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Abstract: In this study, performance assessment of the variable speed compressor-based air source
heat pump (ASHP) system as a domestic retrofit technology instead of fossil fuel-based heating
technologies for the 1900s Mid terraced house is investigated. The assessment was conducted
considering operating mode of control and heat supply temperature impact of the system. In the
literature, ASHP system experimental development with variable speed mode (VSM) of control in
comparison to fixed speed mode (FSM) of control at low to medium and high heat supply temperature
in the context of UK was found with very limited number of studies, but without considering retrofit
application. The focus of the earlier studies was on the individual components and performance
improvement. The designed heat pump (HP), developed, and tested at constant heat load, simulating
the real domestic heat demand under the controlled laboratory conditions and numerical modeling
is utilized for the analysis purposes. The HP performance, energy demand, carbon emissions, and
cost varies significantly due to changing heat supply temperature (35 °C, 45 °C, and 55 °C), control
mode and accordingly the carbon emission and cost savings are achieved. The oil and gas boilers
ranges from conventional to highly efficient type and evaluated in terms of annual running cost,
energy consumptions, and carbon emissions in comparison with the HP system. Additionally, a
comparative study with the existing retrofitted very high temperature ASHP inside the house is
conducted. The developed HP at 55 °C could not defeat the very high heat supply temperature HP
system (75 °C supply temperature) in performance and cost savings but become attractive at low
supply temperature (35 °C). The HP system in VSM at low heat supply temperature instead of gas
boiler (90% efficiency) could cut the annual carbon emissions by 59% but with additional 6% running
cost for the Mid terraced test house in Belfast climatic conditions.

Keywords: annual performance (COP) improvement; carbon emission savings; climate change
mitigation; ASHP as domestic retrofit technology

1. Introduction

Building’s sector is one of the major contributors to the global emissions and was
responsible for 38% of greenhouse gas (GHG) emissions in 2019 [1]. In the UK, the resi-
dential sector consumes 29% of the total final energy consumption [2] and accounted for
17% of the total carbon dioxide emissions [2]. The recent report by International Energy
Agency (IE(A) [3] says that the sale of new fossil fuel boilers should stop from 2025 to
achieve net-zero emissions target by 2050. On the way to net zero emissions, multiple
milestones are there and lags in any sector may results in failures to meet the target else-
where. The energy and climate policy strengthening, and implementation is required by all
government to achieve the global pathway to net-zero emissions. The UK as a signatory of
this agreement has legislated and set the target of net-zero carbon emission by 2050 [4,5],
banned sale of fossil fuel-based boilers by 2025 [6]. The current measures are insufficient
towards the committed pathways and hence acceleration in actions is required. In this

Sustainability 2021, 13, 10857. https://doi.org/10.3390/sul131910857

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su131910857
https://doi.org/10.3390/su131910857
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su131910857
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su131910857?type=check_update&version=2

Sustainability 2021, 13, 10857

2 of 26

regard the climate change conference, COP26 [7] organized in Glasgow, will urge signatory
countries to speed up the action required to achieve the goals of Paris climate change
agreement. Among the residential sector, space heating (SH) & domestic hot water (DHW)
demand consumes 79% while cooking, lighting and other appliances consume the rest [8].
This encourages the renewable energy-based alternatives including greening gas or heat
pump (HP) technology instead of fossil fuel-based heating options to decarbonize the space
heat and hot water demand. Domestic heating sector decarbonizations via the greening
gas including biomethane or hydrogen appears attractive but seems to be more costly
and convincing results is missing in this regard. One of the key milestones settled for the
building sector is retrofitting measures and 50% of the heating demands supposed to be
met with HP by 2045 [3]. The electrification of the domestic heating sector via the electric
HP become more feasible due to reduction in carbon footprints because of increasing
renewable energy integration into the network grids [9]. The carbon emissions factor
reduced by 23% in UK grid electricity during the two years period from 2018-2020 [10].
The ASHP appears more attractive for retrofit solution compared to the ground source
heat pump (GSHP) technology due to the lower initial capital cost, labor work and space
required, and less house disruption [11]. Recently a review study [12] on ASHP installation
in the context of UK found it a promising technology for heating sector decarbonization.
The HP as a technology uptake in UK was limited due to issues relating to control, sizing,
existing housing stock poor insulation, initial capital cost, and lack of incentives by the
government [13]. The major portion of domestic heating sector representing 62.8% of
the total 80,000 dwellings were relying on oil boilers in Northern Ireland (NI) mainly
because of off-gas grid areas [14] and around 85% of the total 27.4 million in England
dwellings use gas boilers [15]. The HP retrofitting inside the very old period housing
stock could not be neglected as the number of hard to heat homes in Northern Ireland
represent 27.3% [16], and 43% in England [17]. The HP replacement instead of gas boilers
requires the performance assessment and improvement potential investigation to compete
with the falling gas prices in UK. The existing cost analysis allows the HP technology to
compete in off-gas grid areas only. The variable speed compressor-based system could
produce range of heating capacity [18] at low to high heat supply temperature could result
in performance improvement and reduce carbon emissions and cost. The HP investigation
as a domestic retrofit technology is presented in this study considering the control, heat
supply temperature impact and climatic conditions impact on system performance.

1.1. Literature Review

The HP system classified depending on the heat supply temperature, as low tem-
perature (35 °C), medium temperature (45 °C), high temperature (55 °C), and very high
temperature (above 65 °C) (BS EN14511, 2004) [19]. The role of HP as a low carbon
retrofit technology will surely increase among the UK domestic sector but certain factors
influencing the installations inside the existing buildings including the high temperature
distribution system must be carefully assessed [13]. Around 27.5 million England resi-
dential buildings [20] are old aged, installed with wet radiators as a heating distribution
system. The wet radiators are installed to work with gas/oil boiler [21] efficiently at very
high heat supply temperature of 75 °C, as per BS-EN 442-2:201 standard 4 recommenda-
tions [22]. In contrast the HP system works efficiently at lower heat supply temperature.
The replacement of heating distribution system inside the existing house will be a major
disruption. However, the pros and cons including the efficiency improvement and carbon
emissions savings comparison is important to provide solid information to the policy
makers and homeowners. The HP studies as a domestic retrofit technology could mainly
be divided into two categories based on the supply temperature, i.e., (a) low to medium
(35-45 °C) and high supply temperature (55 °C), and (b) very high supply temperature
(60 °C and above). The literature on the domestic retrofit applications were mainly based
on the predictions/and field trials of the commercially available units, manufacturer data
information with no control over supply temperature, assuming nominal value for heat
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supply temperature [23,24], and without considering the heat supply temperature, control
mode, building insulations, climatic conditions simultaneous impact. HP retrofit studies
for different HP types have been conducted without proper design considerations and ex-
perimental development, neglecting the impact on compressor life. Lab tests at individual
heating capacity and test conditions were conducted with variable speed compressor-based
system and were recommended for further studies for domestic retrofit [25]. The effect
of climatic conditions considerations along with building insulation level as a retrofit
technology was assessed with other type of heat pumps [26]. The ASHP type needs special
attention due to inverse relationship of building heat demand and heat production in
winter [27]. The variable speed compressor-based system could produce a range of heat-
ing capacities could avoid the oversizing. Therefore, the proper sizing and experimental
results become more critical and assessment studies are required prior to installation of
such system in a specific building type, and country location. Earlier studies for different
nationalities were available in literature with a focus on different aspects. In this regard,
the study of Madonna and Bazzocchi [23] evaluated the seasonal performance factor (SPF)
in retrofit applications for different building types, in Italy climatic conditions at 45 °C
supply temperature nominal value assumptions, reporting the potential improvement of
19% via weather compensation strategy. The study assumed radiators oversizing without
looking into heating distribution system installations/upgradations requirements, heat
supply temperature impact on the carbon emissions, cost, and operating mode of con-
trol. Asaee et al. [28] evaluated the feasibility of ASHP retrofit installation for the eligible
Canadian housing stock for the combined SH and DHW demand. The final heat supply
temperature of 55 °C were obtained in the second stage via auxiliary boilers and 50 °C was
achieved by the HP in first stage. The HP retrofitting could save energy of 36%, with up
to 23% reduction in greenhouse gas emissions in comparison to fossil fuel-based heating
technologies. However, the study reported mainly the high-level impact on the carbon
emission without looking into the technological depth and improvement. In Germany,
the experimental data from the field trials results of 21 ASHP system and 22 GSHP was
assessed for retrofit applications by Huchtemann [29]. The heat supplying temperature was
40 °C for underfloor heating options and 55 °C when radiators were used with ON/OFF
controlled mode only. The study investigating ASHP replacement instead of gas boiler in
UK assessing the carbon-savings, annual running cost in the existing office considering
the insulation improvement characteristics by 2030 scenario [30]. The ASHP was found
potential decarbonization technology and the amount of carbon emission reduction was
based on the future DHW supply and the grid carbon intensity. The ASHP retrofit study
for residential buildings in Scotland [9], was conducted by Kelly and Cockroft for the
evaluation of annual running cost and carbon emission at supply temperature of 55 °C.
The HP retrofitting instead of gas boilers reduces 12% carbon emissions, but with increase
of 10% annual running cost. Cabrol and Rowley [31] compared the simulation results in
domestic buildings at single heat supply temperature of 35 °C with no comparative results
for other supply temperature in UK climatic conditions. The ASHP was found effective
both in terms of carbon emission and cost due to low supply temperature in contrast to
the gas boilers. Department of Energy and Climate Change (DECC) in combination with
the Energy Saving Trust (EST) [32] investigating the field trials results in UK for AWHPs
and GSHPs, ranging from 30 °C to 55 °C heat supply temperature. The study concluded
that the lower HP performance in UK compared to other European countries were due to
lack of match between capacity and demand, large floor area, sizing issue, lack of proper
control, and ignoring the house insulation characteristics due to different age period. The
conclusions drawn were similar to those by the authors of [33]. Hybrid heat pump-gas
boiler system combination was investigated by Bagarella [34] with the aim of reduction the
unfavorable behavior of the ASHP during the coldest period of the year to investigate the
impact on annual energy saving. Two climatic conditions with several simulations were
considered using developed dynamic model. The importance of proper sizing of the HP
was highlighted, with the hybrid system more economical in comparison to monovalent
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HP. The only study [35] investigated ASHP as a domestic retrofit technology instead of
gas boiler in south of Italy for cost and energy consumption while considering the heating
system installations cost in combination with electricity and/or gas bills. However, the
focus was the building insulations. The importance of building heat demand factor for cost
savings with the HP was highlighted.

In the context of UK, variable speed compressor HP system retrofit for old age house
was identified as one of the optimal possible heating technologies at low to medium and
high supply temperature [36]. However, the seasonal performance was not assessed and
were recommended for further investigations. The issue with the HP retrofit in the existing
housing stock is the poor performance of the at higher supply temperature and needs
the replacement of the existing wet radiators either with modern radiators or underfloor
heating system. This adds extra cost to the higher initial capital cost of the HP. None of
the above studies considered the additional installations cost and comparing the benefits
of lower heating supply with high heat supply temperature. The additional heating
distribution allows the HP to work efficiently at low to medium and high heat supply
temperature retrofit, but with extra cost.

The heating distribution system installations could be avoided in case of second
category of very high heat supply temperature of 60 °C and above. The earlier studies with
very high heat supply temperature, including economized vapor injection (EVI), cascaded
unit were developed and assessed for the 1900s Mid terraced test house considered in our
analysis for Belfast climatic conditions, were found expensive in terms of annual running
cost [24,25,37,38], with some savings of carbon emissions. The technoeconomic study [24]
for the ASHP retrofit inside the test house was conducted at supply temperature of 75 °C
to compare the HP annual running costs to that of gas boiler. The annual running cost for
the HP was found higher than the gas boiler with a cut on carbon emissions in the range of
14% to 57% depending on the boiler’s efficiency. A comparative result with the very high
temperature retrofitted HP is required to compare the carbon emissions savings and move
towards net zero carbon targets. The domestic retrofit study with low to medium, high,
and very high supply temperature with variable speed diesel engine heat pump system
development, illustrating the advantages of high temperature engine driven HP in remote
areas (off gas/electricity networks), while meeting the reference test house heat demand
have been reported in [39,40]. The engine was operated at various speed, with low to high
supply temperature for possible potential benefits with variable speed mode of control for
energy savings and system operations optimization.

The seasonal co-efficient of performance (COP), defined as the ratio between the
useful energy heat output to the electrical energy consumed during a specific time, have
been calculated using different approaches in the literature. The model validation through
experimental results is important for the system performance predictions. In this regard,
Kinab et al. [41] formulated a detailed model for variable speed ASHP seasonal performance
optimization. The seasonal performance for Nice, Nancy, Macon and Trappers were of the
order of 3.27,2.76, 2.93, and 2.93, respectively, at single heat supply temperature of 45 °C. A
simple but novel numerical model for the seasonal performance for Bologna city of Italy for
three different kinds ASHP system (i.e., mono/multi, and variable speed compressor) was
developed by Dongellini et al. [42]. The seasonal performance value of 3.8 was achieved at
heat supply temperature of 35 °C in VSM. The HP used for comparative evaluation were
different which sometime could lead to misleading information, and the results were based
on the manufacturer data. The issue of frosting with ASHP system was studied [43] and its
impact on the seasonal performance evaluations, using the developed model [42]. Other
seasonal performance evaluation approaches including parametric model was developed
by Underwood et al. [44] with the possibility of validation with lab scale/field trials, and
manufacture results for the seasonal performance evaluation. The part load operation
considering the HP part load factor was not modelled and were recommended for further
investigations. An empirical model was developed for DHW production to find the
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performance of HP and maximize benefit for the substitution with gas boilers in [45]. The
approach developed in [42] were adapted for the seasonal performance evaluation.

Although the main objective of this study was not the investigation of the compar-
ative performance results with the VSM and FSM, the discussion become important for
the benefits associated with the retrofit. The literature on the topic of variable speed
control was limited to the specific technical and/or economic benefits of variable speed
control technology, and energy saving potentials. The high starting current associated
with ON/OFF control resulting in extra pressure on the network was found one of the
barriers for HP technology uptake inside UK, compared to other European countries [46].
The restart of the unit during ON/OFF control results in high current consumption and
lower efficiency because of compressor pressures re-establishment requirements. The
risk of network instability due to current load further increases with the requirements of
back-up electric heater requirements when the ASHP is unable to meet the required load at
very low ambient temperature. The variable speed compressor of the HP for the capacity
control have proved more efficient in this context [47-49]. Conventional way of controlling
the heating capacity is the intermittent operation of compressor and comparative study
between the variable speed and on/off control have been conducted by [50-56] report-
ing an efficiency improvement in the range of 10-25% [57]. The reason for performance
improvement was better part load efficiency, match between the supply and demand, a
smaller number of on/off cycles, unloading of heat exchangers, less requirements for back
up electric heater, and smaller frosting losses [58]. Experimental and theoretical analysis
were proposed by Zhao el al. [59] including the on/off control. The study concluded vari-
able speed operation as more suitable approach for COP improvement. Munari et al. [60]
performed comparative study of the two modes of control for the energy performance
in terms of heat supply temperature requirements, with the additional consideration of
compressor efficiency, and climatic conditions impact studied by Adhikari et al., 2012 [61].
The backup electric heating requirements was studied by Karlsson and Fahlen [62]. The
three climatic conditions of Italy (Milan, Rome, Palermo, and significant energy savings
with variable speed control specifically at Palermo and Rome during the heating seasons
because of part load operation of the system for most of the time were investigated in [61].
The heat supply temperature in the ON/OFF control mode during the on-cycle needs
to be higher compared to the continuous system operation which leads to lower perfor-
mance and higher energy consumptions [63]. The studies found in the literature combining
the comparative study of heat supply temperature (low to medium), and control mode
(ON/OFF vs. VSM) with ground source heat pump (GSHP) aiming at the system efficiency
improvement was found in [64,65]. The impact of hydronic heating distribution system on
the HP performance with different supply/return temperature without considering the
economic, insulation, property type, and climatic conditions impact [64,65]. The reduction
in water supply/return temperature values from 55/45 °C to 35/28 °C results in increasing
seasonal performance in the range of 30-35%. A couple of experimental studies comparing
the two control modes aiming at industrial applications was conducted by [66,67] aiming at
the performance improvement potential and energy saving potential. The previous studies
on the developed HP as a retrofit technology highlights the cost as the major barrier for the
HP system installation in the UK [36,37].

1.2. Research Gaps and Contribution to the Knowledge

The study combining the ASHP performance with economic aspects of VSM in com-
parison to FSM at single water heat supply temperature of 55 °C was performed by [50].
The aim was to study the payback period with variable speed control mode, for detached
type building, with no considerations of climatic conditions influence and retrofit assess-
ment. Other studies combining the performance and cost analysis for the variable speed
compressor technology was performed by Mader and Madani [68,69], but without carbon
emission saving investigations. The total cost of ownership analysis approach was used
to investigate the economics of both the on/off and variable capacity control schemes for
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an ASHP in different climate zones [68]. The variable speed capacity control method in
contrast to ON/OFF control was found more economical for colder climatic conditions,
and savings of up to EUR 5000 was reported for 15 years period. The warmer climatic
conditions for SH with variable speed control was not found cost effective. In [69], the
study objectives were to investigate annual COP of a variable capacity GSHP system with
changing climatic conditions. Focusing on the single aspect and neglecting others could
lead to misleading information. Therefore, the ASHP research focused on the simultaneous
impacts of the combined important parameter with the variable speed compressor-based
system and retrofit assessment will be the major contribution from this research. The
house thermal characteristic, property type, climatic conditions, match between heating
capacity and heat demand, control approach, in addition to supply temperature have
been considered. he HP performance at low to medium and high supply temperature and
retrofit assessment via experimental development is presented for possible improvement
and carbon emissions savings. Therefore, in this study a 9kW nominal heating capacity
HP performance is presented at three different fixed water supply temperature (35 °C,
45 °C, and 55 °C) in two control modes. The HP economic aspect, carbon emission in
comparison with the other heating option of oil/gas boiler, electric heating option and very
high temperature HP have been evaluated. No study in the open literature exists to the best
of authors” knowledge on the ASHP as a retrofit technology considering annual running
cost, carbon emissions, operating modes of control, in the context of Ireland, Northern
Ireland, and Scotland at low to medium and high fixed heat supply temperature based
with prototype development.

2. Methodology
2.1. HP Characterization

The designed and experimentally developed ASHP system could provide a range of
heating capacity by varying compressor speed at different fixed heat supply temperature
over the experienced ambient temperature conditions. The HP main components are
listed in Table 1. The detailed description of the HP system, with experimental results,
are presented in the authors’ other paper [18,70]. The current market prices per unit
energy cost for all heating technologies were utilized from [71]. The HP operational
map was established through experimental results inside the control lab environment.
The measurement instruments accuracy limits are listed in Table 2 with the uncertainty
propagation analysis carried out using by ASHRAE Guideline [72]. The testing results
summary is presented in Tables 3-5. The general trend for COP improvement can be
observed at low heat supply temperature in contrast to high heat supply temperature due
to additional power consumption. The compressor speed requirements also increase for
the fixed heating capacity at higher heat supply temperature. The ambient temperature
conditions with the humidity conditions were kept constant.

Table 1. Developed HP main components.

Component Name Model Number
Scroll compressor XPV0302E-4X9
Drive ED3015B-H2XB
Condenser BS8OASHx28/1P
Controller Superheat and Envelope Controller
Electronic expansion valve EXL-BF1-Unipolar stepper motor valve

Converter RS 485

Temperature sensor NTC (ECN-EG30)

Communication cable SEC2-ED3-3W

Refrigerant R410a
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Table 2. Uncertainties ranges for measurement instruments.

Measured Quantity Measurement Device Units Uncertainties
Relative Humidity (@) Hygrometer ° +0.8%
Dry bulb temperature (DB) Thermocouple (T-type) °C £2
Wet bulb Temperature (WB) Thermocouple (T-type) °C +0.3
Mass flow rate MASS 2100 DI15 kg-s~! +1.3%
Enthalpy (h) Fstimated from by T K kg ! 1-1.76%
Pressure (P) PT5 Pressure transmitters kPa +1%
Temperature (Tr) NTC (ECN-EG30) °C +0.5
Mass flow rate Electromg(gjn;ztic, Eltel, kg-s~! +1.5%
Pressure difference(static) Pressure Gauge Pa +5%
Temperature inlet/outlet (Tw) PT100, Eltek GD 24 °C +0.1
Electric power meter Landis and Gr P350 W +1%
Current Tramd;geéi;iM AKR A +0.5%
Voltage Tranz:d('l:l_ i(jl;s\/(ABB Vv +0.5%
Table 3. Heat Pump test results summary at lower heat supply temperature of 35 °C.
Set Point T, (°C)  HC (kW) AT 1y (kgls) RH (%) T, (°C) w (Hz) P (KW) COP
18 10.06 0.43 90.25 14.91 101.35 494 3.64
15 9.89 0.36 89.70 15.16 93.10 3.65 411
15 12 9.95 0.29 91.18 15.19 62.87 2.42 4.96
9 10.01 0.22 91.87 14.95 45.60 1.88 478
6 10.08 0.14 89.34 15.11 30.04 1.29 4.64
3 9.91 0.07 91.47 14.92 15.21 0.85 3.50
15 9.97 0.36 89.14 6.90 107.69 4.80 3.12
12 9.99 0.29 88.37 6.82 85.27 3.57 3.35
7 9 9.84 0.22 87.85 6.76 58.77 2.34 3.84
6 9.86 0.14 87.91 6.79 37.78 1.57 3.80
3 9.85 0.07 87.77 7.32 18.37 1.06 2.81
12 9.89 0.29 85.67 212 92.25 3.94 3.04
) 9 9.98 0.22 87.04 2.13 67.19 2.63 3.43
6 9.97 0.14 84.47 1.92 43.48 1.82 3.29
3 9.85 0.07 86.10 2.19 21.10 1.07 2.79
12 9.92 0.29 83.25 —2.33 102.84 4.26 2.81
5 9 9.98 0.22 82.23 —2.23 74.32 2.95 3.05
6 10.03 0.14 82.52 —2.22 48.64 1.96 3.05
9.96 0.07 81.93 —1.85 23.80 1.14 2.62
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Table 4. Heat Pump test results summary at medium water supply temperature of 45 °C.

Set Point T, (°C)  HC (kW) AT 1ty (kg/s) RH (%) T, (°C) w (Hz) P (KW) COP
18 9.92 0.43 90.99 15.25 112.58 5.72 3.14

15 9.98 0.36 90.12 14.87 97.02 4.37 343

15 12 9.93 0.29 91.54 14.87 65.27 3.13 3.83
9 9.92 0.22 90.56 14.88 47.46 2.40 3.75

6 9.89 0.14 89.27 14.88 30.99 1.64 3.65

3 9.96 0.07 91.54 14.87 15.52 1.11 2.68

15 9.85 0.36 88.07 6.82 108.33 5.56 2.64

12 9.97 0.29 88.22 7.71 88.50 4.34 2.76

7 9 10.05 0.22 88.42 6.86 59.69 2.89 3.11
6 9.86 0.14 88.68 6.83 38.95 1.96 3.05

10.08 0.07 88.81 6.95 19.15 1.23 243

12 9.97 0.29 86.46 2.10 93.84 4.60 2.61

) 9 9.88 0.22 88.78 2.18 67.64 3.29 2.73
6 9.95 0.14 85.08 2.04 44.39 2.36 2.54

3 8.92 0.07 85.97 2.08 20.79 1.36 2.20

12 10.03 0.29 82.29 —2.28 105.17 4.94 241

— 9.88 0.22 83.25 —2.25 75.63 3.43 2.62
6 9.93 0.14 80.43 —2.23 48.83 2.39 2.51

9.93 0.07 81.82 -1.79 23.07 1.39 2.15

Table 5. Heat Pump test results summary at high water supply temperature of 55 °C.

Set Point T, (°C) HC (kW) AT 1y, (kg/s) RH (%) T, (°O) w (Hz) P (KW) cop
18 10.02 0.43 92.61 14.92 114.23 6.84 2.63

15 9.96 0.36 91.23 14.81 97.42 5.39 2.78

15 12 9.93 0.29 89.82 14.43 68.64 4.18 2.87
9 9.88 0.22 91.10 14.61 50.52 3.06 294

6 9.93 0.14 89.92 14.80 32.49 2.11 2.83

9.88 0.07 91.78 14.89 15.97 1.38 2.18

15 9.86 0.36 87.97 7.62 110.90 6.26 2.39

12 10.00 0.29 87.32 7.08 89.69 493 243

7 9 10.06 0.22 89.13 6.20 63.22 3.72 241
6 9.98 0.14 87.87 6.36 40.00 2.46 243

3 9.96 0.07 88.21 6.59 19.85 1.31 2.28

12 9.98 0.29 86.85 221 94.52 5.43 221

) 9 9.91 0.22 87.93 2.02 69.37 4.07 2.21
6 9.97 0.14 85.45 1.88 44.83 2.70 222

3 9.95 0.07 85.19 2.05 24.34 1.37 2.14

9 9.91 0.22 81.69 —2.23 81.25 7.07 1.27

-2 6 9.79 0.14 81.93 —2.22 54.53 4.87 1.23
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CoP = 3.64 — 0.000242 x w? + 0.000739 x w x Ty — 0.00097 x Ty? + 0.001825 x w x T,

P = 0.385 4 0.00013 x w? 4 0.00066 x w X Ty + 0.0001 x T? + 0.00036 x w x T, + 0.000288 x Ty x Ta

Based on experimental results, the HP model was calibrated at nominal heating
capacity using the approach suggested by [73]. The model calibration and validation
were performed via experimental test results using the Mathematica software [74]. First,
the model was calibrated with tests for finding the co-efficient values, followed by other
test experimental results to validate the model. A comparison was conducted between
measured experimental and predicted values to have an idea of the model error via the
root mean square error (RMSEs) approach, defined by Equation (1).

2

RMSE = \/ ?:1 (Vmeas;l/tlred B Vsim) (1)

The developed numerical model for the VSM were consisting of two outputs; co-
efficient of performance (COP) determined by Equation (2), and electric power consump-
tion(P) predicted by Equation (3). The outputs of the model were dependent on three
variables, i.e., water supply temperature, ambient temperature conditions, and operating
frequency. The validated model was used for the HP performance characterization in VSM
and considerations of the part load operations.

4£0.0009 X Ty % Ty — 0.0000438 X w X Tuy X Ty + 0.00237 x T2 2)

—0.00000633 X @ X Tyy X Ty — 0.00094 x T,2 ®)

The HP annual COP, electric power consumption (P), individual bin (i) COP values
was calculated using the respective Equations (4)—(6). The total annual electric energy
consumptions consumed were consisted of electric back-up heater and HP. The COP value
was negatively impacted by additional back-up requirements in case of ON/OFF control.

Annual COP = 7%0“‘1 O]
total
N th(i)
Php(l) - COPhp (1) (5)
COP(i) = COPyy i) * fcor (i) ©
fcor(i) = PLR(D) )

~ 1—Cc+ Cc*PLR(i)

The fcop(i) in Equation (7) determines the COP correction factor.
The HP part load curves with characteristics properties were calculated using Equa-
tions (8)—(10) following the same approach by several researchers [23,31,41,42].

_ Partial load capacity 0

PLR(i) = Full load capacity )/ Qe ®

. Consumption of power at partial load .
EIR(i) = =P(i)/P
(i) Consumption of power at full load performance i)/ Pran ©)

PLF(i) — Partial load performance

Full load performance COP(i)/COPru (10)

The HP performance in each bin was strongly dependent on the part load factor,
ambient temperature and heat supply temperature. The cycling losses, defrost occurring at
the surface of evaporator at high humidity ratios, and low ambient temperature conditions
were considered in each bin with the performance evaluation with the cycling losses
occurring during transient’s period. Modeling of defrost strategy was found complicated
and various approaches have been used in the literature including as a COP reduction
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parameter [31]. The defrost was considered as a COP reduction parameter using the
approach [75], based on the real experimental tests.

2.2. Case Study: 1900s Mid Terrace Test House

The case study under consideration is 1900s mid terrace typical 3-bedroom test house
in Belfast, Northern Ireland, with floor area of 105 m? [24]. The combined heat load
demand calculated experimentally includes both domestic hot water (DHW) and space
heating (SH) [24,70]. The HP in two control modes, i.e., VSM and FSM at three heat supply
temperature of 35 °C, 45 °C, and 55 °C, were evaluated for the performance improvement,
energy consumption, cost and carbon emission savings potential once retrofitted instead of
other heating technologies.

2.3. Different Locations

The HP performance assessment was conducted in four different climatic conditions
of Valentia, Dublin, Belfast, Aviemore. The climatic conditions vary from milder to severe
conditions with average hourly, maximum, and minimum, temperature parameter shown
in Table 6. The parameters were calculated using TRNSYS 17 [76] database meteonorm
weather data file. The heating degree days (HDDs) for all locations was calculated using
base temperature of 16 °C.

Table 6. Four (4) locations with climatic characteristic conditions.

LOCATION Valentia Dublin Belfast Aviemore
Annual average hourly
ambient temperature (°C) 10.65 948 8.82 6.79
Max. hourly temperature (°C) 23.00 23.15 23.70 24.25
Min. hourly temperature (°C) —1.55 —4.05 —4.70 —11.15
HDDs 1829 2284 2515 3252

The HP performance has been evaluated during twelve (12) months, four (4) seasons
and annual performance for the Belfast climatic conditions. The seasonal (S1, S2, S3, and
S4) bin distribution representing the respective seasons of Winter (Dec-Feb), Spring (Mar-
May), Summer (Jun-Aug) and Autumn (Sep—-Nov) for Belfast climatic conditions is shown
in Figure 1a. The annual bin distribution for the four (4) other locations are shown in
Figure 1b.

=@ Winter S1 Spring S2 ==&=Dublin Belfast
- - Aviemore =@=="Valentia
Summer S3 Autumn_S4
300 1000
250 800
4
£ 200 02 5 600
S 150 = .
= © 400
. 100 f S
S Z
o \'OMAN "
0 0 _
-5 0 5 10 15 20 25 11 6 -1 4 9 14 19 24 29
(a) Ambient temperature(°C) (b) Ambient temperature (°C)

Figure 1. Bin distribution in (a) Belfast climatic conditions (Seasonal), (b) all locations (Annual).
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2.4. Cost Analysis
2.4.1. Additional Cost Due to Heat Supply Temperature and Control Mode (VSM vs. FSM)

The issue with the HP retrofit is the higher initial capital cost, extra control devices
in VSM, and heating distribution installation required for low heat supply temperature.
The additional cost associated with VSM against FSM was calculated as GBP 1000 (inverter
and additional control devices) using approach suggested by [50,68], and the heating
distribution installations cost as GBP 6000 [42]. The unit capital cost for 8 kW HP system
and installation was 8750 pounds with an 44% additional cost for the existing heating
distribution system replacement because of emitters reduction in capacity due to lower
delta T. The only upgradation of existing radiators system is less expensive compared to
the new heating distribution system installation with combination of underfloor heating
at the ground floor and radiators at upper floor. Table 7 present the capacity increase
requirements considered for the heat emitters cost relative to AT = 50 at 70 °C heat supply
temperature and room temperature of 20 °C.

Table 7. Impact of heat emitter output with AT [77].

Heat Supply Heat Output Capacity Increase
Temperature (°C) (AT) Relative to AT =50  Required Relative to
in Percentage (%) AT =50
25 35 63 1.6
45 25 41 24
3 15 21 48

2.4.2. Comparative Study with Other Heating Technologies

The developed HP technology was compared as a retrofit option instead of other
heating technologies including oil boilers (O(B), gas boilers (G(B), electric heating (EH), and
air-sourced very high temperature heat pump (VHTHP) at three (3) different percentage
(%) efficiency. The OB/ GB have been compared at percentage efficiency of 90%, 80%, and
70%, representing range of newly advanced condensing boilers to earlier heavy weight
less efficient boilers to investigate different age period installations and corresponding
energy savings and carbon emissions reduction. The very high temperature heat pump
(VHTHP) system was based on actual installed experimental results for the test house
with COP of 2.32, 2.15, at respective fixed heat supply temperature of 75 °C and weather
compensation control strategy for the cascaded ASHP units [24,25]. The third COP utilized
for comparative study was from the earlier experimental development at lab scale units
with a value of 2.12 was considered and reported in earlier studies [37]. The cost and
carbon emission factor with comparison of different fuel types consumption have been
investigated using the corresponding fuel price shown in Table 8. The electricity prices
was 0.175 (GBP/KWHh), oil price of 0.068(GBP/KWh), and gas price of 0.047(GBP/KWh),
respectively [71] were utilized. The greenhouse gas emission factor was used from GHGs
emission report [10], with oil and gas having values of 0.243 and 0.203, respectively.

Table 8. Other heating technologies with fuel cost, and carbon emissions factor.

Heating Efficiency (—)/COP Fuel Price Carbon Emission
Technology 1 o 3 (GBP/KWh) Factor (—)
OB 90% 80% 70% 0.068 0.243
GB 90% 80% 70% 0.047 0.203
EH 100% 95% 90% 0.175 0.29

VHTHP 2.32 2.15 2.12 0.175 0.29
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3. Results and Discussions
3.1. Seasonal Co-Efficient of Performance (SCOP)

The seasonal (51, S2, S3, 54), annual house heat demand, electrical energy consump-
tions, COP values is summarized in Table 9 for the three considered cases, during the two
mode of control. The COP values depends on the heat supply temperature, mean hourly
ambient temperature of the climatic conditions, and control mode of operation. The HP
annual useful heat output was found to be 23,429 KWh with electric power consumption
variation according to case considered, and control modes. The COP value trends shows
higher values in VSM in comparison to the FSM in all cases, with C1 shows superior
performance over C2 and C3 for the same annual heat load demand. The seasonal COP
values ranges between 3.85 to 2.77 in VSM control, while the range becomes 2.62-2.34
during FSM of control for C1. Other case studies (C2, and C3) have shown the same trend
with the highest COP during S3 and lowest during S1.

Table 9. HP performance house results in the test for Belfast climatic conditions.

Type of Control (—) FSM VSM

Seasons/Annual S1 S2 S3 S4 Annual S1 S2 S3 S4 Annual

%ﬁe tﬁ‘;“e’: ;’ZZ i‘;f,‘é) 405 768 1408 934 8.79 405 768 1408 934 8.79
A”’;Z‘; l’::g%e“t 7478 6120 4121 5765 23429 7478 6120 4121 5765 23429

Input power(kWh) 3195 2487 1572 2292 9466 2699 2019 1070 1772 7419

I Annual COPs 234 246 262 252 2.48 277 303 38 325 3.16

Input power(kWh) 3595 2834 1783 2609 10,737 3102 2349 1279 2078 8661

2 Annual COPs 208 216 231 221 2.18 241 261 322 277 271
Input power(kWh) 4347 3397 2081 3111 12,813 3956 3045 1717 2719 11,280

3 Annual COPs 172 180 198 185 1.83 189 201 240 212 2.08

Monthly COP values depicted in Figure 2. with the higher mean ambient temperature
month showing higher COP in comparison to the lower mean hourly ambient temperature
in both control mode. The monthly values range from 3.93 to 2.74 with the highest value in
July and smallest value in month of January in VSM(C1). The trend is maintained with
other cases as well and for FSM control but with different percentage impact.

The seasonal percentage (%) improvement in COP and energy consumption due to
change in control mode (VSM vs. FSM) for three cases studied is illustrated in Figure 3a,b.
The potential improvement is higher during summer season S3 and lowest during the winter
season S1. The highest COP improvement during the summer season in VSM compared to
FSM was because of the additional cycling losses during FSM. The highest energy savings
with a value of 31.89% occurs for summer season with the lowest improvement in S1 with the
value of 15.54% for the C1 with the same trend for other two cases.
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Figure 2. HP monthly (a) Heat load demand, (b) COP in Belfast climatic conditions.
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Figure 3. Operating control mode (VSM vs. FSM) improvement (%) in (a) CoP, (b) Energy savings.

3.2. Other Locations
3.2.1. Annual COPs

The HP annual performance depends on the climatic conditions with the highest COP
value in milder climatic conditions of Valentia for lower supply temperature(C1) with a
value of 2.55 during FSM and increases to 3.40 during VSM. The reason for this was higher
mean weighted average hourly ambient temperature of 10.65 °C (Table 6). The COP value
in other climatic conditions was lower than Valentia because of higher HDDs, and poor
performance at lower mean weighted average hourly ambient temperature. Among the
considered climatic conditions the lowest annual COP occurs in Aviemore, with value
of 2.38 and 2.98 during respective FSM and VSM (C1) of control. The COP values in
C1 in both control modes are either higher or equal to 2.5, hence could be considered



Sustainability 2021, 13, 10857

14 of 26

as eligible for renewable heat incentives scheme proposed in Northern Ireland (NI) [35].
The only exception was Aviemore during FSM in case of C1. The annual COPs changes
significantly with the change in control mode of operation plus the heat supply temperature,
and climatic conditions. The annual performance results were summarized in Table 10.
The COP improvement due to change in control mode (VSM vs. FSM) and heat supply
temperature (C1 vs. C2 and C1 vs. C3) in four climatic conditions have been shown in
Figure 4a,b. The highest COP improvement (%) due to change in control mode occurs in
case of C1 in milder climatic conditions of Valentia with 33.4% increase and become 25% in

Table 10. HP annual performance results in four (4) different climatic conditions.

Control Mode (—) FSM VSM
Case Location Valentia Dublin Belfast Aviemore Valentia Dublin Belfast Aviemore
No. (-) Twma 10.65 9.48 8.82 6.79 10.65 9.48 8.82 6.79
Heat output(kWh) 22,335 23,025 23,429 24,636 22,335 23,025 23,429 24,636
1 Input power(kWh) 8769 9209 9466 10,338 6576 7136 7419 8263
Mean Annual COPs 2.55 2.50 2.48 2.38 3.40 3.23 3.16 2.98
) Input power(kWh) 9980 10,464 10,737 11,530 7750 8355 8661 9558
Mean Annual COPs 224 2.20 2.18 2.14 2.88 2.76 2.71 2.58
3 Input power(kWh) 11,848 12,466 12,813 13,886 10,205 10,919 11,280 12,332
Mean Annual COPs 1.89 1.85 1.83 1.77 2.19 2.11 2.08 2.00
VSM vs FSM_Cl1 EVSM vs FSM_C2 VSM_Cl1 vs C3 VSM_Clvs C2
VSM vs FSM C3 FSM C1vsC3 EFSM Cl vs C2
40 - —
§ 35 < 60
< 30 £ 50
£ o5 =]
£ 2 40
°>" 20 e 30
1S =
= 15 g
s = 20
g 10 e
22 F R R
K :
Valentia Dublin  Belfast Aviemore Valentia Dublin  Belfast Aviemore
(a) Locations (-) (b) Locations(-)

Figure 4. Annual COP improvement (%) due to (a) control mode, (b) heat supply temperature.

Aviemore. It could be concluded that the benefit associated with VSM against FSM is
more in milder climatic conditions at low supply temperature(C1) with similar results by
other researchers [24,68]. The highest COP improvement during VSM for changing heat
supply temperature (C1 vs. C3) was found 55% in Valentia.
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3.2.2. Energy Consumptions

The energy savings in percentage (%) due to control mode and heat supply tempera-
ture in four locations with different climatic conditions have been shown in Figure 5a,b.
The energy savings reduce for the colder climatic condition of Aviemore due to change in
control mode and heat supply temperature also highlighted by other researchers [23,68,69].
In case of FSM energy savings percentage change due to varying climatic conditions is very
minute and with smaller range of around 35% to 26%, respectively (C1 vs. C3).

VSM vs FSM_Cl1 ®mVSM vs FSM_C2 VSM_Cl vs C3 VSM_Cl vs C2
VSM vs FSM _C3 FSM_C1 vs C3 EFSM_Clvs C2
30 40
3 25 35
< @ 30
g 20 <
E & >
z 15 g 20
@ ]
& 10 2 15
5 ;
2 210
= 5 g 5 I
=
0 0
Valentia  Dublin Belfast Aviemore Valentia  Dublin Belfast Aviemore
(a) Locations(-) (b) Locations(-)

Figure 5. Annual energy savings (%) due to (a) control mode, (b) heat supply temperature.

3.3. HP Retrofit Assessment

The HP retrofit instead of OB/GB, electric heating option and a comparative study
with the existing installed air sourced-VHTHP system inside the test house [24] in two
different control modes with different heat supply temperature (C1, C2, C3) in four different
climatic conditions is summarized in Table 11. The price per unit of energy for different
fuel type, and carbon emission factor were used presented earlier. The results for annual
running cost, annual carbon emissions for all the considered heating technologies at
different percentage (%) efficiencies in four climatic conditions have been presented.

The VHTHP carbon emissions and electric energy consumptions in comparison to the
developed system depends on the supply temperature. The climatic conditions influence
the HP performance as a retrofit option. The HP annual running cost, and carbon emissions
changes according to climatic conditions mainly because of two reasons, i.e., changing heat
load demand, and HP performance. In case of boilers (oil/gas), and electric heating option
the annual running cost varies only because of changing house heat load demand. The
air sourced- VHTHP performance real experimental data was only available for the Belfast
climatic conditions. Therefore, while comparing cost and carbon savings with the other
heating technologies in the following subsections, VHTHP was presented only for Belfast
climatic conditions. The control mode of operation, and heat supply temperature (C1, C2,
C3) significantly affect the annual running cost and carbon emissions. In the following two
subsections the HP annual running cost and carbon emissions savings in percentage have
been compared to other heating technologies, when the HP retrofitted into the reference
building. The developed HP in both control mode performance in terms of carbon emissions
and primary energy consumptions is higher than the fossil fuel-based oil/gas boilers and
electric heating option. However, the developed HP in terms of carbon emissions was found
only more valuable at lower heat supply temperature in contrast to VHTHP.
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Table 11. HP retrofit assessment for the test house instead of other heating technologies.

Developed HP Belfast Valentia Dublin Aviemore
Case/efficiency No: (—) 1 2 3 1 2 3 1 2 3 1 2 3
(1) Variable speed mode (VSM)
Annual heat output (KWh) 23,429 23,429 23429 22,335 22335 22,335 23,025 23,025 23,025 24,636 246,36 24,636

Annual Input power (KWh) 7419 8661 11,280 6576 7750 10,205 7136 8355 10919 8263 9558 12,332
Annual COP 3.16 2.71 2.08 3.40 2.88 2.19 3.23 2.76 211 2.98 2.58 2.00
Annual running cost (GBP) 1298 1516 1974 1151 1356 1786 1249 1462 1911 1446 1673 2158
Annual CO, emissions (kg) 2151 2512 3271 1907 2248 2959 2069 2423 3167 2396 2772 3576
(2) Fixed speed mode (FSM)
Annual Input power (KWh) 9466 10,737 12,813 8769 9980 11,848 9209 10,464 12466 10,338 11,530 13,886
Annual COP 2.48 2.18 1.83 2.55 224 1.89 2.50 2.20 1.85 2.38 2.14 1.77
Annual running cost (GBP) 1657 1879 2242 1535 1747 2073 1612 1831 2182 1809 2018 2430
Annual CO; emissions (kg) 2745 3114 3716 2543 2894 3436 2671 3035 3615 2998 3344 4027
(3) Oil boilers
Efficiency (%) 90% 80% 70% 90% 80% 70% 90% 80% 70% 90% 80% 70%
Annual oil used (KWh) 26,033 29,287 33470 24,816 27918 31,907 25,583 28,781 32,893 27,373 30,795 35,194
Annual running cost (GBP) 1770 1991 2276 1688 1898 2170 1740 1957 2237 1861 2094 2393
Annual CO; emissions (kg) 6326 7117 8133 6030 6784 7753 6217 6994 7993 6652 7483 8552
(4) Gas boilers
Efficiency (%) 90% 80% 70% 90% 80% 70% 90% 80% 70% 90% 80% 70%
Annual gas used (KWh) 26,033 29,287 33470 24,816 27918 31,907 25,583 28,781 32,893 27,373 30,795 35,194
Annual running cost (GBP) 1224 1376 1573 1166 1312 1500 1202 1353 1546 1287 1447 1654
C0; emission (kg) 5285 5945 6794 5038 5667 6477 5193 5843 6677 5557 6251 7144
(5) Electric heater
Efficiency (%) 100% 95% 90% 100% 95% 90% 100% 95% 90% 100% 95% 90%
Annual Input power (KWh) 23429 24,662 26,033 22,335 23510 24,816 23,025 24237 25583 24,636 25932 27,373
Annual running cost (GBP) 4100 4316 4556 3909 4114 4343 4029 4241 4477 4311 4538 4790
Annual CO, emissions (kg) 6794 7152 7549 6477 6818 7197 6677 7029 7419 7144 7520 7938
(6) Very high temperature HP
Supply Temperature( °C) 55-75 60 75 65-75 60 75 65-75 60 75 65-75 60 75
Annual Input power (KWh) 10,099 10,897 11,052 9627 103,88 10,535 9925 10,709 10,861 106,19 11,459 11,621
Annual COP 2.32 2.15 2.12 2.32 2.15 2.12 2.32 2.15 2.12 2.32 2.15 2.12
Annual running cost (GBP) 1767 1907 1934 1685 1818 1844 1737 1874 1901 1858 2005 2034
Annual CO; emissions (kg) 2929 3160 3205 2792 3013 3055 2878 3106 3150 3079 3323 3370

3.3.1. Annual Running Cost Savings

As a rule of thumb, HP to be competitive with the gas/oil boilers in relation to the
annual running cost the criteria mentioned in Equation (11), needs to be fulfilled.

electricity price per KWh

gas/oil boiler price per KWh (1)

Annual COPy, >

The percentage (%) cost savings when the OB, GB, VHTHP, and EH is replaced by the
developed HP in the four considered climatic conditions was presented in Figures 6-9. The
positive values indicate running cost for the developed HP was smaller than other heating
technologies, while negative values means that the developed HP is not cost effective. In
Valentia, during VSM (C1), could save cost in comparison to OB/GB, EH option at all
percentage efficiencies. Similar trends of cost savings have been shown for other climatic
conditions with the only exception of GB at 90% efficiencies. In Dublin, Belfast, and
Aviemore, VSM(C1) instead of GB at 90% shows negative respective values of —4%, —6%,
and —12%, means no money savings. It could be anticipated that the cost savings for the
HP reduces with the colder climatic conditions. The other two cases considered (C2, C3)
could also shows the same trends. The VHTHP compared for cost savings is only shown
for Belfast. The HP in comparison to VHTHP have shown savings (C1 and C2) for both
control mode (VSM and FSM) with negative values when it comes to C3, and the reason is
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superior performance of VHTHP at higher supply temperature. During FSM money was
saved for C1, when compared to OB at all efficiency, with some negative values at 90% and
80% efficiency GB and increasing trend in negative cost savings as we move from milder to
severe climate conditions. The C3 shows negative cost savings also for OB at 90%, 80% in
addition to GB (90%, 80%,70%) during FSM.

mEH 100% . mEH 100%
L -y s
=7 36 m mEH 95% 78 dg mEH 95%
i - .. 6 -% 9
18 mEH 90% 4 mEH 90%
GB_90% E GB_90%
R : L L.
L G2 1 .GB_SO% =] '50_33 - 0
2 2 _
5 937 ®GB_70% O 8 20 EGB 70%
L 0
&) =OB 90% | OB_90 %
2 L. R T o
Cl g 12 = 0OB_80% " B
e B’ OB_70%
47 OB _70% 59 -
-60 -10 40 90 -100 0 100
(a) Cost savings (%) (b) Cost savings (%)
Figure 6. Valentia climatic conditions, (a) VSM, (b) FSM.
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Figure 7. Dublin climatic conditions, (a) VSM, (b) FSM.
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3.3.2. Annual Carbon Emission Savings

The carbon emission savings with the developed HP at C1, C2, C3 in both control modes
compared to other heating options into the reference building is shown in Figures 10-13. The
carbon emission savings depends on the control strategy (VSM or FSM), climatic conditions,
case considered (C1, C2, C3) and percentage efficiency for other heating technologies. In
case of FSM the carbon emission savings is lower in comparison to VSM for all cases
considered. The HP have shown positive values for carbon emissions savings compared to
all other heating technologies even at highest efficiency with the only exception of VHTHP.
The developed HP when retrofitted with GB at the highest percentage efficiency of 90%
could cut the carbon emission in VSM(C1) ranges from 62% to 57% according to the climatic
conditions from milder to severe. The respective values ranges become 71% to 66% when
the GB is operated at 70% efficiency. The HP in VSM (C1) when compared with the most
efficient (90%) modern oil boilers could cut the carbon emissions in the range of 68-64%
with the increase in savings between 75-72% for old heavy weight OB (70%) efficiency.
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Figure 10. Valentia climatic conditions, (a) VSM, (b) FSM.
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Figure 11. Dublin climatic conditions, (a) VSM, (b) FSM.
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3.4. Payback Period

The payback period analysis for VSM, and low temperature heating distribution
installations is summarized in Table 12. The annual running cost savings with the HP
operation depends on the control mode of operations, and installed heating distributions
systems. The cost of control devices is reducing with advancement in technology [68].
The HP at low heat supply temperature of 35 °C needs additional installation cost of GBP
6000 [77] and the payback period was found as 10.2 years in FSM and reduces to 9 years in
case of VSM. The additional cost associated with VSM in contrast to FSM is calculated as
GBP 1000 [68] with payback period depending on the case considered. The cost analysis in
the present calculation using the simple payback period approach by Equation (12).

Additional cost due to control devices/heating distribution system(GBP)

Pay back period = - 12
Y P Annual cost savings(GBP) (12)
Table 12. Payback period for control modes (VSM vs. FSM) and (C1 vs.C3).
Control Mode (VSM vs. FSM)/Case Considered (C1 vs. C3) Annual Cost Savings (GBP) 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 pounds, additional control devices capital cost is 1000 pounds for VSM in comparison

to FSM.

4. Conclusions and Future Work

The question of best operating point for the variable speed compressor-based heat
pump technology at lower to medium and high heat supply temperature for domestic
retrofit have been investigated for the 1900s Mid terraced test house. The aim was
co-efficient of performance improvement potential, using the control techniques and
heat supply temperature for domestic retrofit. The carbon emissions and cost savings
were analyzed based on the real prototype development. The energy savings with
the system was dependent on climatic conditions, house thermal inertia, control mode
of operations and heat supply temperature. All these factors are interconnected to
each other and needs to be considered at the same time to draw solid conclusion. The
maximum improvement possible for the Mid terraced 1900s test house with change
of control (VSM vs. FSM) was at lower heat supply temperature, up to 33% in milder
climatic of conditions of Valentia and reduces to 25% in case of severe climatic conditions
of Aviemore.

The developed HP as a domestic retrofit technology have shown promising results
in terms of carbon emissions reduction in comparison to fossil fuel-based heating tech-
nologies for all considered locations. The respective carbon emission savings of 62%,
and 68% were obtained when the HP (VSM, C1) was retrofitted instead of modern GB
and OB at 90% efficiency in the milder climatic conditions of Valentia. In case of heavy
weight condensing GB and OB assumptions (70% efficiency) the carbon emission could
reduce even more with a value of up to 71% and 75%, respectively. The HP (VSM) was
able to show superior characteristics than the VHTHP system at low supply temperature
but become less effective at high supply temperature of 55 °C. This could be concluded
that if the existing radiators is being used without heating distribution replacement with
either modern radiators, or underfloor heating, then the VHTHP is more favorable due
to its higher performance at high supply temperature and lower ambient temperature.
This scenario is similar to plug and play with minimum house disruption. The annual
running cost for the developed HP in Belfast climatic conditions was not economical
compared to GB at all percentage efficiencies with higher heat supply temperature (C1,
C2) in both control mode but become effective at lower heat supply temperature(C1)



Sustainability 2021, 13, 10857

22 of 26

during VSM when the GB was operating at 80%, and 70% efficiency and a respective
cost savings of 6% and 17% were obtained. However, an increase of 6% annual run-
ning cost with the HP during VSM(C1) was observed when compared to GB at 90%
efficiency. The HP during VSM(C1) was able to defeat the GB at all percentage effi-
ciencies (90%,80%,70%) and respective cost savings of 1%, 12%, and 23% was achieved
in Valentia climatic conditions. The HP was unable to defeat the GB at all percentage
efficiency in terms of annual running cost in Valentia climatic conditions with high
supply temperature (C2, C3). However, was able to show superior performance than OB
at all percentage efficiencies in all cases (C1, C2, C3) during VSM of control with the only
exception of OB (90% efficiency) at C3. The following other conclusions could be drawn;

(@) The low supply temperature with variable speed capacity control approach is more
beneficial for the electrifications of heating sector with the HP but with increased
initial cost of heating distribution system installations.

(b) The HP (VSM vs. FSM) annual performance improves by 27% at 35 °C heat supply
temperature for Belfast climatic conditions.

() The HP(VSM) annual performance degrades by 51% with the change in supply
temperature from 35 °C to 55 °C in Belfast climatic conditions.

(d) The HP retrofit assessment needs to be performed prior to large scale installations.

(e) The VHTHP was found more beneficial with the existing heating distribution system.

(f) In terms of annual running cost, the developed HP was not economical compared to
advanced GB but proved to be advantageous in terms of carbon emissions savings.

5. Research Limitations and Future Work

The retrofit assessment was performed with the lab-based testing results and nu-
merical model, the actual installations inside the test house could produce more valuable
and solid results. The transient losses inside the existing work were calculated based on
the approach mentioned in the standard. The losses could be calculated more realistically
in actual installations inside the test house. The following work could be considered
in future;

(a) Other property types and the impact of the load demand on the carbon emission
savings could be assessed to investigate the benefits associated with the variable
speed compressor-based system.

(b) The comparative performance results evaluation with the ground source heat pump
and other renewable energy technology could also be valuable in future work as a
domestic retrofit option.

(c) Detail economic analysis at low heat supply temperature distribution installations system.

(d) The heat pump testing with thermal energy storage for possible load shifting potential
would be valuable work as part of SPIRE 2 project.
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Nomenclature
ASHP air-source heat pump
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)
CF corrections factor (—)
CO, carbon di-oxide
cOopP co-efficient of performance (—)
DB dry bulb temperature (°C)
E electrical energy consumption (KWh)
EH electric heater
EIR electric input ratio (—)
FSM fixed speed mode
GB gas boiler
GHGs greenhouse gas emissions
HDDs heating degree days
OB oil boilers
P electric power (KW)
Q heat pump useful heat output (KWh)
PLF part load factor (—)/ratio of part load to full load efficiency
PLR part load ratio (—)/ratio of heating capacity to maximum HP capacity
RH relative humidity
VSM variable speed mode
VHTHP very high temperature heat pump
Vineas measured value (—)
Vired predicated value (—)
WB wet bulb temperature (°C)
WST water supply temperature (°C)
Symbols
@ relative humidity (—)
GBP pound
w frequency (Hz)
0 water density
fcop COP correction factor (—)
Ce degradation co-efficient
Subscripts
A air
hp heat pump
full full load
i bin number
w water
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