,
the COP of the air source HP is found 2.2 and this value remains constant
regardless of the solar irradiance.

Solar irradiance value is increased by 50 W/m? for various heating
capacities and COP values are obtained for given conditions. Since the
collector area is constant, the amount of useful collected solar energy
depends on the collector thermal efficiency and the irradiance level
which was given in Eq. (2). The collector thermal efficiency directly
depends on evaporation temperature; thus, the determination of the
evaporation temperature is one of the indicators of the heating capacity
because it affects the amount of collected heat by the collectors.
Although the lower evaporation temperature collects more heat, it de-
creases the system performance as it increases the pressure ratio in the
compressor. It can be observed from Fig. 6a that at a solar irradiance of
50 W/m?, the heating capacity reaches a maximum of 2.7 kW, assuming
the air source heat pump performance sets the upper limit for the given
conditions. As solar irradiance values increase, the heating capacity can
be an upward trend. Upon reaching a solar irradiance of 300 W/m?, the
DX-SAHP unit demonstrates the capability to deliver over 12 kW of
heating capacity, showcasing superior performance in comparison to the
air source heat pump. Fig. 6b illustrates the COP improvement of the DX-
SAHP over the air source heat pump under the specified conditions.
Notably, heating capacity plays a pivotal role in enhancing COP. When
solar irradiance is 300 W/m?, the DX-SAHP can deliver 10 kW heating
with 30 % better COP compared to air source heat pump. Lower heating
capacity leads to heightened performance, whereas the performance of
the air source heat pump remains primarily influenced by ambient
temperature, with heating capacity having no impact in this analysis.

Fig. 7 shows the effect of ambient temperature on COP and COP
improvement for different solar irradiance levels. In the previous anal-
ysis, the effect of solar irradiance was shown for constant ambient
temperature but in this analysis, solar irradiance is kept constant to
investigate the effect of ambient temperature. It is known that ambient
air temperature is the main parameter for air source HP performance,
however, it also affects DX-SAHP performance.

Ambient air temperature has a positive influence on collector ther-
mal efficiency as the higher ambient temperature means less tempera-
ture difference between the collector and ambient air which increases
the thermal efficiency. Higher thermal efficiency means more useful
heat can be collected by the solar collectors. In order to maintain energy
balance in the collector between useful heat and refrigerant enthalpy
difference, the evaporation temperature of the HP is adjusted
(increased), this time, collector efficiency falls, and energy balance can
be maintained for constant heating output. Higher evaporation tem-
perature results in better HP performance. Fig. 7a is given to show the
effect of ambient temperature on COP. For a constant heat output of 2
kW, when the solar irradiance is 50 W/m? and ambient temperature is
—10 °C, the COP of the system is 2.15 while the air source HP COP is
1.91. When the temperature is increased to 10 °C, the COPs of DX-SAHP
and air source HP are 2.86 and 2.58, respectively. For these conditions,
COP improvement values are around 12 % and 11 % for —10 °C and
10 °C ambient conditions as can also be seen in Fig. 7b. However, when
the heating capacity is higher, the effect of ambient temperature on COP
improvement is more dominant. In Fig. 7b, the COP values go down but
approach each other with higher heating capacity. However, COP
improvement values diverse each other when the heating capacity is
increased. When the heating capacity is 10 kW under 250 W/m? solar
irradiance, COP improvement increases from 2 % to 17 % for ambient
temperatures of 10 °C and —10 °C, respectively.
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Fig. 10. Simulation flowchart of the mathematical model.

Table 2
Determined system components and specifications.
Daily heating load 46 kWh Solar collector area 43.54 m?
Total SAT mass in 113 kg Heat Pump output Maximum
tank 12 kW
Total PCM volume 78 L Pinch temperature in 3°C
in tank HP condenser
Solar collector Evacuated tube Flow rate between 0.33 kg/s
type collectors buffer tank and HP
One PCM tube 3.12L Water mass in tank 515 kg
volume
SAT latent heat 264 kJ/kg Tank heat loss 0.8 W/(m?K)
coefficient
SAT conductivity 0.6/0.385 W/ SAT Specific heat 2.9/3.1kJ/
(mK) (kgK)
Tank volume 600 L SAT density 1450 kg/m>

After presenting the effect of heating capacity and ambient temper-

ature, the effect of the solar collector area on COP is shown in Fig. 8. For
a constant heating capacity and solar irradiance, larger collector areas
increase the system’s performance. The reason is similar to the effect of

solar irradiance level which is the amount of collected solar heat. A
larger collector area means more heat collection and for a constant
heating output, the evaporation temperature is lifted to maintain energy
balance which results in better performance. Increasing the collector
area from 20 m? to 31 m? when the heating load is 4.5 kW and solar
irradiance is 150 W/m?, instant COP increases from 2.1 to 3.1.

Although the effect of collector area has a positive effect on perfor-
mance, the system performance improvement relies on the operating
conditions. The trends of the COP change are similar for the same solar
irradiance values even for different heat outputs, but when the solar
irradiance is changed, the trend changes. Therefore, the system perfor-
mance is directly related to the operating parameters as the system
operation is controlled by given parameters.

The final parameter in the steady-state analysis is condensation
temperature. The condensation temperature determines the compressor
discharge pressure and has an influence on the system COP. The tem-
perature depends on the heat sink temperature, it is circulating water
from the PCM storage tank. In daily operations, PCM tank temperature
changes as the tank exposes charging, discharging and user controlled
PCM triggering. Based on the pinch temperature difference analysis
referring to Fig. 4, condensation temperature is calculated. Its effect on
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Fig. 11. a) Weather data of the low solar irradiance day, b) Heating profiles, c) Water delivery temperature and PCM triggering, d) Electricity consumption and
demand shifting.

COP for different heating capacity values is given in Fig. 9. Condensation with different heating capacities. When the condensing load is set to 4
temperature has always negatively affected the performance of DX- kW, COP drops from 3.55 to 2.4 for condensation temperatures of 45 °C
SAHP, and air source HP as expected but the slope of the trend varies and 70 °C, respectively.
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Fig. 11. (continued).

Based on the findings from the steady state analysis, in order to
achieve high performance from the DX-SAHP, heating capacity needs to
be adjusted for specific solar irradiance. Table 1 shows predetermined
heating capacity values for different solar irradiance ranges. To show the
expected performance of the unit in detail, calculated evaporation
temperatures and COP values are also included for the conditions of
collector area of 43.5 m?, condensation temperature is 75 °C, and
ambient is 0 °C.

In real conditions, solar irradiance, ambient temperature, evapora-
tion temperature and condensation temperature change over time and
the system adapts itself to maintain operation. A flow chart is given in
Fig. 10 to show how the mathematical model was built in MATLAB.
Considering the predetermined heating capacity of the heat pump and
considering controlled parameters, the simulation runs using real
weather data and the heating demand profile of the house. The simu-
lation starts with importing the weather data, if the solar irradiance is
lower than the set value, HP is off, and the model monitors the tank
temperature. If the solar value is high for HP operation, the model
matches with the predetermined heating load and starts alternating the
assumed evaporation temperature until the energy balance is main-
tained. The heated circulated water temperature cannot be higher than
70 °C, thus, the model accepts it as 70 °C maximum, but it reduces the
heating capacity of the HP. Lower heating output causes the rise of
evaporation temperature. The model also controls the evaporation
temperature to a maximum of 40 °C. After that temperature, the HP
might not be useful for heating, but the model follows a conservative
approach to overcome the positive effect of other assumptions.

4.2. Validation of the study

For the DX-SAHP system, an experimental study carried out by Yu
et al., [31] was chosen. In the reference paper, a direct-expansion solar-
assisted heat pump with evacuated tube collector-evaporator system
was tested for different parameters. In the present paper, the method-
ology reflects the performance of the DX-SAHP system based on deter-
mined heating output values. The model calculates solar heat gain and
applies energy balance to find the evaporation temperature and COP of
the system. Although the performance of the vapour compression system
components can be assumed, such as condenser design is matured and it
would likely give close results if condensation temperature and the
water temperature difference are kept 3-8 °C, solar collector perfor-
mance depends on design. Moreover, the system performance is

11

significantly related to the collector performance, and it should be the
same collector with the reference.

In the reference paper [31], evacuated tube collector area is 1.5 mz,
ambient temperature is 26.2 °C, water temperature is 60 °C and super-
heating was set for 4.7 °C. In the case, solar irradiance of 1099.98 W/m?>
and heating output of 1459.13 W were taken as input parameters.
Condensation temperature is assumed as 63 °C which gives compressor
output pressure of 1805 kPa. Calculated collector efficiency is 0.72 but
the measured efficiency in the reference is 0.75. The COP of the system is
calculated 5.38 and the experimental result was 5.11. The relative error
of COP is around 5 % which can be acceptable for this case. In various
scenarios, such as instances with lower solar irradiance, the error tends
to increase, the error is getting larger as the collectors are not identical in
the model and the experiment. Because during periods of low solar
irradiance, the collector design exerts a more pronounced influence on
collector efficiency.

4.3. Transient simulations of the unit

In order to simulate the potential of the proposed system, 24-hour
simulation for real weather conditions and building demand need to
be considered. As the system is sensitive to varying conditions, transient
analysis has been carried out. The main consideration of crystallisation-
controllable supercooled PCM, the PCM material must be completely
melted, otherwise, self-triggering might be observed, and user-
controlled heat release cannot happen. Therefore, maximum heat
output has been considered. The system design specifications can be
summarised in Table 2.

4.4. Low solar irradiance day

This subsection analyses the performance of the system on a low
solar irradiance day and discusses the system’s response and energy-
saving potential. The weather data is taken from the EnergyPlus
weather data of Birmingham, UK [50], and represents low solar days in
the UK where the maximum solar irradiance reaches 190 W/m?. Fig. 11a
shows the selected day’s ambient temperature variation and solar irra-
diance data. The heating demand profile from the building is given in
Fig. 11b. This profile is equivalent to a daily 46 kWh heating demand
and combines DHW and space heating. Fig. 11b also shows the proposed
methodology of the heating output relation with solar irradiance. The
heating profile successfully follows the solar profile and given control



C. Kutlu et al.

Energy & Buildings 301 (2023) 113660

500 T T T T T T T T T I I I 10
—Solar Irradiance
— - ~Ambient temperature
< 400 - ’
£ ry
E -6 é
8 300 g
5 48
3 :
£ 200 {22
= c
s g
o TN - dp=2
0 100 Sel o 0
\a) <
ol -2
0 [ R . | | | | ! ! !
0 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00
Hours
500 T T T T T T T I I T T 12
—Solar Irradiance
——Heat output- Solar assisted HP
N'E 400 - ——Heating demand I 10§
2 18 B
8300 £
c )
8 16 ©
'o —
g 200 - =
pe 14 2
%’ o
100 [~ w®
n 42 ®©
b) :":"
0 T 1 1 1 1 1 L 1 Il
0 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00
Hours
70 T T T
65 - .
860 - .
2.
@
é 5 PCM is charged ]
o
850 .
£
@
45 .
40 \ -
o) | PCM discharge is triggered
35 1 1 1 1 1 1 1 1 1 1 1
0 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00

Hours

Fig. 12. a) Weather data of the high solar irradiance day, b) Heating profiles, c) Water delivery temperature and PCM triggering, d) Electricity consumption and

demand shifting.

methods. At the end of the day, DX-SAHP provides a total of 45.3 kWh of
heating. This value is lower than the heating demand because the
designed heating profile is not enough. This is one of the renewable
energy issues as the unit is designed for a low solar day, but the evalu-
ated day is an extremely low solar day. As a result, the auxiliary electric
heater was on for a period to avoid water supply temperature lower than
35°C. Fig. 11b shows that DX-SAHP runs very well with the solar profile,
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it starts operation at 9:40 and stops at 16:10. The 24-hour heating
requirement was moved to the daytime when the grid load is not high.
Fig. 11c shows the water delivery temperature and temperatures of the
radial nodes of the PCM tube in the middle of the tank. As a control
parameter, when the temperature falls to 40 °C at 1:00, PCMs are trig-
gered and the PCM temperature rises to 58 °C. The activated PCMs heat
the water tank, and the water supply temperature to the building
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Fig. 12. (continued).

increases to 52 °C at 4:15. After that time, the temperature in the tank
falls as the heating demand increases. At 9:20, the electric heater is
switched on for 45 min until the temperature of the tank starts to in-
crease. With the running of the DX-SAHP, the tank temperature in-
creases, and at the same time, the PCM temperature increases as well.
PCM sensible heating continues until 13:00, then charging starts. PCMs
are totally melted at 16:20, which means PCMs are ready for triggering
the next time. Around the same time, DX-SAHP switched off, and the
tank temperature starts to decrease again because of the building
heating demand. Fig. 11d shows the electricity consumption of the DX-
SAHP, the alternative heating system air source HP, and the auxiliary
heating unit for 45 min in the morning. As the system shifts the electric
consumption to the daytime, electricity load is higher than the air source
HP consumption. For the given day operation, DX-SAHP consumption is
16 kWh and the electric heater is 1.45 kWh, while air source HP is 18.84
kWh. The daily COP of the air source HP system is found to be 2.44,
including the electricity consumption of heating, and DX-SAHP COP is
found to be 2.67. The performance improvement is only 9.4 % and the
system still saves 1.4 kWh of electricity compared to the conventional
HP system on this low solar day.

4.5. High solar irradiance day

In order to show the advantage of using DX-SAHP, high solar irra-
diance day is chosen for this subsection. Fig. 12a shows weather data of
the high solar irradiance day and ambient temperature of the day. The
ambient temperature is lower on this day as the sky is clear, despise it is
a colder day, the heating demand of the building is kept the same to
obtain the system’s performance for the same heating load. On this day,
solar irradiance reaches 400 W/m? which enables the HP operation for
maximum heating output. Fig. 12b shows heating demand, solar irra-
diance and DX-SAHP heat output profiles. The heating output of the HP
follows the solar profile as predetermined previously. When solar irra-
diance reaches 300 W/m? at 11:00, the heating output is 11 kW, how-
ever, heating output decreases despite the solar irradiance increases.
The reason for this reduction is related to HP’s high-temperature limit.
As the heat pump condensation temperature is fixed at 75 °C, the
heating rate is limited considering the heat transfer rate and heat
exchanger performance. Therefore, heating capacity decreases. It results
in a higher evaporation temperature of the refrigerant. But evaporation
temperature is also limited to maintain the operational pressure differ-
ence range of the compressor. Thus, some solar energy is wasted as the
tank cannot extract additional heat from the HP. Fig. 12c shows the hot
water supply temperature and PCM activation times. Since 40 °C is the
set temperature to trigger the PCM, at 3:00 the PCM is triggered and the
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water temperature in the tank increases. At 6:40, the PCMs have already
discharged all stored heat and follow a similar temperature trend with
hot water. DX-SAHP heats the water tank and PCM charging is
completed at 15:40. Fig. 12d shows the electricity consumption of DX-
SAHP and air source HP. In this case, the auxiliary electric heater was
not used. Electricity load from the grid is moved to daytime with DX-
SAHP but the power rate is increased as expected. DX-SAHP provided
49.2 kWh of heating and compressor energy consumption is found 10.1
kWh. On the other hand, air source HP consumption reaches 20 kWh
because the ambient air temperature is lower. Daily COP values are
calculated as 4.07 and 2.3 for DX-SAHP and air source HP, respectively.

The system’s operation with solar profile and heating output relation
worked very well when the solar irradiance profile is weak because the
collector size is large enough to utilise the solar energy even under low
solar irradiance. The relationship between solar irradiance and HP
heating capacity has been modelled and controlled for large collector
areas where the solar energy is low. In high solar irradiance day oper-
ation, the same collector area converts more solar energy to useful en-
ergy and heats the PCM storage faster than low solar profile day. As can
be seen from Fig. 12b, the heat output profile could match the solar
profile in a better way because the system didn’t reflect its potential very
well. The unit could heat the water slowly and could benefit from the
high solar energy in the middle of the day with more efficiency and
heating capacity. Therefore, the system does not operate at optimum
performance but provides sufficient heating with better performance
than conventional HP.

4.6. Transient simulation for one month

Although the low and high solar irradiance days are indicators of the
system’s performance, a longer time of operation is necessary. For this
purpose, a one-month simulation is conducted using real weather data of
Birmingham from the 15th of February to the 15th of March. The
weather data is given in Fig. 13a. Although the solar profile fluctuates
during the period, except for a few days, a moderate to good solar profile
is observed. As expected, the system performance is found very well as
the solar radiation is good for the 31 days of operation. Fig. 13b shows
the COP of the DX-SAHP and conventional air source HP values. Con-
ventional HP COP is seen between 2.2 and 3, on the other hand, DX-
SAHP COP can reach even 10. However, the instant COP values may
not show the real performance of the unit because the instant COP
doesn’t show the heating capacity at that moment. The COP of the unit
can be discussed by using one month of performance. Fig. 13c shows the
electricity consumption profiles. DX-SAHP produces a total of 1463 kWh
of heat with compressor consumption of 364 kWh. However, additional
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electric heating is also supplied to the system when solar energy is not
enough to supply heating. The electricity consumption of the auxiliary
heater is 6.1 kWh. On the other hand, the conventional air source HP
produces 1360 kWh of heat with compressor consumption of 582 kWh.
Overall COP of the DX-SAHP and conventional HP units are found 3.98
and 2.33, respectively.

The examined 30 days of operation shows that, DX-SAHP can in-
crease the heating COP by around 70 % however, the system perfor-
mance depends on the weather conditions and the tested month is not
the coldest and lowest solar period in the UK. It still shows the potential
of the system especially when the solar radiation intensity reaches up to
200 W/m?.

5. Conclusions

In this paper, a DX-SAHP system using evacuated tube-type solar
collectors has been presented for the first time coupled with a heat
storage tank including crystallisation-controllable PCM. The DX-SAHP
control strategies have been given and successfully implemented in
the simulation model which covers real weather data and building
heating demand. Firstly, a steady-state DX-SAHP model was given to see
the effecting parameters on performance and to determine the operating
conditions during the simulation days. The effect of solar irradiance,
heating capacity, condensation temperature and collector area were
discussed. Solar irradiance-based heating capacity control methodology
was presented and applied in the simulations. Low and high solar profile
days were simulated and finally, one month of operation was simulated.
Based on the analysis, given conclusions are drawn as follows:

e The system performance directly depends on the collected heat by
the solar collectors. Evacuated tube collectors work very well to
reduce the negative effect of weather conditions such as ambient
temperature and wind speed, however, the solar irradiance is the
main influencer of the performance.

Although the effect of collector area has a positive effect on perfor-
mance, the system performance improvement relies on the operating
conditions and determined heat outputs.

When considering a collector area of 31 m?, solar irradiance of 150
W/m?, and an ambient temperature of —5 °C, the DX-SAHP achieves
a COP of 2.3 while providing 6 kW of heating output. Notably, when
the heating output is reduced by 1 kW, or when the ambient tem-
perature increases to 8 °C, the system’s COP demonstrates a signif-
icant increase of 13% in both scenarios.

In low solar day, the maximum solar irradiance is less than 200 W/
m?, proposed DX-SAHP with control strategies and the use of
controlled crystallisation PCM, can reduce the electricity consump-
tion by 9.4 % compared to the conventional HP unit.

In high solar day, the maximum solar irradiance reaches 400 W/m?,
proposed DX-SAHP with control strategies and use of controlled
crystallisation PCM, the system performance is 77 % better
compared to the conventional HP unit.

For one month of operation, the overall COP of the DX-SAHP and
conventional HP units were found 3.98 and 2.33, respectively.
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