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11 Domestic hot water (DHW) has a significant share in building’s energy consumption. In
12 order to reduce this consumption, various solutions have been proposed such as controlling
13 the system in an efficient way, using renewable sources and using phase change materials
14  (PCM) in the system to increase heat capacity. However, this study is not only offering heat
15  capacity improvement of the DHW storage unit but also proposing that energy efficiency can
16  be improved by controlling the heat releasing time of the PCM. In this study, supercooled
17  PCM tubes are placed in a water tank and charged with a solar assisted heat pump unit, these
18  supercooled PCM tubes can then be discharged anytime when the hot water is required. In
19  this paper, a transient thermodynamic model is built for the whole system including solar
20  collector, heat pump, water tank with PCM and DHW demand profile. System components
21 are modelled and a 24 hours of demand profile is used in simulation for a UK home for
22 summer and spring weather conditions. The results show that the PCM tubes effectively
23 compensate the morning peak hot water demand and reduce daily energy consumption
24 around 12.1% and 13.5% by shifting heating provision from immersion heater to solar heat
25  pump.
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Nomenclature

Acol

<T=H~NO T

Collector area, m?

Heat loss term, W m2K™*
Heat loss term, W mK™
Specific heat, J kg'K™
Diameter, m

Solar irradiance, W m™

Specific enthalpy, J/kg

Heat transfer coefficient, W m?K™
height of the water element, m
Mass flow rate, kg s™

Mass, kg

Nusselt number

Prandtl number

Rayleigh number

Heat flow rate, W

Temperature, °C

Mean temperature in collector, °C
Overall heat transfer coefficient, W m2K™
Volume, m

Greek letters

&

n
p
¢

Aeff

Subscripts
am
col
cond
DHW
e
htf
n
in
out

SH
st

Effectiveness

Efficiency

Density, kg m™

PCM liquid fraction
vertical effective thermal
conductivity, W m™*K™

Ambient
Collector
Condenser
Domestic hot water
Evaporator

Heat transfer fluid
Node number
Inlet

Outlet
Refrigerant

Super heating
Storage

Tank

Water
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1. Introduction

About 30% of UK energy usage is consumed by buildings, 50-60% of this energy usage is
required for heating, ventilation and air conditioning (HVAC) systems[1]. This figure is
consistent throughout the worldwide. In the UK, heating and hot water make up 40% of
building energy use and 20% of associated greenhouse gas emissions [2]. These emissions
must be reduced by over 20% by 2030, with a near complete decarbonisation by 2050, as part
of the legally binding targets set by Parliament in the Climate Change Act. To reach these
targets, new, highly efficient renewable heating systems must be developed to meet heating
demand in a sustainable and economic manner. Thus, this paper aims to offer an energy
efficient solution for DHW consumption in houses by using a novel control method of a heat
storage material by a sustainable way.

As it is known, heat pumps can be used as a viable alternative to electric heaters and boilers
in DHW applications in order to reduce energy consumption and carbon release rates. Heat
pump technology which is an attractive option because of its low electricity consumption [3].
Moreover, it has capability to utilize renewable energy like solar, which can serve as an ideal
heat/electrical source for the heat pump unit. It has been proven that a solar assisted heat
pump (SAHP) system can effectively cut electricity consumption and improve the renewable
energy utilisation for domestic heating [4]. As solar energy can be used to drive heat pump’s
compressor by PV electricity or it can be coupled with ground source or air source heat
exchangers to improve performance, it is reported that solar thermal heat pump is the mostly
studied and cost effective one [5]. There are also promising results have been published for
SAHPs’ good performance under cold winter conditions. Kong et al [6] experimentally tested
a direct expansion SAHP unit during autumn and winter period and reported COP was higher
than 4 in autumn and higher than 2.5 in winter. Recently, Yardesh et al. [7] presented that
two stage cascade SAHP unit can provide sufficient heating even for very cold climate
regions. A SAHP unit is adapted for the proposed DHW system in this paper.

Heat storage units in DHW applications are generally achieved by sensible heating of a tank
because the units are commonly used to supply instant hot water. Thus, the amount of stored
heat depends on the heat capacity of the storage, which is related to the volume. Phase change
materials (PCM) can be a solution of this volume issue because PCMs can store sensible and
latent heat in DHW applications which can result in a smaller volume for the same heat
capacity storage. Moreover, DHW energy consumption reaches about 19% of the total energy
consumption of a UK dwelling. In order to decrease this consumption, PCM usage in the
system is a promising alternative because PCMs have the characteristic of high energy
density, which is used as an energy storage media in latent thermal energy storage units when
heat is available or cheaper to produce.

To realise the benefits of PCM usage in DHW systems, many researchers have built models
and carried out testing. These studies mainly focus on the various types of PCM properties
and configurations within a water tank. Mehling et al.[8] prepared an experiment and
presented that adding PCM at the top of water tank increases storage capacity and
compensate heat losses. Talmatsky and Kribus [9] conducted a modelling study of PCM with
water storage and analysed the performance considering the domestic hot water demand.
They concluded that using PCM has no significant energy efficiency advantage for end users,
and they explained that reheating of the water by the PCM during night time is responsible
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for increased losses to the environment. Kousksou et al. [10] considered the same
mathematical model with Talmatsky [9] and prepared a water tank model included solar
collectors, PCM and auxiliary heater. They described that energy efficiency is highly
sensitive to the selected PCM melting temperature, so the design parameters should be
analysed carefully. Padovan and Marzan [11] reported that optimization is very important;
thus, they proposed a generic algorithm optimization to evaluate sensitivity of the parameters,
such as tank geometry and PCM melting temperatures. Kumar et al. [12] prepared an
experiment to test the effect of water flow rate and inlet temperature of the heat transfer fluid
into the water tank with PCM. They concluded that the addition of PCM capsules can
increase the stratification level of the water tank which is a useful parameter for heat storage
applications. Finally, Shirinbakhsh et al. [13] comprehensively analysed the effect of DHW
demand on performance of solar domestic hot water systems. They concluded that
embedding PCMs in the storage tanks is not a promising solution and performance is
dependent up on the operating conditions. Therefore, they recommended that the DHW
demand profile should be taken into consideration.

It can be seen that a unanimous conclusion has not yet been reached regarding PCM use in
DHW systems. This is because many influential parameters exist in the type of system.
Researchers agreed that optimisation is important to realise the benefits from PCM. In
contrary, the study presented in this paper proposes the use of supercooled PCMs. A
supersaturated solution is a solution with more dissolved solute than the solvent would
normally dissolve in its normal conditions. Supersaturation is achieved by dissolving a solute
in one set of conditions, then transferring it to another condition without triggering any
release of the solute [14]. Supersaturated solutions are extremely unstable, but often require a
triggering event to begin returning to the stable state via the solute coming out of solution.
Supersaturated solutions will also undergo crystallization under specific conditions [15]. In a
normal solution, once the maximum amount of solute is dissolved, adding more solute would
cause the dissolved solute to precipitate out [16]. In the supersaturated condition, the solute
will simply precipitate out by a small activation in the solution. It is because supersaturated
solution is in a very high energy state and crystallization can occur by releasing energy. The
solution will then move to a lower energy state. The activation energy comes in the form of a
nuclei crystal being added to the liquid solution. This nuclei can be either added from an
external source or from within the solution due to ion and molecule interactions [17]. Most of
the PCM supersaturated solutions are not steady. Canbazoglu et al. [18] studied sodium
thiosulfate as a thermal heat storage material. They reported that a sodium thiosulfate
supersaturated solution can be activated easily by small vibration or heat. Nucleation
inhibitors such as Sodium Alginate should be added in the solution to control the formation
of crystals. Without a nucleation inhibitor, crystals can be formed in the PCM supersaturated
solution with a little vibration. Thus, sodium acetate was selected as the thermal storage
materials in this study because of its relative steady state at supercooled condition and the
suitable melting temperature of 58 °C, which can provide promising hot water supply for
houses. Moreover, Sodium acetate is widely used in food additives, so it is a relatively safe
material among PCMs [19]. Supercooled sodium sodium acetate solution is commonly used
as reusable gel heating pads (hand warmer). A hand warmer contains a supersaturated
solution of sodium acetate which releases heat upon crystallization. This solution is capable
of cooling to room temperature without forming crystals [20]. Pressing on a small mechanical
"clicker” within the heating pad activates the nucleation centres and starts the reaction, a
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nucleation centre is formed, causing the solution to crystallize back into solid sodium acetate
trihydrate. In order to activate this supercooled PCM for heat releasing, some controllable
triggering methods, i.e., applying electric field and mechanical release of nucleating agents
have been proposed by several authors [21], [22], [23].

Therefore, this study differs from the literature by using a novel supercooled PCM and the
controlling methodology. To show the performance improvement level in a realistic
environment, solar collector, heat pump, water tank and hot water demand profile are
comprehensively modelled in a transient state. Performance of conventional and PCM
enhanced tanks in DHW systems are compared. Heat pump performances, energy
consumption profiles and temperature gradients in the tank during a day are given. The
objectives of the study are summarized below:

e In order to reduce energy consumption in DHW applications, supercooled PCMs and
a novel operation controlling methodology are presented.

e To operate the systems in more sustainable way, the solar assisted heat pump units are
implemented in the study.

e To show effect of the using supercooled PCM and its new control methodology,
performances of the SAHP units with conventional tank and PCM enhanced tank are
analysed and compared.

e Performances of the systems for specified days in summer and spring are compared
and discussed.

2. System description and methodology

The proposed system mainly aims to use supercooled PCM tubes inside the water tank to
improve heating capacity and especially increase the energy efficiency of the system.
Therefore, cylindrical PCM tubes are in the water tank as seen in Fig. 1. PCMs are placed to
the top part of the tank to benefit from thermocline behaviour of the water tank.

Compact
heat pump
unit

Control valve

Heating coils
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Fig.1. Solar assisted heat pump hot water system with a PCM integrated water tank

The system’s operation modes are given in Fig. 2. The solar assisted heat pump system
consists of four subsystems. The first subsystem is solar collector. Evacuated tube heat pipe
collectors are selected for heating the circulating water because these collectors show very
good performance even under low ambient temperature conditions. Heated water by the
collector is used as a heat source for heat pump unit or for heating coil in the water tank
depending on the operating mode. The second subsystem is heat pump device. It is a water
source heat pump unit which boosts the collected heat from the solar collector and increases
the tank temperature until top temperature reaches to a desired level. As a third subsystem,
water tank is used, which is common in dwellings. The water tank stores heat to provide hot
water to the residents. Finally, transient domestic load profile is modelled to test system’s
performance under real conditions.
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Fig.2. Schematic of the solar assisted heat pump hot water system. a) Heat pump is active
only, b) Direct solar heating only

To control the temperature in the water tank, the temperature of the first node of water is
considered (as the tank model is multi node model). The set temperature is chosen as 70 °C to
avoid legionella and to be sure about the PCM melting. When water temperature is lower
than the set point, control valve 1 is opened and control valve 2 is closed. Thus, the heat
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pump boosts the water temperature until temperature of the first element reaches to the set
point, as shown in Fig.2a, the blue and dashed lines show inactivity. When temperature
reaches the set temperature, control valve 1 is closed and control valve 2 is opened, the heat
pump is turned off and collected heat directly circulated in the smaller coil in the water tank,
which is shown in Fig.2b. During the day time domestic water demand decreases the water
temperature in the tank; however, system is not turned on until first node temperature falls to
65 °C.

2.1.Enhancement of heat capacity of the water tank by PCMs

Ideal water tank volume is related with domestic hot water consumption and solar collector
area. It is recommended that relationship between tank volume and collector area for solar
water heating systems is given as 0.05 m<V/A<0.18 m [24]. However, this equation is
suitable for direct solar heating systems in good solar regions. The UK suffers from low solar
radiation and solar heaters need auxiliary heating equipment and larger collector areas. 4 m?
collector area is chosen. Selection of tank size is also important for energy efficient houses
and some equations are available, which mostly depend on number of occupants living in the
dwelling. Moreover, companies also suggest that the ideal tank size depends on occupant
number, and the number of bedrooms etc. Popular tank sizes for the UK are 120 L, 150 L and
200 L. In this study, an average family home is considered and a 150 litre tank is chosen for
the analysis.

Selection for proper PCM in DHW applications have been studied by many researchers. As
hot water demand temperature is around 60 °C, popular PCM materials for this application
are generally chosen with a melting temperature of 40-60 °C. In this study, sodium acetate
trihydrate is chosen because its steady supercooling property and being relatively safer
among the other PCMs. Thermophysical properties of the solution slightly change according
to solution concentration and temperature [25]. In the simulation, melting temperature is
assumed as 58 °C and other properties are assumed as constant. The used thermophysical
properties of supercooled sodium acetate solution are given in Table 1.

Table 1. Thermophysical properties of the sodium acetate trihydrate [26]

Physical Property Value

Latent heat of fusion 250 kJ/kg
Density 1520 kg/m®
Specific heat 2.719 kJ/(kgK)
Thermal conductivity 0.8 W/(mK)

By using given properties in Table 1, enhancement of energy storage capacity in different
volumetric proportions of the water and PCM in the tank can be found. Results are given in
Table 2. When the tank temperature reduces from 70 °C to 40 °C, energy storage capacities
for different proportions of PCM replacement with water is shown. Stored energy between 70
°C-40-°Cis 25.2 MJ for 200 litre water, however, when 10% of the total volume is changed
with the PCM, the total heat storage capacity for given temperatures reaches 32.76 MJ.
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Table 2. Energy storage capacities of DHW tank

200 litre PCM Water Tank (40°(_:-70°C)
tank Latent | Sensible | Mass | Sensible | Mass | Storage capacity | Mass
heat heat (kg) heat (kg) (kg)
Water only - - - 25.2 200 25.2 MJ 200
5% PCM 3.8 1.24 152 | 23.94 190 28.98 MJ 205.2
10% PCM 7.6 2.48 304 | 22.68 180 32.76 MJ 210.4
20% PCM | 15.2 4.95 60.8 | 20.16 160 40.32 MJ 220.8
30% PCM | 22.8 7.44 91.2 | 17.64 140 47.88 MJ 231.2

It is clear to see that adding PCM into water tank increases both storage capacity and total
mass of the tank. Even 10% of water is replaced with PCM material, total heat capacity of the
tank is increased almost 30%. There is a great potential of capacity improvement; however,
heat transfer rates need to be investigated to determine performance improvement. Related
heat transfer and energy balance equations are given in modelling section.

2.2.Controlling supercooled PCMs

The main objective of the study is to show advantages of using supercooled sodium acetate
trihydrate because these PCM modules can release their stored energy when activated by
user. Thus, basic control scheme is given in the Fig. 3 to show PCM triggering time, water
heating period by PCM, PCM charging period and DHW demand. The UK DHW
consumption pattern was measured and identified in a report by Energy Saving Trust [27].
The reference reported that the mean household consumption was 122 litre hot water per day
and the average hot water delivery temperature was 51.9 °C. Therefore, Fig 3 is obtained
based on this report. However, studies show that even total usage varies from country to
country, general hot water usage trend is quite similar for worldwide [28]. Thus, usage trend
of the supercooled PCM can be applied into every country with simple capacity
optimisations. In Fig. 3, the columns show hourly average water usage by the residents in the
UK [27]. Since morning demand reaches the peak level and water tank is cooled down from
the night usage, energy consumption for preparing hot water can be maximum in the
morning. To compensate this consumption, PCM activation time is settled at 5 am. Hot water
usage generally starts at 7 am; thus, hot water can be ready for users without any energy
consumption because PCMs release the stored heat into water during this period. It is clear
that PCM tubes must be recharged, during day time, solar assisted heat pump unit can heat up
the water tank in more sustainable way with a better energy efficiency. This heating period
can regenerate the PCMs, and at the same time, make hot water ready for the evening
demand. Then, water temperature decreases by the evening usage; however, supercooled
PCMs still contain stored latent energy for the next morning usage.
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Fig.3. Supercooled PCM control scheme based on time and demand profile

3. Modelling
3.1. Solar collector

The collector system is modelled as operating under quasi-steady state conditions and used
steady state equations, with the thermal capacity of the collectors neglected [29], [30]. Eq. (1)
is thermal efficiency equation of the collector.

T - Tam —c (T — Tam)2 (1)

G 26
Thermomax HP-200 evacuated-tube heat pipe collector [31] is used in the simulations. The
modification of the thermal efficiencies under London conditions were taken from Freeman
et al. [29]. The zero loss optical efficiency and heat loss coefficients are n, = 0.556,

c; = 0.888, c, = 0.006. In order to calculate useful heat and collector outlet temperature,
Eq. (2) can be used:

Neot = Mo — €1

Qcol =MNcot " Acor " G = Thhtf " Cp.ntf " (Tcol,out - Tcol,in) (2)

3.2.Heat pump

Heat pump is commonly used as water source heat pump which is a vapour compression
system. It consists of four main components namely; compressor, condenser, expansion valve
and evaporator. As this heat pump is a water source heat pump, evaporator is a heat
exchanger which transfers the collected heat from the collector into the heat pump. This heat
is used as energy source for the heat pump. The following assumptions are considered for
heat pump simulation:
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e The evaporation in the evaporator and condensation in the condenser are assumed to
be constant pressure process.

e Compressor isentropic efficiency is taken as 0.8 [32].

e The expansion of the refrigerant in the expansion valve is assumed as isenthalpic.

e Superheating in the evaporator and subcooling in the condenser is assumed as 3 K
[33].

e For evaporator, 5 K pinch temperature difference approach is assumed [33] to ensure
proper heat transfer.

According to Eq. (3) and assumptions, refrigerant mass flow rate is determined. As collected
heat from the solar collector is used as low temperature heat source, heating capacity of the
heat pump depends on the available solar energy.

Qevaporator =M, - (he+SH - he) (3)

m,,h.and h,, sy indicate refrigerant mass flow rate, evaporator inlet specific enthalpy and
evaporator outlet specific enthalpy, respectively. Fig. 4 shows evaporator schematic and
pinch temperature difference for the evaporator.

50

From Collector To Compressor R134a

Tcol,out Te+SH 40
. 30
f‘_/:: — T
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= 10 . | T +SH
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Fig. 4. Evaporator schematic and pinch temperature difference for the evaporator

For condenser modelling, Yerdesh et al. [7] used 7 K temperature difference to ensure proper
heat transfer in both heat exchangers. In this study, difference between condensing
temperature of the refrigerant and the water temperature at the top node is selected as 8 K.
This conservative approach is chosen to be sure for melting the PCM.

3.3. Cylindrical water tank

Multi node water tank simulation has been chosen for modelling the water tank because it
allows the system to show potential temperature gradient inside the tank. By this way, PCM
tubes are subjected to realistic temperature levels with the water elements. The cylinder
volume has been divided into equal volumes to obtain temperature distribution in the storage
tank [34]. In every control volume, an energy balance equation can be written considering the

10



300
301
302
303
304

305
306

307
308
309

310

311
312
313
314

315

316

317
318
319
320
321

heat loss to the environment. By solving all the energy balance equations simultaneously,
temperature distribution inside the tank can be determined. These methodology have been
already used in previous studies [35],[36]. When there is a coil placed in a tank, energy
balance equation changes for including its effect and conduction heat transfer between water
nodes become more important [37]. The equation is given for a layer in Eq.(4).

QDHW(i) + Qcoil,n(i) + Qcond,n(i) + Qloss,n(i) At (4)

Ton(i+1) = T, n(0) +
t,n(l ) t,n(l) Mst,i . Cp,W

T, , is tank temperature at node N. i and i+1 indicate time steps, M, ; is the amount of water
in each tank element with unit of kg, c,,,, is the specific heat capacity of water.

Qpyw indicates drawn heat load by the hot water users because when residents use hot water,
same amount of tap water is filled from bottom side of the water tank. Therefore, at each
node, the following heat transfer takes place:

QDHW(i) = Mpuw (1) * Cp,w(Tt,n—1(i) - Tt,n(i)) (5)

Tap water is charged directly to the last water node in the tank, and water temperature is
varying at different time of the year. Although some empirical equations are available in the
literature, it will be better to use UK monitored tap water temperatures based on monthly
data. The related data is given in Table 3.

Table 3. UK’s monthly cold water temperature variation [38]

Month Cold water temperature °C
South England | North England Scotland

January 12.06 9.62 9.62
February 11.33 9.32 9.15
March 12.39 10.70 9.68
April 15.28 13.70 13.27
May 16.14 15.32 14.49
June 19.33 17.26 16.76
July 21.17 19.33 19.49
August 20.09 18.67 18.44
September 19.56 17.88 17.52
October 16.80 15.55 15.05
November 13.70 12.22 13.73
December 12.39 10.51 14.13

It is reported that [37] the most practical approach for heat exchanger design in solar systems
is NTU-effectiveness method, each node has coil segment in the tank. In two-coil tank, first
coil which is condenser of the heat pump, is placed in top six of the water elements and solar
coil only effecting to last four water elements. For heat transfer through coils to the water
element, Eq. (6) can be written:

Qcoil(i) = mw(i) " Cp " Ecoil '(Tcoil in,n(i) - Tt,n(i)) (6)

11
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The temperature of the fluid exiting the coil segment in one node, which becomes the
temperature entering the next coil segment in the adjacent node. Eq. (7) can be used to
calculate temperature outlet:

Teoir out,n(i) = Teoit in,n(i) — &coil '(Tcoil in,n(i) - Tt,n(i)) (7)

Conduction heat transfer between water elements is expressed as Q ona n:

Aeff V[ th

= (Ten 1) + Tena (D = 2 T () ®)

Qcond,n(i) =

Aesy indicates vertical effective thermal conductivity, H,, and D, are height of the water
element and tank diameter, respectively. For A.sf, 1.85 W /(m/K) is used [39].

Regarding to heat loss to the environment, Eq. (9) can be used:

Qloss,n(i) =U;- Atank,n ’ (Troom - Tt,n(i)) (9)

Room temperature is assumed as 20 °C. A¢qnk IS heat transfer area of the water tank in one

element. It is a surface area between water and the ambient. U, is overall tank heat loss
coefficient.

Guarracino et al. [40] summarized the literature assumptions of DHW usage profiles in detail.
By considering usage profiles, hourly hot water consumption flow rates and total
consumption are determined and modelled. One of the main parameter effecting the
thermocline level in the water tank is charging flow rates. Thus, determination of the flow
rate is quite important. However, UK monitored data [27] and the given literature data
(medium load is 6 I/min and short load is 3 I/min) are not easy to match. In the model, two
different flow rates are defined similar to short and medium loads and these loads are used to
match with the given total demand profile in Fig.3. The delivery times have been identified
according to flow rates considering the 55 °C delivery temperature such as 6 minutes load
with 0.08 kg/s at 8 am.

3.4. PCM integrated water tank

When PCM is placed inside the tank, both sensible and latent heats constitute the total energy
of the tank [26] and heat transfer from water to PCM or vice versa is taken into consideration.
To analyse temperature gradients with heat transfer process some assumptions have been
done.

e The problem is one-dimensional with temperature variations occurs only according to
the vertical direction of the tank. Tank height is divided into nodes and each node’s
energy balance equations are solved simultaneously.

12
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e Some water nodes contain PCM tubes, but these tubes are spaced apart for every
element to increase heat transfer area.

e In awater element, water temperature and PCM temperature can be different.

e Each PCM tube is assumed as lumped system.

To increase the heat transfer rate, cylindrical PCM modules (tubes) have been chosen. This
selection is also common in the literature studies [10],[11].

Generalized energy equations of PCM has been given by Manfrida et al.[41] in Eq. (10):

dp oT
Voem * Prem * Leem E — Vbem * Ppem * Cpem E = hy_pcm * Aw—pcm " (Tw — Tpcm) (10)

¢ is PCM liquid fraction, h,,_pcy IS heat transfer coefficient between PCM and water
element. For the water element, energy balance equation of Eq. (4) needs to be updated as Eq.
(12):

QDHW(i) + Qcoil,n(i) + Qcond,n(i) + Qloss,n(i) + QW—PCM (l) At (11)

Ton(i+1)=T,,0() +
tn (0 ) £ (D) Myei Com

Q.w—pcu () indicates heat transfer rate between water element and PCM material.

To find the convection heat transfer coefficient, natural convection heat transfer equations for
spherical shapes can be valid to use for cylindrical shapes in the water tank [11]. The Nusselt
number for natural convection is found by Eq. (12):

0.387 - Ral 2 (12)

Nu =10.825
‘ ¥ [1+ (0.492/Pr)°/16]8/27

3.5. System operation modes

As given in Fig. 2, the proposed system operates in two modes. Heat pump is active in the
first mode and direct solar heating happened in the second mode. To determine these
operation modes, temperature of the top node in the water tank has been considered. 70 °C is
chosen in order to avoid legionella, and this temperature is also reasonable for PCM melting.
To model operation mode changes in Matlab, a simple control function needs to be used.
Followed controlling flow chart is given in Fig. 5.
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Fig.5. Basic control flowchart of solar assisted heat pump

4. Results and Discussions

In the analysis, energy balance equations for all components and heat transfer equations are
written in Matlab environment, for refrigerant thermophysical properties, Refprop software is
used. In every time step in the model, refrigerant mass flow rate, fluid temperatures and
available solar energy are calculated to assess the system performance.

In order to reveal the advantages of the supercooled PCM tubes, a solar assisted heat pump
system by using conventional water tank (without PCM) is compared with solar assisted heat
pump hot water system with PCM enhanced water tank. Component sizes are kept the same
for both systems to observe performance improvement by the PCM addition. Table 4
summarises information about component sizes in the model.

Table 4. Component sizes and simulation information

Tank inner diameter 0.4m Collector area 4m’
Tank height 1.2m Collector flow rate 0.033 kg/s
Tank Ut 1.5 W/m°K Heat pump working R134a
fluid
Compressor isentropic 0.8 PCM tube diameter 40 mm
efficiency
PCM tube height 100 mm Number of PCM tubes 116
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A detailed analysis has been conducted for a chosen day, for which EnergyPlus weather data
[42] is given in Fig. 6. Temperature variation during this day is a typical UK condition but
solar irradiance is chosen good solar day as designed condition of the system.

—>Solar Irradiance —s—Ambient Temperature

[§%]

Solar Irradiance [mez]

Ambient Temperature [0

22 June

4 & o 21 22 24

ASUFS
Fig.6. Weather data on 22 June

Hot water delivery temperatures are adjusted to a set temperature of 55 °C. This conservative
approach is applied to reveal advantages of using supercooled PCM in the tank. To maintain
this temperature when solar heat pump is not active, 2 kW electrical immersion heater is used
in both systems. In the model, initial water element temperatures are determined by solving
the mathematical model, the initial temperatures of the water nodes in the tank are the final
temperatures of the previous day. However, this study considers only one day, thus, initial
temperatures need to be determined. Firstly, an assumed temperature value is given to all
water layers and simulation is executed. The final temperatures of the first simulation are
used as the initial temperatures of the next simulation. The steps are repeated until the end
temperature distribution matches the initial temperature distribution [43].

4.1. Using a common water tank

Solar assisted heat pump unit with a conventional water tank has been analysed and results
are shown in Fig.7. In Fig. 7a, temperature variation of the top, middle and bottom nodes are
shown. The first node is actual delivery temperature to the users and the temperature level is
controlled during the day. As it has been mentioned before, the system has two control
mechanisms. First one provides desired hot water to the residents when they need it. Set
temperature is seen in the Fig.7a as reference line and immersion heater boosts the water
temperature if required. As hot water demand starts at 7 am, to make hot water ready for the
users, the immersion electric heater heats the tank in early morning. When hot water drawn
by the users, cold tap water is charged to the tank and temperature of bottom node decreases.
Since heat pump has no satisfactory solar heat during early morning and evening, immersion
heater provides heat into the tank.
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The second control determines heat pump running times. As it has been explained in
methodology, the first node temperature is set to 70 °C. When temperature reaches this set
value, it happens at around 9:30 am, the heat pump stops and second control valve is open
until the temperature drops to 65 °C. During this period, collector fluid is directly circulated
in the lower coil inside the tank. When direct solar heating mode operates, temperatures of
the bottom nodes’ increase. In order to show collected heat utilization in the system Fig. 7b is
given. Solar heat is used for heat pump’s source and direct heating which depends on system
mode of operation. Since DHW demand is high during the morning period, heat pump boots
the heating. When system operation switches to the direct solar heating, only consideration is
collector outlet temperature must be higher than water tank node. As collector outlet
temperature cannot excess node temperature because of heat ejection continues during
circulation, collector pump stops to maintain tank temperature.

Fig. 7c shows compressor and immersion heater electricity consumption rates during the day.
This figure also gives cold water flow rates by time which defines users’ hot water demand
profile in right axis. This cold water charges are one of the main reason for electricity
consumption. Electric usage by the immersion heater mainly happens during morning and
evening periods because heat pump boots temperature in day time. The compressor starts to
operate with sun rising and stops at around 9:30 am because the first layer temperature
reaches to the set value. However, hot water consumption from the users reduces that
temperature under 65 °C and compressor operates couple of minutes more. When heat pump
stops, system operating is changed to direct solar heating mode.

4.2. Using a PCM integrated water tank

When PCM tubes are placed in the water tank, simulation with same operating conditions
with same parameters are conducted. Fig. 8 shows the results of using PCM enhanced tank in
the system. Fig. 8a. shows temperature variation of first, middle and bottom nodes of the
water tank. Temperature of the first five nodes increases at 5 am because PCMs are activated
and release their stored heat into water. This heat release increases residents’ delivery
temperature, which can reach higher than the reference temperature; thus, the electric heater
is not used during the morning period. In order to prepare PCMs for the next morning, all
PCMs must be charged during day. However, heat pump is turned off when water
temperature reaches desired level (setting temperature); therefore, immersion heater can help
for charging the PCMs.
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Fig.8. Results for using a PCM enhanced tank in the system. a)Temperature variation in the
tank, b)Collected solar heat, c)Electricity consumption profile

As PCM tubes are placed in the top 5 nodes, releasing their heat creates high stratification
inside the cylinder. Thus, direct solar heating mode operates more effectively because bottom
layers are colder with respect to the conventional tank. Temperature increment in bottom
layers is high as seen in Fig.8a. Collected solar heat is shown in Fig. 8b. Apart from common
tanks PCM integrated tank uses more solar heat to drive heat pump because discharged PCM
tubes absorb heat and heat pump operates more time to reach set temperature compare to
conventional tank system.

Fig. 8c. shows electricity consumption levels and cold water flow rates by time. The heat
pump stops at 10:30 am because the first layer reaches to the setting value. However, PCMs
are not totally melted especially in the fourth and fifth layers as it can be seen in Fig 9.
Therefore, immersion heater is switched on, and it heats up the tank until all PCMs are
completely melted. Immersion heater electricity consumption profile is around half an hour in
day time. After the sun set, immersion heater is used to maintain reference temperature for
residents’ hot water usage.

Regarding to the PCM charging and discharging trend, Fig. 9 shows PCM’s temperature
variations. As hot water rises in the cylinder and cold water is charged from bottom side,
placed PCMs in the last two layers exposed to colder temperature. This yields higher heat
transfer rate when PCMs are activated and causes quick temperature drop with every cold
water charge. However, with help of the immersion heater all PCM tubes are melted at
around 11 am. Thus, these melted (charged) PCM tubes can be ready for next day’s morning
load.
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Fig.9. PCM tubes’ temperature variation during day

Given figures for comparison of conventional and PCM enhanced tank show that
consumption profiles are varied. The main difference is that morning electricity consumption
is eliminated by the PCMs. The required energy for the PCMs are compensated by the heat
pump and auxiliary immersion heater. It is found that total daily energy consumption is 2.685
kWh for conventional tank and 2.36 kWh for PCM tank. That means 12.1% reduction in
energy consumption can be achieved by only adding supercooled PCMs in the water tank.
This reduction comes from the shifting energy consumption times, there is no electricity
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usage for PCM tank in the morning, but the required energy provided by the heat pump
which is more efficient than the immersion heater.

In order to compare heat pump performances, COP variations of both systems is given in Fig.
10. Since both systems’ evaporation sides are exposed to same condition, difference comes
from the condensing temperatures. The main difference is PCM integrated system’s COP is
more stable because PCM tubes absorb heat during heating period, this limits the temperature
increment of the first node, and thus, condensing temperature remains stable. In contrast,
conventional tank temperature easily increases by the heating and decrease by the cold water
charging. Conventional tank system’s COP reduces after 8:45 am because of temperature
increment, however, PCM integrated tank system’s COP decreases around 10 am. The reason
can be explained that PCMs are melted in the top layers and allows to increase of the water
temperature.
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Fig. 10. COP variations of both systems

In order to show advantages of PCM enhancement in the SAHP unit, another analysis is
conducted by using different weather conditions. The simulation given above is a good
example of good solar radiation condition in the UK but another simulation is conducted for
testing the system under the average solar radiation. 8" of April is chosen for next simulation
because solar radiation reaches maximum 560 W/m?and tap water temperature is around 15
°C. It is found that total daily energy consumption increased to 3.89 kWh for conventional
tank and 3.367 kwWh for PCM enhanced tank. Since low temperature tap water charging and
weaker solar radiation, this higher consumption is expected. Compressor consumptions are
increased because water tank needs more heat to reach reference set temperature. This result
shows that PCM enhancement can achieve 13.4% reduction of energy consumption in DHW
system even under average weather conditions. Table 5 summaries consumptions of both
systems for summer and spring days. 0.325 kWh of reduction in electricity consumption is
achieved in a summer day and 0.523 kWh of reduction in electricity consumption is achieved
in a spring day. This result proves that more solar heat can be utilized by the heat pump when
solar radiation is lower. Shifting the heating process from immersion heater to solar heat
pump results more promising in low radiation days when direct solar heating is not enough
for DHW applications.

Table 5. Summary of energy consumptions
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Consumptions-kWh
Immersion heater | Compressor Total
Conventional tank in June 1.39 1.295 2.685
PCM enhanced tank in June 0.86 1.5 2.36
Conventional tank in April 2.454 1.44 3.89
PCM enhanced tank in April 1.586 1.78 3.367

5. Conclusion

In this study, a solar assisted heat pump system for DHW applications has been modelled.
Solar collectors, heat pump, water tank and DHW demand have been transiently modelled
using Matlab. Although PCM increases the heat capacity of the water tank, this study focuses
on reduction of the electricity consumption rates for a 24 hour period. The performance of
conventional and PCM integrated tanks have been compared. Using control methodologies,
temperature variations in the water tank, collected solar heat and electricity consumption
profiles have been obtained and discussed. Results show that the proposed novel control
method of the supercooled PCMs can provide required heat for the morning hot water
demand and it can reduce daily DHW energy consumption by about 12.1-13.4% according to
weather conditions. Since the main benefit of using supercooled PCMs in the system is
shifting heating energy from immersion heater to the heat pump, proposed system also
improves the renewable energy utilisation. It is also cost effective system because advantages
can be achieved by only adding PCM tubes to an existing SAHP DHW system.
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