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Abstract: Decarbonization of the UK residential heating sector is crucial to cut the carbon emissions
and meet the legal binding of the Climate Change Act, 2008. The current progress with residential
building sector carbon neutrality is slow and, hence, acceleration in action is required. The heat
pump (HP) technology was found to be a potential candidate for sustainable development instead
of fossil fuel-based oil/gas boilers, but improvement in its coefficient of performance (COP) is
essential to compete with the lower gas/oil unit energy cost. The number of studies found in the
literature were very limited, with the customized prototype development in the context of Northern
Ireland, but without considering the simultaneous impact of heat supply temperature and operating
mode of control for performance improvement in different property types. It is evidenced in the
literature that the variable speed capacity control approach could improve the annual performance,
but the literature has not looked into the compressor efficiencies challenges. In this study, steady
state testing with a range of fixed constant heat loads (3-18 KW), done by varying compressor
speed and its impact on COP, compressor efficiencies, and inverter losses, was established. The HP
performance was measured and evaluated at low (35 °C)-to-medium (45 °C) and high (55 °C) heat
supply temperature levels under the controlled laboratory conditions over the experienced ambient
temperature. According to the result the COP values varies according to heat supply temperature,
ambient temperature conditions, and heating capacity. The HP annual performances with Irish
housing stock were evaluated in two modes of control and three case studies (C1, C2, C3) based on
the experimentally validated model. The heat load demand in five property types with four age
periods were considered in the analysis. The system could meet the required heat load demand for
all property types in VSM with different percentage improvements in performance in comparison to
FSM depending on the considered case level of the heat supply temperature (C1, C2, C3).

Keywords: air source heat pump (ASHP) real-scale prototype; annual coefficient of performance
(COP); compressor efficiencies; control mode of operation; property types; heat supply temperature

1. Introduction

The building sector was responsible for 38% of total greenhouse gas (GHG) emissions
globally, with a share of 17% from residential buildings in 2019 [1]. The European Union
(EU) countries’ building sector contributes 36% of the total final carbon emissions [2].
Similarly, the UK residential building sector consumes 29% of the total final energy con-
sumption [3] and adds 16% of the total CO, emitted into the atmosphere [4]. A major
portion of the energy consumption (79%) inside residential building goes to space heating
(SH) and domestic hot water (DHW) production in the UK [5]. This contributes 40% of
total carbon emission among residential buildings in the UK [6]. Hence, there is a great
potential of carbon emission reduction if the residential building heating demand could
be met by renewable-based energy devices instead of fossil fuel-based boilers. The recent
International Energy Agency (IEA) report recommends the ban of sale of fossil fuel boilers
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from 2025 to achieve the target of net-zero emissions by 2050 [7]. The UK, as a signatory
of Climate Change Act 2008, set the target of net-zero carbon emissions by 2050 [8,9],
and banned the sale of fossil fuel-based boilers by 2025 [10]. The HP technology utilizes
environmental thermal heat energy from the air/ground, with some proportion of elec-
trical energy. The air source heat pump (ASHP) has a lower initial capital cost and less
disruption with installations inside the existing buildings, compared to the ground source
heat pump (GSHP) system. Hence, it is more favorable for domestic retrofit and has great
potential for market penetrations in the context of Ireland [11]. The high starting current
and temperature control due to its intermittent operation were among the barriers in the
promotion of the HP technology uptake at large scale [12]. The restart of the unit with
intermittent operation causes high current consumption because of compressor pressures’
re-establishment. The on/off controlled systems synchronized operation at a large scale
can cause network failure. The risk of network instability because of additional current
load increases with back-up electric heater [13]. The control of the system at part loads
conditions basically differentiates variable speed drive from the conventual fixed speed
system. In addition to the control challenges, the issue with ASHP system is its perfor-
mance degradation at lower ambient temperature conditions and more compressor work
is required, putting extra pressure on network. The HP design for meeting the highest
peak load demand requires larger component sizes, with increased cost, and negative
impacts the overall system performance due to higher cycling losses during the off-peak
period. The peak load demand occurs only for the limited period of the year, and the idle
operation of the system for the remaining period causes losses and fluctuations. In seeking
a system that can modulate its capacity according to the load requirements and operate
over a wide range, a variable speed compressor-based HP system is a viable option. The
COP is improved using a variable speed compressor due to heat supply match to that of
demand at part loads, resulting in lower cycling losses and reduced back-up electric heater
requirements. This results in higher thermal comfort and better compressor life due to the
less deteriorating effect. The building heat load demand and the system operation over the
balance point for a great portion of the building load could be achieved with variable speed
of control. The variable speed compressor-based HP system fulfills the heating demand at
the lowest ambient temperature conditions by increasing the speed and avoids the needs
for oversizing. In this study the HP potential performance improvement for the old aged
Irish housing stock was investigated with the challenges to the compressor. Performance
assessment of the 9 KW heat pump (HP) via testing and modeling was conducted. Impact
of varying heating capacities on the system coefficient of performance (COP) at low (35 °C)-
to-medium (45 °C) and high heat supply temperature (55 °C) at individual steady state
tested conditions. HP annual performance improvement due to heat supply temperature
level & control mode of operations (variable speed mode (VSM) vs. fixed speed mode
(FSM)) for capacity adjustments were investigated. Detached, Semi-detached, Mid terraced,
End terraced, and Flat property types with four age period ranging from very old to new
properties were considered.

1.1. Literature Review

The current standard BS EN14511 classifies the HP system depending on the heat
supply temperature level as low (35 °C), medium (45 °C), high (55 °C), and very high
temperature (above 65 °C) (BS EN14511) [14]. The COP for ASHP ranges between 3.2 and
4.5, according to lab scale tests as per BS EN14511 at the lower heat supply temperature
of 35 °C [15]. The HP operates continuously at partial loads to follow the building load
demand during the VSM of control, which was found to be more efficient, in contrast to
the conventional way of controlling the heating capacity with the load adjustment [16-18].
Faster temperature control, low starting current, noise, vibrations, and continuous control
while meeting load demand with rare transient losses were well-established advantages
of VSM against FSM [19-21]. The back-up electric heating requirements and its impact
on the overall system performance was investigated with both control modes in [22]. The
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overall COP was reduced with the use of the back-up electric requirements with increased
pressure on the network. The heat supply temperature with intermittent control during
the on-cycle needs to be higher compared to the continuous system operation, leading to
lower performance and higher energy consumption [23]. The three climatic conditions of
Italy (Milan, Rome, Palermo) were investigated in [24]. Significant energy savings were
achieved with variable speed control specifically in Palermo and Rome during the heating
seasons due to idle operation of the system for most of the time. A comparative study
between the variable speed and on/off control reported a COP improvement in the range of
10-25% [25-28]. The COP improved using a variable speed compressor due to the heat
supply match to that of the demand at part loads, resulting in lower cycling losses and
back-up electric heater requirements. An air to air-type heat pump with 8.8 KW nominal ca-
pacity was tested under the laboratory conditions at a range of compressor speeds, relative
humidity values, and ambient conditions [29]. Based on the testing results, the transient
losses were calculated for the seasonal performance evaluations and energy savings due
to speed modulations. The payback period reported was three years due to additional
control devices. This also causes higher thermal comfort and better compressor life due
to a less deteriorating effect [30]. Comparative studies for the two modes of HP capacity
control were made at different levels, including the annual performance, and at individual
steady state-tested conditions with an optimal speed of operation. The annual performance
comparison was found to be more valuable than the individual conditions’ performance
analysis [31]. Annual performance improvement in the range of 10-25% was reported
depending on the HP type (ground/air source) of compressor used, operating speed range,
and design load [31]. The reason for performance improvement was because of the better
part load condenser and evaporator efficiency, smaller number of cycles, back-up electric
heater requirements, lower losses due to defrosting, and supply temperature [31,32]. A
theoretical analysis to investigate the best approach for capacity control concluded that the
varying compressor speed approach was more efficient and was studied experimentally
in more detail [33]. The heat supply temperature with intermittent operations during the
on-cycle needs to be higher compared to the continuous system operation, leading to high
energy consumption due to higher condensation and lower evaporation temperature [23].
The climatic conditions and the associated benefits with VSM were found to be interlinked,
with higher performance improvement in warm climate conditions due to idle operations
of the system for most parts of the year [24]. A limited number of articles were found
investigating performance improvement and energy savings with the control mode and
considering heat supply temperature simultaneously for other HP types [21,31,34]. The
GSHP was investigated under the laboratory conditions with a hydronic heating distribu-
tion system, aimed at increased system performance due to capacity control approaches
and the selected heat supply temperature [31,34]. The reduction in heat supply temperature
from high (55 °C) to low (35 °C) results in an improvement in the seasonal performance
factor by 30-35% [31]. Three types hydronic heating distribution systems, i.e., underfloor,
fan-assisted hydronic coil unit, and traditional wet radiator, were considered in analysis
for the comparative study between VSM and FSM. The thermal inertia of various hydronic
heating distribution system influences the cyclic properties of HP, response time at start-up,
and consequently its overall performance [34]. The negative impact due to cycling get
reduced with the VSM of control because of load matching with the heat supplied [31].
The overshoot and undershoot of the room temperature become a great concern during
the intermittent operation, specifically with the underfloor heating system due to high
thermal inertia. A couple of experimental studies on the variable speed compressor-based
HP system with applications for industrial plant cold storage was conducted for the energy-
saving potential [35,36]. The control of cooling capacity with the variable speed compressor
using the fuzzy logic control algorithm instead of the thermostatic control method could
save energy up to 20% [35]. The optimal speed of 24 Hz, satisfying the load demand with
the supply temperature of 34 °C, could save approximately 30% of energy compared to
that of the nominal speed [36]. However, there were certain issues during HP operation
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with the varying compressor speed compared to the nominal speed of operation, i.e.,
compressor isentropic, volumetric efficiency, pressure ratio, discharge line temperature,
and inverter losses [37]. The isentropic efficiency was highest at 65% at the nominal speed
with the pressure ratio of 2.2, while the volumetric efficiency linearly degraded from 98%
to 83% with the pressure ratio variation range between 1.5 and 5.6 due to varying speed
(35-75 HZ) [37]. The inverter losses due to change in compressor-supplied frequency were
analyzed experimentally for GSHP and were reduced as a percentage of the total electric
power consumption with the increase of speed, while keeping a constant load/source
side temperature of 26 °C/4.5 °C with a frequency variation range in between 30 Hz and
90 Hz [38]. The analysis of low-to-medium and high heat supply temperatures on variable
speed compressor-based ASHP was conducted at different steady state test conditions
aiming for Irish housing stock retrofit applications [39]. The COP value improved in
range of 30-40% due to the heat supply temperature reduction from 55 °C to 35 °C for the
individual tested conditions’ range. The ASHP system with a nominal heating capacity
of 9.8 KW was developed aiming at retrofit applications for old age 1900s mid-terraced
houses in Belfast climatic conditions [40]. The performance was evaluated at a very high
heat supply temperature of 60 °C for the experienced ambient conditions” range under the
laboratory conditions [40]. The limited frequency modulation range between 37.5 HZ and
75 HZ, resulted in a poor load match to the heat supplied during the VSM of control with
an annual COP of 2.15. The short version of the study is presented in the authors’ other
work [41,42].

1.2. Research Gaps and Contribution of This Work

Based on the above literature review, it can be seen that ASHP prototype development,
simulating constant domestic heat loads under the controlled laboratory conditions and
investigating the impact of compressor speed variations on its efficiencies and discharge
line temperature at low-to-medium and high heat supply temperature levels, is missing
from the literature. The application of such units for the Irish housing stock and the annual
performance evaluation at low-to-medium and high heat supply temperature in two modes
of control for capacity adjustment are missing from the literature to the best of authors’
knowledge. The earlier comparative studies with FSM and VSM for capacity control
were performed either under single steady state conditions or investigating individual
component analysis (i.e., compressor isentropic and volumetric efficiencies, inverter losses)
and performance improvement at a single heat supply temperature level. Therefore the
major research questions investigated in this study could be summarized as the following:
(i) ASHP design, development, and testing at fixed heat loads at low-to-medium and high
heat supply temperatures and experienced ambient temperature conditions; (ii) numerical
modeling of the HP performance based on testing results and validations; (iii) the annual
performance improvement and energy savings with VSM in comparison to FSM for Irish
housing stock; (iv) part load operation and the importance of balance point with different
property types in two modes of control and at three levels of HP supply temperature.

2. Methodology
2.1. Heat Pump Characterizations

The developed domestic ASHP protype was characterized with the required test
conditions established inside the conditioning chamber with constant heat load demands.
The test facility could provide a range of ambient temperatures and humidity conditions on
the source side and the required set points values for EWT/WST by using PID controllers.
The HP system was developed and installed at a test facility with a variable speed scroll
compressor, superheat and envelope controller, and other parts purchased from Emerson
Climate Technologies. The modulation range for the tested compressor was in between
15 Hz and 120 Hz. The controller developed for XPV/XHYV for heating and cooling applica-
tions provided the function of map management and compressor speed with the refrigerant



Sustainability 2021, 13, 11753 5 of 31

R410a. The superheat set point was 10 K during all the tests and it was maintained by
using an electronic expansion valve. The parts” details are mentioned in Table 1.

Table 1. List of the main components for the developed system with model number.

Component Name Model Number
Scroll compressor XPV0302E-4 x 9
Drive ED3015B-H2XB-3 Phase for Variable Speed Compressors
Condenser BS80OASHx28/1P
Controller Superheat and Envelope Controller—SEC MONO
Electronic expansion valve EXL-BF1—Unipolar stepper motor valve
Converter RS 485
Temperature sensor NTC (ECN-EG30)
Communication cable SEC2-ED3-3W

The experimental setup pictorial view with a simplified schematic diagram is shown
in Figure 1. The pictorial view shows the heat rejection system, water supply, and return
line to the condenser, and the heat pump system inside the conditioning chamber. The
schematic diagrams show that the test rigs basically consist of three circuits, i.e., closed
loop water (shown red), fresh water supply (shown blue), and refrigerant circuit. The
water circulating circuit includes a variable speed water pump for controlling the flow
rates inside the closed loop circuit, a water tank with an inserted heat exchanger, valves for
air venting, safety, an expansion tank, and a three-way PID valve.

Heat rejection system Water supply and HP installed inside the

return line to Condenser chamber
\ / 1y
B\ 1% “ “

Tank with coil ; e | Refrigerant mass flow
meter

Evaporator

PID controlled HX
Accumulator

Conditoning chamber

CHAMBER

e e g~ 1
J 7.

| , i
|
water tank circulation pump 2

\
‘
\ 2,
PN T 3
i - 1 E Al
| &
=R L] 1hd
1 I _: EXPANSION VALVE
[
PID operated j 5
heat exchanger w S

Figure 1. Test facility with experimental setup in pictorial view with a schematic diagram.

Two circulation pumps were employed to maintain the required water flow rates inside
the closed loop circuit. The second circulation pump works as a booster for achieving
the higher water mass flow rates. The difference between the water supply temperature
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(WST) and entering water temperature (EWT), delta T, was controlled by PID-controlled
heat exchanger on the load side. The water pipes with a 22 mm nominal diameter made
of copper were used for the supply and entering water temperature across the condenser.
The PID valve operated according to the supply temperature set points. The heat load
was dumped to the water tank via the inserted coil and/or secondary heat exchanger by
supplying fresh water from the water supply tank, fitted at the top of the roof. The testing
procedure mentioned in BS EN14511-3 [14] was followed in terms of methodology, sensor,
quantity, and measurement accuracy requirements.

2.2. The Control Devices and Data Acquisition System

The data logger instruments, measurement devices consisting of temperature, pres-
sure, mass flow meters sensor, and control mechanism inside the chamber were properly
chosen and installed to adequately perform the tests with good confidence in the testing
results. All the measured variables were monitored, and data were recorded every 10 s
with an average value considered for analysis purposes. The data utilized were obtained
through recording and monitoring from (a) source side conditions, (b) inlet and outlet
of the main components, and (c) load side quantities. On the source side, the ambient
temperature and humidity were measured and controlled by the heater, cooler, and hu-
midifier. The PID-controlled steamers were able to meet the requirements mentioned in
the standard for the relative humidity (RH). The device types, measured quantity, and
uncertainty associated with the measurement devices are shown in Table 2.

Table 2. Uncertainties ranges for measurement instruments.

Measured Quantity Measurement Device Units Uncertainties
A Relative humidity () Hygrometer - +0.8%
.ér Dry bulb temperature (DB) Thermocouple (T-type) °C +2
side Wet bulb temperature (WB) Thermocouple (T-type) °C +0.3
Mass flow rate MASS 2100 DI15 Kg/s +1.3%
Estimated from P and T
Refrigerant side Enthalpy (h) measured values K/kg 1-1.76%
Pressure (P) PT5 pressure transmitters kPa +1%
Temperature (T) NTC (ECN-EG30) °C +0.5
Mass flow rate Electromagnetic, Eltek, GC 62 kg/s +1.5%
Pressure difference (static) Pressure Gauge Pa +5%
Water Temperature inlet/outlet (T) PT100, Eltek GD 24 °C +0.1
side Electric power meter Landis and Gr P350 w +1%
Current Transducers LEM AKR 50 C420L A +0.5%
Voltage Transducers (ABB CC-U/V) \% +0.5%

On the water side, the entering and supply temperatures were measured using a
PT100 temperature sensor, the water mass flow rates were measured via a flow meter,
and pressure gauges were used for pressure measurement. The pressure and temperature
at the inlet and outlets of the compressor, condenser, evaporator, and expansion valve
were subsequently measured. The refrigerant mass flow rate through the condenser and
evaporator was measured through the flow meter installed in the liquid refrigerant line.

2.3. Experimental Procedure and Test Conditions

The ambient temperature, humidity, and WST values for the tested conditions, with
definite constant heat loads, are shown in Table 3. The system performance was tested
for the range of ambient temperature conditions at low (35 °C)-to-medium (45 °C) and
high (55 °C) WST. The main testing regime was developed at a constant value of delta T of
10 °C to make the result consistent and comparable because most of the existing buildings’
installed heat emitters were designed for a flow outlet/return temperature difference of
10 °C [43].
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Table 3. HP lab testing conditions.
Fixed Heating Capacities (kW) Ambient Temp (°C) ‘/DV% (;,%))/ (Rog WST (°C)
12,9,6,3 -2 -2/-3 79.3 35, 45, 55
12,9,6,3 2 2/1 83.9 35, 45,55
15,12,9,6,3 7 7/6 86.9 30, 35, 40,45, 50,55
18,15,12,9,6,3 15 15/14 90 30, 35, 40,45, 50, 55

2.4. Domestic Heat Load Demands for Irish Housing Stock

The tested HP system was designed and developed with an aim to meet domestic
household heat load demand commonly required inside the Irish residential building for
combined space heating (SH) and domestic hot water (DHW) demand. The heat load
demands, including both the SH and DHW demand for five property types, were adapted
from the experimental results [44], and are shown in Figure 2. The impact on the HP
performance due to building type and age period, each of which has different insulations
and thermal characteristics, is investigated by considering five property types with four age
periods, making a total number of 20 archetypes, as reported in Table 4. The five property
types of flats, mid-terraced, end-terraced, semi-detached, and detached with age periods of
1900-1949, 1950-1975, 1976-1990, and 1991-2007 onwards were considered in the analysis
because a significant percentage (approximately 90%) of these housing stocks are present
in Ireland, Northern Ireland, and Scotland [3,44].

Detached ==@==Semi detached Detached Semi detached
==@==FEnd terrace ==@==Mid-Terrace .
Flats =@ End terrace ==@==Mid-terrace
- Flats
§ 20 15
< 15 z
T %, 10
= 10
s
=
g ° 2’
=
S5 -3 -1 1 3 5 7 9 11 13 15
Ambient ¢ ture(°C S5 3 11 3 5 7 9 11 13 15
@) mbient temperature(°C) (b) Ambient temperature(°C)
e=@==Dectached Semi detached «=@==Detached Semi detached
==@==FEnd terrace «=@==Mid terraced «=@=Fnd terrace =@=Mid terraced
Flats Flats
15 ~ 15
z %
X <
.;; 10 T 10
g £
g S
s 5 c 5
= =
& S
< —
= 0 0
S5 -3 -1 1 3 5 7 9 11 13 15 S5 3 -1 1 3 5 7 9 11 13 15
(¢ Ambient temperature(°C) d) Ambient temperature(°C)

Figure 2. Combined (SH and DHW) heat load demand for five property types and four age periods: (a) 1900-1949,
(b) 19501975, (c) 1976-1990, and (d) 1991-2007 onwards.
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Table 4. The 20 buildings investigated according to building type and age period.

Building Type Building Age Period
Flats 1900-1949
Mid-terraced 1950-1975
Archetype End-terraced 1976-1990

Semi-detached 1991-2007 onwards
Detached
No. of Archetype 5 4

700
600
500
400

300

Bin (Hours)

200

100

5

-5

15

36 21

-3 -1 1 3 5 7 9

The average building load demand based on experimental results [44] was adapted
for the five property types according to the age period duration. The building’s thermal
characteristics during different age periods causes a load demand variation for the same
property type due to different insulation characteristics and building standards during
the considered period. Based on the results, the detached type represents the highest heat
load demand during all age periods, while the flat type represents the lowest heat demand.
The building space heat (SH) load demand was adapted for the considered property types
using the building energy signature (BES) approach [42]. The heat load demand including
both the SH and DHW demands in each bin is depicted in Figure 2.

The domestic hot water (DHW) demand weighted average value in percentage (%)
demand was used according to the age period. The additional DHW percentage (%)
shares of the annual SH demand considered were 15%, 16%, 18%, and 27% according
to the four respective age periods of 1900-1949, 1950-1975, 1976-1990, and 1991-2007
onwards, respectively [5]. The hourly bin distribution depicted in Figure 3 for Belfast
climatic conditions was retrieved from TRNSYS 17 Meteonorm weather file data [45].

598
558

50750914

581995
54045 53%51

469

368 349

307

228

167
115

49392410 N

254

169
100

1m 13 15 17 19 21 23 25

Ambient Temperature (°C)
Figure 3. Bin distribution for Belfast climatic conditions.

2.5. Mathematical Formulae

The HP coefficient of performance (COP) at each individual testing condition, defined
as the ratio between the heat output and total electric power consumption, was calculated
using Equation (1):

Q  Cp*my * AT
Pcomp + Paux

COP = )

Protal B
where Q is the heating capacity in kW, Py, is the total electric power consumption in kW, ¢, is
the water specific heat capacity, m is the water mass flow rate (kg/s), and AT is the difference
between the water supply temperature (WST) and entering water temperature (EWT).
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The compressor isentropic efficiency, defined as the ratio between the isentropic
thermodynamic work and the actual thermodynamic compressor work, was calculated by
Equation (2):

Wfsen _ mcomp * (h2is - hl)

@

€is =
comp_actual Wcomp_acutal
The volumetric efficiency of compressor, or the ratio between the actual mass flow
rates at the compressor suction and the theoretical value of the mass flow rates, was
calculated by Equation (3):

19suct‘ian % Msyction (3)
szept w

€vol =

where ¢ and m represent the respective refrigerant specific volume and mass flow rates at
the compressor suction, respectively, and w denotes the compressor speed. Experimental
work has an associated uncertainty to a certain extent based on the independent variables
measured, contributing to the error of the final experimental results. The error associated
with the individual measuring devices mentioned in the methodology was utilized to find
the total error for the heating capacity, electric power consumption, and COP. The error
analysis was performed using the approach developed by the ASHRAE guidelines [46]
with the following equations.

. 2 2
m AT,
QError = Q % \/(ﬁ) + <AE¥0]’> 4)
2 2
COPermr = CoP QHPError + PError (5)
Qnp p

The percentage error for every quantity varies according to the measured values, with
the heating capacity variation ranges from minimum value of +4.61% to a maximum value of
£21.12% for the tested heating capacity range. The electric power was measured with +1.5%
accuracy, and the error associated with the COP was in the range of +0.26% to £6.98%.

The bin method was used for the evaluation of the annual performance for the five property
types. The COP in each bin after correction factor multiplication, and the electrical energy
consumption (E) for the heat pump only, were calculated by Equations (6) and (7), respectively.

COPy (i) = COPyy(i) * fcor (i) (6)
N = th(i)

Ehp( ) - COPhP(z) (7)
PLR(i)

feorli) = = Fc PLR(i) ®

The fcop(i) in Equation (8) determines the COP correction factor.

2.5.1. Model Validation with Testing Results

The HP numerical model was developed and calibrated at nominal heating capacity
testing results using the approach suggested by other researchers [37,47] for the parameter
identifications. First, the model was calibrated with nominal heating capacity tests for finding
the coefficient values, followed by the model validation with other testing results. The developed
numerical model consisted of two outputs— the coefficient of performance (COP) and electric
power consumption (P) determined by Equations (9) and (10), respectively.

COP = 3.64 — 0.000242 * ww? + 0.000739 * w * Tyy — 0.00097  Ty,2
+0.001825 * w * T, + 0.0009 * Ty, % T, — 0.0000438 x v (9)
s Ty % T + 0.00237 % T2
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P = 0.385 + 0.00013 * w? + 0.00066 * w * Ty, + 0.0001 % T2 + 0.00036 * w
* Ty 4+ 0.000288 Ty, * T, — 0.00000633 * w * Ty * T,
—0.00094 * T,2

(10)

The outputs of the model were dependent on three variables, i.e., the water supply
temperature (WST), ambient temperature conditions, and operating speed. The model
calibration and validation shown in Figure 4 was performed with experimental test re-
sults using the Mathematica software [48]. The comparison was conducted between the
measured experimental and predicted values to have an idea of the model error via the
root-mean-square error (RMSEs) approach, defined by Equation (11).

(v, — Viim)?
i— measured sim
RMSE = i=1 ( ) (11)
n
6— v T 8 T T T T T T
— R’=0994 — R’=0.9%8
7_
st 5% 1 5% (3
)
é 6
4
. (3
9 5
4r o
! P 3 /a
3 Y44 4
H 4 %4
% [ ] & *
o uv 0’
3-
e
[ ]
L 2 7
o
°
1-
L L L L - - - - -
2 3 4 5 6 1 2 3 4 5 6 7 8
a ) COPactual b) Pactual

Figure 4. HP model validation with experiments (a) COP (-) and (b) power, P (Kw).

2.5.2. HP Part Load Performance

The HP part load performance in different property types with varying loads in
each bin during the VSM of operation and FSM of operation were evaluated using
Equations (12)-(14), with the same the approach developed by other researchers [49-52].

Partial load capacity

PLR = —F T Toad capacity Q/ Qs (12)

_ Consumption of power at partial load B
EIR = Consumption of power at full load per formance P/ Ppun (13)
PLF — Partial load per formance — COP/COPy, (14)

Full load per formance

The annual COP, or the ratio between the total useful heat output divided by the total
electric power consumption for the complete year, was calculated by Equation (15).

Qtomltmnual

Coptotalannual = (15)

Ptotalannual

The total electric power consumption (P) was the combination of the HP electrical
energy plus the back-up electrical energy consumptions.
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3. Results Analysis and Discussions
3.1. HP Testing Results at Low-to-Medium and High Heat Supply Temperature

The HP testing results with heating capacity range of 3-18 KW, at the low (35 °C)-to-
medium (45 °C) and high heat supply temperatures (55 °C) required for the underfloor, DHW,
and radiator heating distribution systems are presented and discussed. Tables 5-7 show the
summary results at low-to-medium and high heat supply temperatures, respectively.

Table 5. Heat Pump test results summary at the lower heat supply temperature of 35 °C.

: o My o o w P Pr DLT 3 b Ijpss
SetPointT, (C)  HCUW) AT gl RHO) T.CO o) g ) &e) %) @ o OF
18 10.06 043 90.25 14.91 101.35 494 3.62 74.08 6656 9358  2.83  3.64
15 9.89 0.36 89.70 15.16 93.10 3.65 3.48 70.00 67.30 93.50 3.84 4.11
15 12 9.95 0.29 91.18 15.19 62.87 242 271 59.07 7213 9503 580 496
9 10.01 0.22 91.87 14.95 45.60 1.88 250 62.40 7014 90.85 745 478
6 10.08 0.14 89.34 15.11 30.04 129 239 58.83 67.88 8478 1086  4.64
3 9.91 0.07 91.47 14.92 15.21 0.85 233 68.17 56.53 7722 1645  3.50
15 9.97 0.36 89.14 6.90 107.69 4.80 4.53 77.97 63.68 88.96 2.92 3.12
12 9.99 0.29 88.37 6.82 85.27 3.57 4.14 71.98 65.86 89.03 3.92 3.35
7 9 9.84 0.22 87.85 6.76 58.77 2.34 3.47 63.77 66.54 93.12 5.98 3.84
6 9.86 0.14 87.91 6.79 37.78 157 3.19 65.60 68.08 83.61 8.89 3.80
3 9.85 0.07 87.77 7.32 18.37 1.06 3.69 64.18 60.09 76.74 1317 281
12 9.89 0.29 85.67 212 92.25 3.94 5.10 74.98 62.21 8249 355  3.04
) 9 9.98 022 87.04 213 67.19 2.63 410 67.42 6622 8996 533 343
6 9.97 0.14 84.47 1.92 4348 1.82 4.01 68.78 6412 8390 769 329
3 9.85 0.07 86.10 2.19 21.10 1.07 3.72 63.81 59.39 7000  13.07 279
12 9.92 0.29 83.25 -2.33 102.84 426 5.54 78.64 59.71 7538 329 281
5 9 9.98 0.22 82.23 -2.23 74.32 295 4.86 72.73 6314 8393 475 305
6 10.03 0.14 82.52 -2.22 48.64 1.96 4.60 70.27 63.04 7923 713 3.05
3 9.96 0.07 81.93 ~1.85 23.80 114 442 67.02 57.70 7866 1226 2.62
Table 6. Heat pump test result summary at the medium heatsupply temperature of 45 °C.
Set Point 1y o ° w P Pr DLT £ 4 Ippss
T, °C) HCAW) AT gy  RHOD - TCO gy &W) ) O %) %) o) COF

18 9.92 043 90.99 15.25 112,58 5.72 416 82.48 65.02 85.76 245 314
15 9.98 0.36 90.12 14.87 97.02 437 3.87 80.86 70.76 95.57 320 343
N 12 9.93 0.29 91.54 14.87 65.27 3.13 3.46 73.32 71.36 95.51 448 383
9 9.92 0.22 90.56 14.88 47.46 240 3.26 73.57 70.98 93.88 585 375
6 9.89 0.14 89.27 14.88 30.99 1.64 3.06 75.75 68.14 88.93 8.56 3.65
3 9.96 0.07 91.54 14.87 15.52 111 3.08 86.73 5212 74.86 1258 2.68
15 9.85 0.36 88.07 6.82 108.33 5.56 5.42 87.90 61.65 88.69 2.52 2.64
12 9.97 0.29 88.22 7.71 88.50 434 5.32 88.39 64.09 89.31 323 276
7 9 10.05 0.22 88.42 6.86 59.69 2.89 443 78.64 70.81 92.01 484 311
6 9.86 0.14 88.68 6.83 38.95 1.96 415 80.86 68.86 88.43 7.13 3.05
3 10.08 0.07 88.81 6.95 19.15 1.23 4.02 79.36 55.43 81.31 11.39 243
12 9.97 0.29 86.46 2.10 93.84 4.60 5.78 88.89 61.24 93.61 3.04 2.61
2 9 9.88 0.22 88.78 2.18 67.64 3.29 542 87.86 65.69 89.64 4.25 2.73
6 9.95 0.14 85.08 2.04 44.39 2.36 5.67 90.94 59.96 88.63 5.94 2.54
3 8.92 0.07 85.97 2.08 20.79 1.36 5.12 96.52 50.10 69.56 1031 2.20
12 10.03 0.29 82.29 -2.28 105.17 4.94 6.61 92.91 60.20 89.61 283 241
9 9 9.88 0.22 83.25 -2.25 75.63 343 591 92.34 61.25 84.47 408 262
- 6 9.93 0.14 80.43 -2.23 48.83 2.39 5.87 90.96 60.93 78.67 586 251
3 9.93 0.07 81.82 -1.79 23.07 1.39 5.46 86.91 48.75 77.49 1010 215

The impact of low-to-medium and high heat supply temperatures on the (a) COP, (b)
frequency (Hz), (c) power consumptions, and (d) pressure ratio is shown in Figures 5-7,
respectively. The tested fixed heating capacity with varying water mass flow rates inside
the closed loop circuit, COP values, compressor volumetric and isentropic efficiencies,
inverter losses as a percentage of the total power consumption, discharge line temperatures
(DLTs), and pressure ratios showed significant variation due to heat supply temperature.
The overall performance improved with the lower heat supply temperature because of the
lower pressure ratio, discharge temperature, and improved compressor efficiencies. At the
fixed heat supply temperature, the ambient temperature conditions at the nominal speed
operation at all tested conditions showed superior performance than the low and upper
speed operations than that of the nominal speed value. The reason for this was the high
compressor isentropic and volumetric efficiencies, and the lower inverter losses, pressure
ratios, and discharge line temperature. The system works at a wide range of changing
pressure ratios between the high-pressure condenser side and lower pressure evaporator
side, and only at a single nominal operating point was the cycle external pressure ratio equal
to that of the compressor internal pressure ratio. The linear degradation of the volumetric
efficiencies was observed with the decreasing pressure ratio for all tested conditions below
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Table 7. Heat pump test result summary at the high heat supply temperature of 55 °C.

and above the nominal speed value. The compressor isentropic efficiency, volumetric
efficiency, pressure ratio, inverter losses, and electric power consumption contribute to the
overall system performance and COP values. The compressor work and electrical energy
requirements increase with the increase of speed of operation because the system is working
on a higher amount of the refrigerant mass flow rate per volumetric displacement of the
compressor. The inverter losses as a percentage of the total electric power consumption are
increased at lower heating capacities due to its poor performance at low-speed operation.
The steady state test results show the impact of the compressor efficiencies due to speed
variation and inverter losses.

Set Point m o w P DLT & L] I
T, €O HCAW) AT gy RHOD TCO gy @y - Pre e %) %) AN
18 10.02 043 92.61 14.92 114.23 6.84 495 97.53 64.69 85.49 205 263
15 9.96 0.36 91.23 14.81 97.42 5.39 473 95.63 67.65 93.44 260 278
15 12 9.93 0.29 89.82 14.43 68.64 418 450 92.82 69.84 9475 335 287
9 9.88 0.22 91.10 14.61 50.52 3.06 4.26 91.70 69.58 90.46 458 294
6 9.93 0.14 89.92 14.80 3249 211 3.95 95.99 66.71 89.79 663 283
3 9.88 0.07 91.78 14.89 15.97 1.38 3.93 112.82 46.32 71.30 1014 218
15 9.86 0.36 87.97 7.62 110.90 6.26 593 100.93 61.11 82.99 224 239
12 10.00 0.29 87.32 7.08 89.69 493 5.90 101.95 61.87 80.73 284 243
7 9 10.06 0.22 89.13 6.20 63.22 3.72 5.86 100.25 63.65 89.13 376 241
6 9.98 0.14 87.87 6.36 40.00 2.46 5.30 104.41 65.85 84.19 568 243
3 9.96 0.07 88.21 6.59 19.85 131 5.50 108.01 49.86 72.06 1072 228
12 9.98 0.29 86.85 221 94.52 5.43 7.05 106.71 57.16 88.96 258 221
) 9 9.91 0.22 87.93 2.02 69.37 4.07 6.88 107.72 63.57 89.96 344 221
6 9.97 0.14 85.45 1.88 44.83 2.70 6.39 107.62 61.69 8491 519 222
3 9.95 0.07 85.19 2.05 24.34 137 5.99 111.83 48.67 69.45 1024 214
5 9 9.91 0.22 81.69 —223 81.25 7.07 7.88 101.54 5473 79.50 198 127
6 9.79 0.14 81.93 —222 54.53 487 7.85 102.46 56.03 76.15 288 123
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Figure 5. (a) COP, (b) frequency (Hz) values, (c) power consumption, and (d) pressure ratio for the fixed heating capacities

at the heat supply temperature of 35 °C.
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Figure 6. (a) COP, (b) frequency (Hz) values, (c) power consumption, and (d) pressure ratio for the fixed heating capacities

at the heat supply temperature of 45 °C.

The tested results were used to model the HP for the annual COP evaluation into
different property types. The system annual performance simulated against the heat load
demand in two control modes (VSM and FSM) and at three heat supply temperatures,
considered here as C1, C2, and C3, which are presented in the following sub-sections
for the different property types. The COP values vary according to the part load opera-
tion, heat supply temperature, and control mode. The role of transient losses becomes
very crucial while comparing the control mode for the capacity control for different heat
load demands in the evaluation of the annual performance. In the following sections
(Sections 3.2-3.5) the part load performance, difference in power consumptions and heating
production, annual performance, and respective payback period analysis for the single
age period of 1900-1949 are discussed in more detail for the five property types. This is
summarized and extended to all age period in Section 3.6.

3.2. Part Load Performance for the Five Property Types with a Single Age Period (1900-1949)

The model was used for the system performance prediction for five different property
types in two control modes of operation (VSM and FSM). The HP meets the heat load
demand across the experienced ambient temperature conditions in the VSM of control
for all five property types by adjusting the heating capacities via the compressor speed.
Keeping balance between the house heat loss and HP heat capacity means maintaining
the thermostat temperature at a set point, using a fully controlled system resulting in
higher thermal comfort. The thermal heat load demands for each property type influences
the HP performance in each bin. The part load performance with VSM in each bin for
the five property types over the experienced ambient temperature conditions, at three
heat supply temperatures, is shown in Figures 8-12. The COP values with detached
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P(kW)
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type, representing the highest heat load demand (Figure 8) at high ambient temperature
conditions, are higher compared to other property types because of the part load factor
and the continuous compressor operation near to the nominal speed values. In the case of
the flat type, representing the lowest heat demand, the COP values at a higher ambient
temperature degrade due to lower speed operation and additional cycling losses. At
the lowest ambient temperature conditions of —2 °C, the detached-type building causes
lower COP values due to an inefficient compressor operation at full speed, while the other
property types of semi-detached, end-terraced, mid-terraced and flat type show a COP
improvement due to the near compressor operation at nominal speed. Transient losses
associated with the system are mainly due to cycling losses and the defrost strategy. During
VSM, the overall system efficiency is improved by continuous operation due to a match
between the heat load demand and heat supplied over the full range of experienced ambient
temperature conditions for the five property types without or with very rare cycling losses.
The main issue is the frosting effect occurring at the surface of the evaporator at low
ambient temperatures and high relative humidity due to air flow rate reduction, which
causes a low evaporating temperature and pressure, resulting in poor performance (COP),
a higher electrical energy consumption, and an increased compressor pressure ratio. The
COP values before and after the experimentally established frosting effect considerations
are depicted.
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Figure 7. (a) COP, (b) frequency (Hz) values, (c) power consumption, and (d) pressure ratio for the fixed heating capacities
at the heat supply temperature of 55 °C.
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Figure 8. Detached type in VSM (a) without and (b) with considering defrost.
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Figure 9. Semi-detached type (a) without and (b) with considering defrost.
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Figure 10. End-terraced (a) without and (b) with considering defrost.

Figure 13a shows COP values for the three cases (C1, C2, C3) without considering the
transient losses in each bin during FSM. The COP values are at the maximum in each bin
due to nominal speed of operation. However, the maximum COP in each bin would not
help in favor of the fixed speed operation for the system, as it causes over and under heat
production in case of the respective operations from above and below to that of balance
point. The overproduction causes an overshoot of the room temperature, resulting in
cycling losses and lower production causes the back-up electrical heater requirements,
and both of these impact the network stability at large-scale installations of such systems.
The system operation in FSM at the maximum COP was possible at the nominal value,
but without matching the heat load values and required on/off cycles for the capacity
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control, resulting in cycling losses. The intermittent operation has a negative impact on
the compressor durability and thermostat overshoot and undershoot issues. The correc-
tion factor (CF) for the five property types considering the transient losses is shown in
Figure 13b. The CF depends upon the thermal load demand and part load operation for the
individual property type. Figure 14a—e shows the COP values for all five property types
when the part load operation with cycling losses was considered.

VSM_Cl VSM_C2 VSM_C3 VSM_Cl VSM_C2 VSM_C3
5 5
4 4
3 3
A 2
A 2 (@]
5 S
0 0
2 0 2 4 6 8 10 12 14 2 0 2 4 6 8§ 10 12 14
(a) Ambient temperature(°C) (b) Ambient temperature(°C)
Figure 11. Mid-terraced (a) without and (b) with considering defrost.
VSM_Cl VSM_C2 VSM_C3 VSM_Cl1 VSM_C2 VSM_C3
5 5
4 4
3 3
=X
o 2 )
© S
1 1
0 0
22 0 2 4 6 8 10 12 14 2 0 ) 4 6 8 10 12 14
(@) Ambient temperature(°C) (b) Ambient temperature(°C)

Figure 12. Flat type (a) without and (b) with considering defrost.

3.3. Electric Power Consumption and Heating Production Difference (FSM vs. VSM)

The comfort level and network stability are higher in the case of VSM because of the
good match between the load demand and supplied energy. However, the thermal comfort
and network stability could not be the only criteria for choosing the VSM operation over
the FSM of control, as the poor performance may result in higher energy consumption
and carbon emissions. The operating mode selection needs to be prioritized in terms of
performance as well, and the VSM could be given preference when the cycling losses
with the FSM at the maximum COP are large enough, degrading the system’s overall
performance. The difference in electric power consumption and heating capacity for
VSM vs. FSM for the five property types are shown in Figures 15-19. The additional
heating capacity production causes the fluctuation in temperature control inside the built
environment on the customer side. The network instability on the grid side is also caused
by the intermittent operation and higher power requirements, resulting in grid frequency
fluctuation. The additional heat produced causes reduction in on the on-cycle duration and
an increase in the off-cycle. The thermostat temperature overshoot because of the increased
heating capacity at higher ambient temperatures is one of the main issues, specifically
with the underfloor heating distribution system (35 °C) that have thermal lag due to high
thermal inertia [14,15]. On the other hand, thermostat temperature undershoots become a
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problem at very low ambient temperatures when the HP heating capacity reduces with the
low heat supply temperature. The balance point has an impact on the overall annual COP
for different property types. In the case of the detached type, with the HP with the FSM
of control, the heat production was lower than the required heat load below the balance
point of 9 °C. The back-up electric heating becomes essential for meeting the heat load in
the range of —2 to 9 °C, resulting in a lower overall annual COP. In the case of the semi-
detached-type building, the back-up electric requirements start with a balance point of 6 °C
and subsequently reduce to 5 °C and 0 °C in the case of end-terraced and mid-terraced
buildings, respectively. In the case of the flats type, additional heat is produced over the
full range of experienced ambient temperature conditions.
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Figure 13. FSM operation: (a) COP values without considering cycling losses and (b) correction
factor for all five property types according to thermal load demand.
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Figure 14. Cont.
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Figure 14. COP values after correction factor: (a) detached type, (b) semi-detached type, (c) end-terraced type,
(d) mid-terraced type, and (e) flat type.
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Figure 15. HP difference (VSM vs. FSM) for Detached type in (a) Power (P), (b) Heating capacity.

The annual heat load demand for all five property types in each bin is shown in
Figure 20. The flat type represents the lowest heat demand in all bins and the detached-
type building represents the highest load demand. The 7 °C temperature occurs for the
most hours during the complete year, resulting in the highest heat load demand for the
Belfast climatic conditions. The property type with balance points closer to the 7 °C in
Belfast climatic conditions would have an even better performance, even during FSM. The
corresponding required electrical energy consumption for the HP (FSM and VSM) for the
five property types in each bin is shown in Figures 21-25. In the case of FSM where HP
is unable to meet the required load demand at lower ambient temperatures, the back-up
electric heater was utilized. This also results in the higher HP energy consumptions in
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VSM compared to FSM. However, it should be noted that the heating demand in FSM
is assisted by back-up electric heater requirements in this scenario, resulting in a lower
overall COP [22]. This is the case for the detached and semi-detached property types
(Figures 21 and 22), when the HP in FSM is unable to meet the required load demand in
each bin, which causes annual back-up electrical energy consumptions of 5333 KWh and
1516 KWh, respectively, for the property types (Table 8). The back-up electric demand in
FSM subsequently reduces when the HP is capable of meeting the full load demand.

Cl C2 C3 Cl C2 C3
8
2
4
~ 0 o
E 2,002 4 6 8 10 12 14 E 0
>~ ~ 2,02 4 6 8 10 12 14
=, o 4
4 -8
(a) Ambient temperature (°C) (b) Ambient temperature(°C)

Figure 16. HP difference (VSM vs. FSM) for semi-detached type in (a) power (P) and (b) heating capacity (Q).
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Figure 17. HP difference (VSM vs. FSM) for end-terraced type in (a) power (P) and (b) heating capacity.
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Figure 18. HP difference (VSM vs. FSM) for mid-terraced type in (a) power (P) and (b) heating capacity.



Sustainability 2021, 13, 11753 20 of 31

) wCl "C2 “C3 =Cl "C2 “C3
2
é o iliilli|l|“|“|"|1"|"|"| E , ""||||||||||""|||M
= 0 12 14 >, 10 12 14
4 -8
(a) Ambient temperature(°C) (b) Ambient temperature(°C)

Figure 19. HP difference (VSM vs. FSM) for flat type in (a) power (P) and (b) heating capacity.
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Figure 20. Annual heat load demand (KWh) for all property types in each bin.
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Figure 21. Detached type annual electrical energy consumption (E) with (a) VSM and (b) FSM.
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Figure 22. Semi-detached type annual electrical energy consumption (E) with (a) VSM and (b) FSM.
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Figure 23. End-terraced type annual electrical energy consumption (E) with (a) VSM and (b) FSM.
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Figure 24. Mid-terraced type annual electrical energy consumption (E) with (a) VSM and (b) FSM.
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Figure 25. Flat type annual electrical energy consumption (E) with (a) VSM and (b) FSM.
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Table 8. HP annual performance in different property types.

Property Type Heat Output (KWh)

cor cor
(VSM) (FSM)

C1 C2 C3 c1 C2 C3 C1 Cc2 C3 C1 C2 C3 EH

Electric Demand (KWh)_VSM Electric Demand (KWh)_FSM

Flats
Mid terrace
End terrace

Semi detached
Detached

14,564
20,914
27,846
29,740
38,085

2.89 246 187 187 1.64 1.40 5042 5912 7774 7774 8878 10,405 0
3.05 261 200 230 203 1.71 6853 8008 10,457 9090 10,290 12,229 52
3.16 275 212 243 226 1.90 8801 10,144 13,157 11,448 12,345 14,693 892
3.18 277 214 241 227 1.92 9356 10,726 13,884 12,353 13,120 15,516 1516
3.16 274 213 210 215 191 12,067 13,429 17,433 18,109 17,676 19,925 5333

m Flats

3.4. Annual Performance for Five Property Types (1900-1949)

The summary results for the overall annual COP, HP useful annual heat output,
electrical energy demand in two modes of operation, the three cases (C1, C2, C3) considered,
and the back-up electric heater contributions for the five property types are presented in
Table 8. The annual COP depends on the annual building load demand, considering the
case based on the heat supply temperature level (C1, C2, C3), back-up electric heater (EH)
requirements, and the operating mode of control.

The annual COP improvement and energy savings due to the operating mode of control
(VSM vs. FSM), and the heat supply temperature (C1 vs. C3) with different percentages for
all property types depending on part load factor, are shown in Figures 26 and 27, respec-
tively. The COP improves and energy savings are increased with a lower heat supply in
comparison to a higher heat supply temperature for both control modes, but with different
percentage values. The COP improvement and energy savings due to the heat supply
temperature during VSM are higher for all property types in comparison to the FSM. It
could be concluded that the variable speed operation at a lower heat supply temperature is
more beneficial in comparison to a high heat supply temperature. The annual COP during
FSM is at the maximum with a value of 2.27 for the semi-detached type due to balance point
match and the maximum number of hours of operation for Belfast Climatic conditions
at 7 °C. The back-up electric heater requirements are the highest for the detached-type
building with a demand of 5333 KWh during the FSM. However, the highest back-up
electric heat demand is among the reasons for the poor overall performance, with the main
issue of cycling losses.

Mid terraced End terraced m Flats Mid terraced End terraced

Semi detached  m Detached Semi detached ™ Detached

* 34 q 25
“ —1314 e _][913

Case(-)

P 50
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0
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Figure 26. VSM vs. FSM for the annual (a) COP improvement (%) and (b) energy savings (%).

3.5. Payback Period Analysis

The payback period analysis for VSM and low temperature heating distribution
installations is summarized in Table 9. The annual running cost savings with the HP
operation depends on the control mode of operations and the installed heating distribution
systems. The additional cost associated with VSM in contrast to the FSM is calculated as
1000 GBP [53], with the payback period depending on the case considered. The HP at low
heat supply temperature of 35 °C needs an additional installation cost of GBP 6000 [54],
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and the payback period was found as 10.2 years in FSM and reduced to 9 years in the
case of VSM. The cost analysis in the present calculation uses the simple payback period
approach by Equation (16).

Pay back period
__ Additional cost due to control devices/heating distribution system(£)
- Annual cost savings(£)

(16)

= FSM B VSM uFSM mVSM

_ Detached |eskte— 4/ Detached | t— 31
- ® .
% Semi-detached |EE—GC— 13 g Semi-detached | —— 33
£ Endterraced Il i— 19 «g End terraced [t 33
(="
S Midterraced e 53 o Mid terraced [t 3/
. &

Flats | e— 5 Flats 2o 35

0 20 40 60 0 20 40

(a) COP improvemnets(%o) (b) Energy savings(%)

Figure 27. C1 vs. C3 for the improvement in (a) COP and (b) energy savings (%).

Table 9. Payback period for control modes (VSM vs. FSM) and cases (C1 vs. C3).

Control Mode (VSM vs. FSM)/Case Considered (C1 vs. C3)

Annual Cost Savings (£)

Payback Period (-)

VSM vs. FSM at 35 °C heat supply temperature (C1) 358 2.8
VSM vs. FSM at 55 °C heat supply temperature (C3) 268 3.7
Heating distribution installation cost (C1 vs. C3) in VSM 675 8.9
Heating distribution installation cost (C1 vs. C3) in FSM 585 10.2

Installation cost for underfloor heating option = 6000 GBP, additional control devices capital cost is 1000 GBP for VSM in comparison to FSM.

3.6. Summary Result for Five Property Types with Four Age Periods

Table 10 summarizes the HP annual useful heat output, COPs, and electric energy
consumption for the five property types, in two control modes, three cases, and four age
period for the Belfast region. The heat demand depends on the property type and age
period, and increases for the older age period due to poor insulation properties and lower
thermal inertia.

Table 10. HP performance in different property types and age periods.

COPS Annual Electric Demand (KWh)
Property Type Age Period  Annual Heat Output (KWh) VSM FSM VSM FSM
C1 C2 C3 C1 C2 C3 C1 c2 C3 C1 c2 C3
1900-1949 14,564 289 246 187 187 164 140 5042 5912 7774 7774 8878 10,405
o 1950-1975 10,806 2.79 2.38 1.80 1.53 1.34 1.16 3878 4536 6009 7050 8061 9350
ats 1976-1990 7224 2.73 2.34 1.73 1.14 0.99 0.87 2642 3088 4164 6359 7281 8343
1991-2007 6670 2.74 2.34 1.74 1.07 0.93 0.81 2433 2846 3843 6252 7161 8187
1900-1949 20,914 3.05 2.61 2.00 2.30 2.03 1.71 6853 8008 10,457 9090 10,290 12,229
Mid d 1950-1975 16,749 295 2,51 191 2.04 1.79 1.52 5684 6663 8747 8200 9354 11,021
id-terrace 1976-1990 12,787 2.84 243 1.79 1.72 1.51 1.29 4510 5270 7125 7432 8492 9906
1991-2007 12,671 2.83 243 1.80 1.71 1.50 1.28 4470 5221 7056 7409 8466 9873
1900-1949 27,846 3.16 2.75 212 243 2.26 1.90 8801 10,144 13,157 11,448 12,345 14,693
End-t d 1950-1975 20,069 3.03 259 198 226 199 1.68 6620 7742 10,126 8896 10,094 11,977
nd-terrace 1976-1990 16,516 294 253 188 203 178 1.51 5618 6531 8779 8154 9303 10,955
1991-2007 14,127 2.87 243 1.80 1.84 1.61 1.37 4923 5821 7867 7690 8783 10,283
1900-1949 29,740 3.18 2.77 2.14 241 227 1.92 9356 10,726 13,884 12,353 13,120 15,516
Semi-detached 1950-1975 21,409 306 266 200 232 206 1.73 6993 8061 10,727 9215 10,404 12,380
emi-detache 1976-1990 16,632 295 254 189 203 178 151 5644 6560 8815 8177 9328 10,988
1991-2007 13,370 285 244 181 1.77 155 133 4690 5476 7399 7544 8618 10,070
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Table 10. Cont.

cors Annual Electric Demand (KWh)
Property Type Age Period  Annual Heat Output (KWh) VSM FSM VSM FSM
c1 ¢ ¢ ¢ ¢ ¢ ¢ ¢ B ¢ 2 G
1900-1949 38,085 316 284 218 210 215 191 12067 13429 17433 18109 17,676 19,925
1950-1975 32,449 319 28 218 231 225 193 10179 11467 14910 14,043 14402 16795
Detached 1976-1990 27,701 316 278 212 242 226 189 8761 9975 13,097 11432 12268 14,630
1991-2007 25,807 314 275 208 243 222 186 8219 9392 12379 10613 11605 13,876
Among the five property types considered, flats represented the lowest annual heat
demand, ranging from 14,564 KWh to 6670 KWh, with the detached type representing the
highest annual heat demand in the range of 38,085 KWh to 25,807 KWh, with the corre-
sponding age period with the maximum demand being the old age period (1900-1949).
3.6.1. Annual COPs
The HP annual COP for the different property types depends on the HP operating
capacity, part load ratio, and the mode of control. The COP relation with the heat demand
variation due to age factors for all five property types was not linear, but rather depended
on the HP heating capacity match to the load demand in each bin and part load factor. The
HP proved to be the least efficient in the flat type for all age periods compared to other
types, and this was because of higher losses and lower part load operations. The flat type
of the old age period (1900-1949) represented the highest COP. The part load factor with
different load demands according to the age period for all five property types is depicted in
Figure 28. The overall annual COP trend in VSM showed an increase with the increase
of building heat demand for four of the property types (flats, mid-terraced, end-terraced,
semi-detached), and was reduced for the detached types due to the operating point for the
HP. The age factor effects the COP values for the specific case studied and the control mode.
=@=Detached Semi-detached —8— Detached Semi-detached
}I;er::sterrace Mid-terrace End terrace Mid-terrace
==@==Flats
1.20
100 1.20
’ 1.00
0-80 o 080 M
= 0.60 W = 0.60
040 o0 M
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0.00 0.00
2 1 4 7 10 13 2 1 4 7 10 13
(a) Ambient temperature(°C) (b) Ambient temperature(°C)
==@==Detached Semi-detached ==@==Detached Semi-detached
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Figure 28. Part load factor (PLF) for different property types and age periods: (a) 1900-1949, (b) 1950-1975, (c) 1976-1990,
and (d) 1991-2007 onwards.
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3.6.2. Energy Consumption

The annual electricity consumption depends on property type, age period, COP value,
and control mode. The old age period consumes more electrical energy due to poor
insulation and higher heat demands for the same property type. Among all the property
type and age periods considered, the detached buildings with the age period of (1900-1949)
consumed the highest energy with poor thermal inertia, while the flats with the age period
(19912007 onwards) consumed the least energy due to lower heat demands.

3.6.3. Performance Improvement with Operating Mode of Operation (VSM vs. FSM)

The change in the mode of control and heat supply temperature impacts the system
COPs and energy consumption of all property types and age periods, but with different
percentage amounts. The COP values during FSM were smaller than VSM with the
comparative results and improvement displayed in Figure 29, and the energy savings
displayed in Figure 30. For all age periods, the highest percentage (%) improvement in
COP was possible for the flats (C1), and the reason for this is the higher cycling losses
and lower part load factor values for each building type and all age periods during FSM,
followed by C2 and C3.

m Detached C1
Semi detached C3
m Mid terraced C2

1991-2007 onwards $

1976-1990
=
2
g 38
(=9
) 1950-1975
<«

1900-1949

0 20 40 60 80 100 120 140 160

Detached C2 m Detached C3 ® Semi detached C1 Semi detached C2
® End terraced C1 ® End terraced C2 End terraced C3 m Mid terraced_Cl1
m Mid terraced_C3 mFlats C1 mFlats C2 m Flats_C3

S

COP Improvement (%)

Figure 29. HP annual COP improvement (%) due to operating mode of control (VSM vs. FSM).

The lowest improvement (%) in COP occurred in the detached type (C3) for all
age periods except for the first age period (1900-1949), where the lowest improvement
occurred for the end-terraced (C3) buildings with a value of 11.67%. The minimum COP
improvement occurred in the case of the detached buildings with only a 10-12% (C3)
improvement possible for the detached building. The lowest improvement for VSM vs.
FSM is because of reduced cycling losses.
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Figure 30. HP annual energy savings (%) due to operating mode of control (VSM vs. FSM).

4. Conclusions

The ASHP annual COP in Belfast climatic conditions was assessed for five different
property types based on the developed protype testing and modelling results in two control
modes and at three heat supply temperatures. The heat supply temperature and control
mode of operation have a significant impact on the system performance, but improve
at different percentage (%) efficiencies according to the property type and age period.
The VSM operation has drawbacks with the compressor efficiencies, and this has been
experimentally established, but the annual COP values were improved. The following
major conclusions could be extracted from the study.

(@) The annual performance is improved with the VSM of control in comparison to the
FSM of control, but at the cost of higher initial cost associated with control devices.
The payback period for additional control devices was 2.8 years at the lower heat
supply temperature of 35 °C (C1), and increase to 3.7 years at the higher heat supply
temperature of 55 °C (C3). The VSM of control for capacity adjustment is more
beneficial in terms of the annual COP due to the match between the load demand and
heat supplied compared to the FSM. This was also reported in the literature [55,56].

(b) Among the considered cases (C1, C2, C3) and all property types with different age
periods, a maximum energy savings (VSM vs. FSM) of up to 61% was possible with
the flats type (C1) with the age period of 1991-2007 onwards. The reason was the
lower speed operation of the system below the nominal value and the increased
cycling losses in FSM.

(c) The lower heat supply temperature has a significant impact on the annual perfor-
mance improvement for all property types. The COP improvement with the HP (VSM)
of up to 54% and energy savings of 35% was possible due to the control mode for the
flats type (1900-1949) at the lower supply temperature. The respective improvement
with the COP and energy reduced to 34% and 25%, respectively, during the FSM.
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Abbreviations

ASHP air source heat pump

CcOopP coefficient of performance (-)

CO, carbon dioxide (-)

C1 case study 1 (35 °C fixed heat supply temperature)
c2 case study 2 (45 °C fixed heat supply temperature)
C3 case study 3 (55 °C fixed heat supply temperature)
DB dry bulb temperature (°C)

SCOpP seasonal coefficient of performance (-)

DB dry bulb (°C)

EH electric heater requirements (KWh)

EIR electric input ratio (—)

EWT entering water temperature (°C)

FSM fixed speed mode (-)

PLF part load factor (—)

PLR part load ratio (—)

RMSE root-mean-square error

VSM variable speed mode (-)

WST water supply temperature (°C)

WB wet bulb (°C)

RH (%) relative humidity (-)

PID proportional integral derivative

RPM revolution per minute

HD heat demand (kW)

HC heating capacity (kW)

A2W35 ambient temperature of 2 °C with water temperature of 35 °C
Symbols

Cy water specific heat capacity (kJ/kg-K)

Q heating capacity (kW)

Myef refrigerant mass flow rate (kg/s)

P, pressure ratio (-)

T, ambient temperature (°C)

My water mass flow rates (kg/s) in a closed circuit

AT difference between supplied and entering water temperature to the HP
€ isentropic efficiency (%)

€00l volumetric efficiency (%)

Gsuction refrigerant specific volume at the compressor suction (m?3 ~kg*1)
Vswept swept volume (m?)

Ah enthalpy difference (kJ/kg)

hois isentropic enthalpy (kJ/kg)

Piotar total electric power consumption (kW)

Peomp compressor electric power consumption (kW)

Paux auxiliaries power consumption (kW)

Greek symbols

(%] relative humidity (%)

0 density (kg/m3)

w frequency (Hz)
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