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A B S T R A C T   

With the goal to reach net zero carbon emission, countries around the world are expected to switch from fossil 
fuel to more eco-friendly alternatives. This suggests that heating, transport, and energy sectors will be more 
dependent on electricity. Heat pump technology is expected to be the most common and clean technology to be 
used for heating in buildings due to its Coefficient of Performance. Air-source heat pumps are the most common 
type due to their ease of installation. This paper investigates how different climates around the world would 
affect the air-source heat pump electricity consumption and its defrost cycles; and hence the potential overall 
effect on the grid. A novel heat pump simulation model has been developed to understand the behaviour of the 
heat pump in cold weather scenarios. An experimental validation has been implemented to ensure the accuracy 
of the simulation model. Global case studies of cities from around the world including Amsterdam, Copenhagen, 
Helsinki, Stockholm, Vancouver, Ruse, Moscow, Reykjavik, Harbin and Nottingham are selected to assess the 
defrost cycles of air source heat pumps. The innovation of this research is in the in-depth investigation of heat 
pump defrost cycles. Electrifying the heating sector is expected to increase electricity consumption significantly, 
especially in cold weather. A detailed case study of the UK is presented with heat pumps and the examination of 
the impact this would have on the electricity grid is presented. Heating demands for buildings in cold weather 
was also simulated to calculate the required heating demand. The results show that the wide implementation of 
heat pumps in the UK, for example, would increase the total daily demand of electricity by approximately 144% 
relative to the present level of grid energy demand. In addition, the average daily energy consumption would 
increase by roughly 106% over the cold season. The findings are critical, and the novel methodology is applicable 
to many countries on global level in relation to the future effect of heat pumps on the grid and predicting the 
power demand needed by the additional heat pumps based on geographical location, u-values of building ele-
ments, and heating demand. It is crucial for a household to improve the insulation of their dwelling as this could 
considerably reduce the power demand by the heat pump and therefore the overall electricity consumption. This 
paper aims to inform future technology developers and policy makers regarding the expected effect of heat pump 
technology on the grid and the possible sudden peaks in demand.   

1. Introduction 

With the growth of the world’s population, the rise of energy demand 
and the emitted carbon emissions have significantly increased. To date, 
countries around the world have been able to keep up with the demand, 
but it is expected to increase by 2.2 % per year until 2035 [1]. Many 
countries have introduced targets to achieve net-zero carbon emissions; 
and in November 2022, Egypt hosted in Sharm El Sheikh COP27 in order 
to keep the climate under control. And many countries around the world 
are investing in district heating and encouraging the use of electric cars 

in an attempt to reach net zero. For example, in the UK the targets have 
been implemented into laws that are divided into two main stages. The 
first is dedicated to the banning of the sale of new petrol, diesel, and 
hybrid cars in the UK. The initial date of the ban was 2040, but this was 
brought forward to 2035 [2]. The second stage is to cut greenhouse gas 
emissions by 2050 completely compared to the levels set in 1990 [3]. 
Currently, the UK is halfway to its target, with a fall of around 51 % of 
greenhouse gas (GHG) emissions below the 1990 levels [3]. Additional 
changes that would be required to meet the net-zero target include 
proper resource and energy efficiency management and carbon capture 
and storage, involving bioenergy and probably hydrogen for electricity 
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generation [4,5]. To meet the targets, some countries are promoting the 
implementation of electric cars and heat pumps, which are considered a 
greener alternative compared to their counterparts [6]. 

Another challenge that could occur in a future scenario is the elec-
trification of the heating and transport sectors. Due to the expected ban 
of conventional cars around the world, progressively more people will 
likely look for alternatives such as electric vehicles. In addition, the heat 
pumps’ popularity is steadily growing, and more households would 
likely prefer that option for heating their home. Heat pumps have higher 
efficiency and deliver considerably more heat compared to electrical 
resistant heaters; they also consume less energy compared to gas boilers. 
It is also important to note that HPs are more eco-friendly compared to 
gas boilers. The recent global increase in gas prices in 2022 have also 
enhanced the potential future demand for heat pumps. The key question 
though to consider is how the electricity required by the heat pumps gets 
produced and managed. This is not only related to simply increasing the 
capacity of the power stations, but also to the grid loads and the peaks 
that may occur throughout the day or year. Sudden peaks or drops in 
demand could cause a considerable strain on the voltage and frequency 
of the grid, which could lead to outages. It is very likely many heat pump 
units could undergo a defrost cycle within an overlapping time in cold 
weather, which could lead to high stress on the electricity network if 
auxiliary elements are used. This will require efficient management to 
ensure such situations are avoided. Heat pump technology has existed 
for more than a century and there has been significant research and 
improvements involved. Some of the state-of-the-art includes high 
temperature heat pumps. This technology aims to increase the perfor-
mance by providing high evaporation and condensation temperatures. 
In a such study, a simulation and experimental work was done involving 
a high-temperature heat pump where the COP of the unit ranged from 
3.64 to 4.87. The experiment and simulation showed similar results, and 
the errors were within 5 per cent [7]. The main reason for the slight 
difference between experimental and simulated values were due to 
external leakage between suction and discharge lines in the compressor 
in the experimental work [7]. In another study, a tri-generation system 
of a ground-source heat pump coupled with Photovoltaic-thermal panel 
was developed [8]. The aim was to cope with three energy demands 
simultaneously: cooling, heating and electricity. In the study the re-
searchers performed experimental, and simulation work using TRNSYS 
18, and their analysis indicated slight difference between experimental 
and simulation data [8]. In a similar study, a long period simulation was 

performed of ground source heat pump assisted with a Photovoltaic 
thermal-road-collector instead of just photovoltaic thermal one. One of 
the aims was to find the optimal ground heat exchanger length, number 
of boreholes and their depth, and the minimum area of the PV thermal 
road collectors, where the heat pump can meet the power consumption. 
It was revealed that for a 10-year simulation through mathematical 
modelling and experimental work, the system and heat pump COP were 
2.31 and 5.59 respectively. The research also found the optimal length 
of the ground heat exchanger to be 4000 m with 25 boreholes of depth 
100 m, and PV area of 216 m2 [9]. Solar thermal energy assisted heat 
pumps have become very popular for providing hot water and space 
heating in many European countries. In Denmark, for example, a 
simulation model of an air-to-water heat pump combined with a PV solar 
collector was developed using TRNSYS. The results showed that 55 % 
more electric energy was produced with the improved system, and that 
the electricity consumption was reduced by 23 % with 11 % less wasted 
heat [10]. 

Frost build-up is one of the challenges that heat pump technology 
faces during cold weather. There are two main methods for a defrost of 
the evaporator; reverse cycle of the refrigerant combined with an 
auxiliary element for back-up heating [11], and hot gas bypass method, 
where the refrigerant completely skips the condenser and expansion 
valve lines and directly flows from the compressor to the evaporator 
[12]. During the hot-gas bypass method, there is no heat output to the 
condenser, therefore the COP of the heat pump during defrost in this 
case would be zero. However, the advantage of this method is that there 
is no sudden peak in power demand. The compressor operates normally, 
and the hot refrigerant is warm enough to remove any frost build-up on 
the outdoor heat exchanger. As for the reverse cycle method, during the 
frost removal operation, the auxiliary element provides back-up heating 
to the condenser [11]. Depending on the power capacity of the heating 
strips, the COP of the heat pump during defrost mode could reach 
around 0.5. The reason for that is the heating strips are 100 % efficient 
and need electrical power as well, which could lead to sudden peak in 
power demand [11]. Usually, the defrost removal operation continues 
for a duration of 5 to 10 min. It is considered that 5 min time is enough in 
most cases to melt the deposited ice from the evaporator [13]. 

Vapour injection is said to help reducing the time for a defrost cycle. 
In an experiment involving an air source heat pump with vapour in-
jection, the results showed a drop of almost 8 % in the duration of 
defrost cycle, and a defrosting efficiency increasing up to 54 % [15]. In 

Nomenclature 

Equation nomenclature 
A Area [m2] 
Aevp Area of outdoor heat exchanger [m2] 
Ats Thermal storage area [m2] 
ACH Air change rate of the house [air changes/hour] 
Chlc Contribution to heat losses coefficient [W/K] 
COP Coefficient of performance 
Cpw Specific heat of water [KJ/kg.K] 
h Enthalpy [kJ/s] 
HR Humidity ratio [kg/kg] 
ṁ Mass flow rate [kg/s] 
mice Mass of frost layer [kg] 
Pcom Compressor power rating [kW] 
Psh Heat pump power demand for space heating [kW] 
Qev Evaporator capacity [kW] 
Qc Condenser heating capacity [kW] 
Qhw Required heat for the thermal storage [kWh] 
QHPout Heat pump heat output capacity [kW] 
Qiceremove Energy needed to melt the ice layer [KJ] 

Qice-rem Energy needed to melt the ice layer [kW] 
Qr Recommended hot water thermal capacity [kW] 
Sa Evaporator air velocity [m/s] 
ΔT Temperature difference [K] 
t time [s] 
Ta Ambient temperature [K] 
Ts Surface temperature [K] 
U Heat transfer coefficient through material (U-value) [W/ 

m2.K] 
Uts Thermal storage U-value [W/m2.K] 
Vh Volume of the house [m3] 
Vhx Heat exchanger volume [m3] 
Vice Volume of frost layer [m3] 
Vsp Specific volume [m3/kg] 
Vsw1 Swept volume of the compressor [m3/s] 
Vts Thermal storage volume [m3] 
δice Frost layer thickness [mm] 
ΔT Temperature difference [K] 
ρair Density of air [kg/m3] 
ρice Density of frost [kg/m3] 
ρw Density of water [kg/m3]  
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general, reverse cycle defrost operation is used to remove the frost 
accumulation on the outdoor unit of a heat pump. In traditional 
defrosting, the melted ice is flowing downwards. Research implement-
ing a local drainage during defrost was made and compared to the 
traditional frost removal cycles. The results indicated that the energy 
consumption during a defrost cycle using a local drainage of the melted 
frost can drop by around 18 %, and that the defrosting efficiency can 
increase by roughly 10 % [16]. However, there are not many experi-
ments done in relation to air source heat pumps with trans-critical car-
bon dioxide and the reverse cycle defrosting impact on the CO2 trans- 
critical system. A study focused on proposing an optimized control 
strategy for the expansion valve opening and the frequency of the 
compressor suggested that with the optimized revere cycle for frost 
removal this can reduce the defrost time by 95 s and decrease the energy 
consumption by almost 22 % [17]. There are different technologies 
within the heat exchangers that can affect the frost removal processes. In 
research studying the frosting behaviour and comparing microchannel 
and finned-tube heat exchangers indicated through experimental study 
that finned-tube heat exchangers can reduce the defrost time by almost 
60 % and the energy consumption by about 55 % compared to micro-
channel heat exchangers. The overall efficiency of the defrost operation 
of the finned-tube unit was almost 23 % higher [18]. 

Limited research has been found in literature regarding the effect of 
the defrost cycles of air source heat pumps and overall performance in 
different cold climates and the impact on their efficiency. More specif-
ically, what would the power demand of the heat pump be in relation to 
the ambient temperature. Especially, the house insulation must be 
considered as it has a crucial role of how the air source heat pump would 
perform due to heat losses from various building elements (i.e., walls, 
windows, etc.). Each of these elements are built from different materials 
which have a specific thermal conductivity; hence, it can affect how fast 
a house can be warmed up, and how much are the heat losses. Also, not 
much research has been found to address frost build-up and defrost 
cycles effect on energy consumption, heat output, and the grid’s peaks. 
There is still a need to study the effect of ambient temperatures on the 
number of defrosting operations on global level. References [7–10] have 
looked at how heat pumps affect the grid, and simulation work on that 
have been performed, but have not tested how the defrost cycle affects 
the performance and the power demand; Papers [15] and [16] have 
investigated the defrosting efficiency, and [17] and [18] explored the 
energy consumption during defrost operations, but none of them have 
involved how the ambient temperature affects the defrost cycles, and 

they have not performed a simulation and mathematical analysis. 

1.1. Climates and winter 

The ambient temperature is dependent on the geographical location. 
For example, Polar climates in North Europe (e.g. Scandinavian coun-
tries) have very cold and long winters [19]. Lower temperatures usually 
lead to higher heat consumption, which will increase the electricity 
consumption of heat pumps. The lower the ambient temperature the 
higher the power demand of the heat pump in order to deliver the 
desired heat demand and with an increased possibility of defrost cycles 
in many cases. Fig. 1a presents the location of the 10 different cities 
covered in this study. It is evident that Helsinki, Harbin, and Moscow 
have considerably lower average winter temperatures compared to, for 
example, Nottingham. Fig. 1b presents the average, minimum and 
maximum temperatures for a typical metrological year (TMY) in winter 
months. For this paper, the weather data was acquired from PVGIS tool 
website [20]. 

1.2. Heat pumps 

In recent years heat pumps have become a popular choice to provide 
heating and thermal comfort. A typical air source heat pump has a co-
efficient of performance (COP) of about 2.5, whereas a ground source 
heat pump’s COP can reach 3.5–4 [21]. Air source heat pumps are a 
popular choice due to their lower price and ease of installation, however 
ground source units are more efficient, especially in cold weather. When 
the temperature drops below freezing, frost could accumulate on the 
outdoor unit of the air-source heat pump (ASHP) and causes drop in 
performance; hence a mode is triggered to remove the frost build-up, 
which increases the electricity consumption further if auxiliary 
element is used [22]. With hot-gas bypass method, this would lead to 
lower heat output affecting the dwelling demand. Defrost mode is 
something that owners do not have full control over. In most cases for a 
heat pump to trigger a frost removal cycle, there must be a certain 
pressure drop occurring in the evaporator section of the system and the 
ambient air temperature is below zero. Generally, each unit’s pressure 
drop can vary, so the chances of every heat pump triggering a defrost 
cycle at the same time are low, but it is certainly not impossible [11]; 
particularly with possible overlaps. Another method for triggering 
defrosting operations is through time control [11]. As of 2019, there are 
approximately 238,823 installed units in the UK, 85 % of which are air 

Fig. 1a. Map of the world with the investigated cities.  
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source heat pumps [23]. Nevertheless, limited research has been done in 
the effect of the defrost cycle of air source heat pumps on the grid, and 
the impact of the ambient temperature on the power demand of the 
device. This paper will address some of the limitations in the current 
state-of-the-art to inform future technology development and strategies. 

2. Methodology 

Fig. 2 represents the methodology used for this research. A novel 
software simulating an air source heat pump is designed and developed 
to assess the electricity consumption and heat output. This includes 
modules related to efficiency of the heat pump, defrost cycles and 
building insulation model. The model has been validated experimentally 
using a specially designed test-rig. In total 10 different global cities are 
chosen, and weather data is applied to simulate heat pump power de-
mand with defrost cycles. Analysis of the number of defrost cycles is 
presented for each city. This has been applied for 3 months winter period 
of cold weather. The coldest days in the winter season for each city are 

chosen to evaluate the effect of defrost cycles on the power demand and 
heat output of an air source heat pump. Based on the results, the ex-
pected effect on the electricity demand due to the heat pumps and their 
defrost cycles is presented. After that, a novel heat pump power de-
mands vs ambient temperature look-up chart based on the local climate 
and housing insulation was developed for the 10 cities. This allows re-
searchers to use the model to simulate the grid demand in any of the 10 
cities using the proposed simulation model. The UK grid is selected for 
the detailed presentation of results to show how the model and the 
lookup chart could be implemented to assess the overall effect on the 
electricity grid and energy consumption using the suggested 
methodology. 

3. The heat pump simulation model and the defrost cycles 

In order to estimate the energy consumption and heat output by the 
heat pump, and calculate the energy needed for the defrost cycle, it was 
necessary to acquire the appropriate data. Fig. 3 presents a schematic 

Fig. 1b. Average winter temperatures in different cities, based on data from [19].  

Fig. 2. The suggested methodology flowchart.  
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diagram of the air source heat pump test rig that has been experimen-
tally validated and simulated; it shows how the components are con-
nected. Fig. 4 presents the heat pump test rig with the evaporator/fan 
assembly. A software simulation of the air source heat pump via Simu-
link/MATLAB has also been built, see Fig. 5. Fig. 5 presents the detailed 
Simulink block diagram of the modules to simulate the heat pump 
technology and estimate the need for the defrosting cycles; and the 
following sub-sections present the mathematical equations of the 
simulation. 

Prior to the Simulink model, a test rig of the air source heat pump is 
designed and used to conduct the needed experimental work at cold 
winter temperatures to see how the system performs under cold climate 
conditions. The test was conducted for 180 min, and a defrost cycle was 
triggered at the final 10 min of the experimental work. The reasoning for 
the specific timings is to see if the performance of the heat pump would 
be affected by the accumulating frost on the outdoor heat exchanger 
when run for a prolonged period of time without frost removal opera-
tions. The conducted experimental work with the test rig is designed to 
validate the simulation model. A simulation process is conducted af-
terwards using the same conditions. The data that has been captured 
from both the experimental and simulation work included compressor 
power rate (kW), heating power (kW), total energy consumption (kWh), 

total heating delivered (kWh). The melted frost from the test rig’s 
evaporator is collected after the defrost cycle in a vessel and the quantity 
is measured. This determined how much frost (L) is accumulated during 
the experiment. The parameters are then compared with that of the 
simulation for further validation of the modelled frost build-up 
processes. 

The swept volume of the compressor chosen for the simulation is a 
ZH21 K4E PFJ-524 scroll compressor with a swept volume of 8.04 m3/h. 
The condenser is a plate heat exchanger capable of delivering space and 
water heating, and the evaporator is a finned tube coil heat exchanger 
(model DX SA 33T 2R 12FPI 860L 11N), combined with aluminium fins 
for an increased heat transfer area. The area of the evaporator is 0.7151 
m2. Dimensions of the evaporator are 850x842x150mm. In addition, for 
the defrost mode, we chose the hot gas bypass as it would be sufficient to 
remove ice build-up on the outdoor heat exchanger without excess in-
crease of power demand by the heat pump method. For the simulation, 
the heat pump power demand and the maximum heat output were 
considered. In the simulation, a typical weather data was used from the 
10 considered global cities. The simulation provided information on 
when defrost mode was triggered and the power demand by the unit. 
Fig. 5 presents the detailed Simulink block diagram of the modules to 
simulate the heat pump technology and estimate the need for the 

Fig. 3. A schematic diagram of the test rig of the air source heat pump.  

Fig. 4. The test rig of the air source heat pump and the evaporator/fan assembly.  
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defrosting cycles; and the following sub-sections present the mathe-
matical equations of the simulation. 

The simulation was first conducted for a period of three months in 
the cold season between 1st December and 28th February as the tem-
perature in the northern hemisphere tends to drop considerably during 
that time [19]; and using an assumed scenario in which the heat pump 
was working constantly providing both space and water heating. When 
the real temperature dropped below 0 ◦C the defrost mode was triggered 
80–90 min later and the frost removal operation ran for approximately 5 
min. It is estimated that it is possible for air source heat pumps to 
function for 80 to 90 min while frost has accumulated on the outdoor 
heat exchanger [13]. It is also estimated that in most cases 5 to 10 min is 
enough to run the defrost cycle and remove the ice build-up [14]. When 
the ice was removed from the outdoor unit, the normal refrigeration 
cycle continued. 

The weather data look-up table in Simulink required the simulation 
time to be interpolated due to the segments of input data. The weather 
data was acquired from PVGIS tool website [20]. The website provides 
data for a typical meteorological year. The data that was acquired from 

the tool was ambient temperature and relative humidity for the 10 cities 
that are included in this research. The extrapolated values are then fed to 
the heat pump simulation. This allows the simulation to determine the 
heating capacity of the evaporator and the condenser, as well as the 
input power rate of the compressor. A target temperature for the inlet of 
the condenser was set to 50 ◦C. The relative humidity data was required 
as it affects the frost growth rate on the outdoor heat exchanger. The 
simulation model was divided into different sub-modules, which are 
described in more details in the following sections. 

3.1. Module 1: Heat pump model, building thermal model, and water 
thermal storage 

In Module 1, the models of the air source heat pump, the contribution 
to heat losses of the house/building elements, and the water thermal 
storage were constructed. Fig. 4 presents further details regarding 
Module 1. Fig. 6 shows the model configuration of the air source heat 
pump, the contribution to heat losses from the building elements which 
include floor, roof, windows, and walls, and the model of the hot water 

Fig. 5. Main modules of the heat pump demand vs ambient temperature.  

Fig. 6. Module 1 of the simulation model.  
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thermal storage as well. Each of the sub-modules are described into 
more details in the following sections. 

3.1.1. Module 1.1: Air source heat pump model 
Fig. 7 presents the configuration of the heat pump along with the 

frost growth rate, compressor’s power input rate, evaporation and 
condenser power. The main parameters that were monitored were 
power consumption, heat output and coefficient of performance (COP). 

In the Mass flow rate sub-module, the mass flow rate of the system is 
calculated. This parameter is determined by the compressor’s swept 
volume, which is given by the manufacturer and the specific volume, 
which the model is designed to extrapolate using the R134a refrigerant’s 
enthalpy – pressure (P-h) diagram. 

Where the swept volume of the compressor for one second VSw1 can 
be expressed using the following equation [24]: 

VSw1 = VSwÃ⋅3600 (1)  

where VSw is the swept volume of the compressor (m3/h); VSw1 is the 
swept volume of the compressor representing the value per second (m3/ 
s) [24]. 

The mass flow rate can be expressed as: 

ṁ = VSw1Ã⋅Vsp (2)  

where ṁ is the mass flow rate of the refrigerant (kg/s); Vsp is the specific 
volume of the refrigerant, which is extrapolated by a look-up table from 
the pressure – enthalpy diagram of R134a, the refrigerant that was used 
in the simulation and experimentally. All the required processes within 
the vapour – compression cycle are considered by the model [25]. 

In Module 2 the heat capacity of the evaporator is calculated. This is 
done using a developed 2-D look-up table of the P-h diagram in Simu-
link. The model extrapolates the appropriate enthalpy values and mul-
tiplies them by the mass flow rate.  

a) Evaporation and compression sub-module 

The evaporator heat capacity can be expressed as: 

Qev = Q̇× (h2 − h1) (3)  

where Qev is the evaporator heat capacity (kW); h2 is the enthalpy at the 
outlet and h1 is the enthalpy at the inlet of the evaporator (kJ/kg), 
extrapolated by a look-up table using the pressure enthalpy diagram of 
R134a [25]. 

The compressor power rating can be calculated as: 

Pcom = ṁ× (h3 − h2) (4)  

where: Pcom is the compressor power rating (kW); h3 is the enthalpy at 
the outlet of the compressor (kJ/kg), extrapolated from the pressure – 
enthalpy diagram considering all the vapour-compression processes 
involved [24,25]. 

There we first had to determine the compressor’s efficiency. After the 
refrigerant reaches the target temperature of 50 ◦C it then passes 
through the condenser in the evaporation and compression sub-module 
where the heating capacity is calculated by first determining the 
enthalpy difference at that stage and multiplying it by the mass flow 
rate. It is expected the temperature at the condenser inlet to vary slightly 
due to the interaction of many components with the refrigerant.  

b) Condensation sub-module – Condenser heating capacity 

The condenser heating capacity can be calculated as: 

Qc = ṁ× (h3 − h4) (5)  

where Qc is the condenser heating capacity (kW); h4 is the enthalpy at 
the condenser outlet (kJ/kg) extrapolated from the R134a chart 
considering the occurring processes of the vapour – compression cycle 
[24,25].  

c) Frost growth rate sub-module 

In this sub-module the most novel sub-system where the frost build- 
up on the outdoor unit (evaporator) simulation is conducted. A novel 
numerical model was developed which predicts the frost layer on the 
outdoor heat exchanger. In order to evaluate the novel numerical model, 

Fig. 7. The suggested air source heat pump model (Module 1.1).  
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it was compared with already existing methods. 
The equation for the existing frost build-up model can be expressed 

as: 

δice = 0.12 × [t × (Ta − Ts)]
0.43 (6)  

[26]; where δice is the frost layer thickness (mm); t is the time from which 
the frost starts accumulating (s), Ta is the ambient temperature (K); Ts is 
the heat exchanger surface temperature (K); 0.12 is a constant. 

Due to the high thermal conductivity of the coils, the coil surface and 
refrigerant temperature are assumed to be at the same temperature. 

The above equation does not include the relative humidity which has 
a crucial role on the frost growth rate; as the higher the humidity and the 
lower the temperature the more frost build up will occur. Therefore, this 
paper has included the relative humidity as discussed in the methodol-
ogy and this has been validated experimentally as will be seen in the 
following sections. The implemented novel numerical model can be 
expressed as: 

δice =
{((Vhx × Sa) × t) × ρair} × HR

Aevp
(7)  

Where: Vhx is the volume of the outdoor heat exchanger (m3); Sa is the 
evaporator air velocity (m/s) which is provided by the manufacturers; t 
is the time from which the ice starts building up (s); ρair is the air density 
(kg/m3); HR is the humidity ratio (kg/kg) which is extrapolated from 
psychrometric charts; Aevp is the area of the outdoor heat exchanger 
(m2). A simulation of 24 h was conducted for both frost growth rate 
models, see Figs. 8 and 9. Fig. 8 shows graphically the relative humidity 
and the ambient temperature during the comparison of both frost build- 
up modes comparison. The data was taken from PVGIS [20] from Ruse, 
Bulgaria, as the city can get very cold and humid during the winter 
period. 

Fig. 9 presents graphically the frost layer thickness from both nu-
merical models. The standard model does not take into consideration the 
relative humidity and the heat exchanger size, and that is why it shows a 
constant value of 7.8 mm. With the novel suggested numerical model, 
the humidity and size of the outdoor heat exchanger are taken into 
consideration and the results are more dynamic and change according to 
the temperature and relative humidity. Each drop of the graph repre-
sents a defrost cycle taking place. In both cases, the heat pump was 
working for approximately 80 min before a 5 min defrost operation 
occurred. The simulation shows that the depth of frost layer is much less 
than the standard method but at the same frequency. This would mean a 
faster defrosting process. 

Fig. 10 presents how the frost growth rate was implemented in 
Simulink. The sub-module also includes a counter of defrost cycles. 
There is a switch block which uses the ambient temperature as a 
threshold, if it drops below 0 ◦C, ice starts forming on the evaporator. 
The frost layer thickness is monitored. From there the model calculates 

the energy needed to remove the frost build-up. The mass of the ice layer 
accumulated is calculated as: 

mice = Vice × ρice (8)  

where mice is the mass of the ice layer accumulated on the outdoor unit 
(kg); Vice is the volume of the ice layer (m3); ρice is the density of the ice 
layer (kg/m3). 

The heat needed to remove the ice build-up can be expressed as: 

QremoveIce = mice × 333.55 (9)  

where QremoveIce is the heat needed to remove the ice build-up on the 
outdoor unit (kJ); 333.55 is the heat fusion of ice (kJ/kg). 

The heat needed to remove the ice deposition on the outdoor unit is 
expressed as: 

Qice− rem = QremoveIceÃ⋅3600 (10)  

where Qice-rem is the heat needed to remove the ice deposition on the 
outdoor unit (kWh); QremoveIce was divided by 3600 to convert from KJ 
to kWh.  

d) Defrost COP sub-module 

In this sub-module, the System performance is calculated by dividing 
the heating capacity by the compressor’s power rating. 

COP = QcÃ⋅Pcom (11) 

Fig. 8. Relative humidity and ambient temperature that are used to simulate and compare the frost growth rate models.  

Fig. 9. Novel vs standard frost growth rate numerical model.  
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where COP is the coefficient of performance. The sub-module also in-
cludes the COP during defrost. When the hot gas bypass method is used 
the COP is 0 as no heat is delivered to the condenser. Instead, the 
refrigerant goes from the compressor directly to the outdoor heat 
exchanger.  

e) Defrost heat output sub-module 

This sub-module monitors the heat output by the condenser, and it 
also takes into account the defrost cycles of the system where no heat is 
delivered. 

Fig. 11 shows how the defrost heat output sub-module was built in 
Simulink. Two counters were also included whose role is to consider the 
time when defrost cycles take place. The defrost COP model was built in 
the same way, but in the place of (2), normal heat output, the system 
COP was connected to the 2nd switch block. It is assumed that the 
defrost cycle is triggered before a the frost layer causes any significant 
heat transfer degradation, which was validated experimentally. 

3.1.2. Module 1.2 - building energy simulation 
In order to simulate the energy demand needed for a heat pump in a 

household, there will be a need to simulate the dynamic performance of 
the house itself where the heat pump is used; as the demand for heating 

will depend on the level of insulation and the dimensions/architype of 
the house. In this paper, a detailed model of energy building insulation 
and heating demand was analysed for a typical average house for each of 
the 10 cities. The same methodology can be conducted for any other city 
or country as suitable. In this section, a model of a house in each of the 
10 countries is created in Simulink, see Fig. 12. The aim of this model is 
to showcase the losses of heat in the dwelling and the daily heating 
demand which is also driven by the ambient temperature. This to allow 
the accurate simulation of the heating demand required by the heat 
pump. Fig. 12 presents the contribution to heat losses coefficient from 
the house elements, which include windows, floor, roof, and walls. The 
purpose of this paper is to use average house size and thermal specifi-
cations to predict the heating demand for each country. A more accurate 
simulation can be achieved normally with further specific house design 
at well-defined location and orientation. In our case, the purpose was to 
provide a reasonable estimation for heating demand. Solar heating was 
not included, particularly that defrosting cycles in most cases would 
happen at night and with the absence of solar radiation. 

Numerically this can be expressed as [27]: 

Chlc = (0.33 × ACH × Vh)+ {(A1 × U1) + (An × Un)⋯} (12)  

where Chlc is the total contribution to heat losses coefficient (W); 0.33 is 
a constant; ACH is the air changes per hour in the house; Vh is the volume 
of the house (m3); A1 is the area of an building element of the house 
(m2); U1 is the U-value of an building element of the house (W/m2 K). 

Module 1.2 determines the space heating demand of the house and 
further estimates the power demand by the heat pump. Table 1 provides 
information about the dwelling size and heat transfer coefficient from 
the building elements such as windows, walls, roof, and floor. That in-
formation has been acquired through policies and energy efficiency re-
quirements depending on the country, see Table 1. 

The values from Table 1 are used to conduct the simulation for the 
heat pump power demand for a duration of 3 months during the winter 
season. In addition, a look-up chart was developed using Simulink and 
Table 1 data to provide an approximate estimation of the air source heat 
pump expected demand depending on the ambient temperature. 

The power demand by the heat pump can be expressed as: 

Psh =

[(
(Chlc × ΔT)Ã⋅1000

QHPout

)

× 60
]

× Pcomp (13)  

where Psh is the power demand by the heat pump for space heating (kW); 

Fig. 10. Frost growth rate sub-module.  

Fig. 11. Defrost heat output sub-module in Simulink.  
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QHPout is the heat output capacity by the heat pump (kW); Pcomp is the 
compressor power rating (kW); 

This part of the simulation not only determines the time needed to 
provide the required space heating but also the power demand by the 
heat pump to satisfy the heating demand. 

Eq. (13) can also be used to estimate the power demand by the heat 
pump for hot water demand. In this case instead of Chcl (the total 
contribution to heat losses coefficient), the hot water thermal storage 
capacity value must be used, which is determined by Eqs. (12) and (13), 
and module 1.3 in the simulation model, as described in the next section. 

3.1.3. Module 1.3 – Thermal storage 
Fig. 13 presents how Module 1.3 was built in Simulink. The role of 

the module is to monitor the hot water demand by the household and 
was further included in the total power demand by the heat pump. 

The required heat for the hot water can be expressed as: 

Qhw = (Vts × ρw) × Cpw × ΔT (14)  

where: Qhw is the heat needed for the hot water in the thermal storage 
(kWh); Vts is the volume of the thermal storage, ρw is the density of water 
(kg/m3); Cpw is the specific heat of water (kJ/kg.K); ΔT is the temper-
ature difference between the hot water tank and the interior of the house 
(K). 

The recommended heat for the hot water tank can be expressed as: 

Qr = (Ats × Uts) × ΔT (15)  

where: Qr is the recommended hot water tank thermal capacity (kW); Ats 

is the area of the thermal storage (m2); Uts is the U-value of the thermal 
storage, which is comprised mostly of polyurethane filling acting as an 
insulation (0.28 W/m2 K). 

Fig. 12. Modules of the building heat transfer simulation model.  

Table 1 
Typical characteristics of building elements of dwellings in each country.  

Country Ahouse Uwalls Ufloor Uroof Uwindow ACH Awall Awindow Vhouse References 

Bulgaria 67.6 0.28 0.28 0.28 0.7  0.23 82 19 170 [28] 
Canada 177 0.21 0.14 0.14 1.6  0.6 122 27 407 [29,30,31,32] 
China 60 3.8 4 3.5 2.5  0.25 84 5.25 162 [33,34] 
Denmark 98.8 0.3 0.2 0.2 1.8  0.23 99 15 247 [35,36] 
Finland 75.8 0.17 0.16 0.09 1  0.2 87 8 189 [35,36] 
Iceland 119 0.25 0.2 0.15 1.7  0.23 109 12 296 [35,36] 
Netherlands 116 0.29 0.29 0.25 1.65  0.24 112 23 301 [36,39] 
Russia 67 2.4 2.9 3.4 1.2  0.23 82 5.25 168 [38] 
Sweden 90 1 1 1 1  0.22 95 20 225 [33,35] 
UK 76 0.25 0.13 0.16 2.7  0.33 84 20 240 [37,40]  

Fig. 13. Module 1.3, thermal storage model in Simulink.  
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3.2. Module 2 

Module 2 in the simulation model is built through a series of switch 
blocks which monitor the ambient temperature, and when it reaches 
− 17 ◦C the heat pump switches off and a back-up electrical resistant 
heater with a capacity of 3 kW switches on. It has been estimated that at 
an ambient temperature of around − 17 and − 20 ◦C air source heat 
pumps tend to suffer and do not operate properly [41]. 

Fig. 14 shows how module 2 of the simulation model was built. When 
the ambient temperature drops below − 17 ◦C, a back-up electrical 
resistant heater switches on and provides the thermal energy needed to 
satisfy the demand for space heating and hot water. Note that a typical 
restarting temperature is − 12.2 ◦C for the residential heat pump; so that 
the difference between − 17 ◦C and − 12.2 ◦C creates the needed hys-
teresis to efficiently control the heat pump; and reduce wear and tear. 
However, for this paper it has been assumed in the simulation that the 
control system does not include hysteresis and assumed ideal control 
process for this purpose at − 12.2 ◦C. 

4. Results 

In this section, the validation of the simulation results is performed 
experimentally using the test-rig. In addition, the Simulink simulation of 
the heat pump for 10 international cities during the winter season are 
presented and discussed. 

4.1. Simulink model validation 

The heat pump test rig was operational for 170 min and the final 10 
min were dedicated for a defrost cycle. The melted frost was collected, 
and its volume (L) measured. The temperature and humidity data can be 
seen in Fig. 15. Fig. 15 presents the temperature and humidity of vari-
ation throughout the validation experiment. 

Fig. 16 represents the validation of the simulation model using the 
test rig data. Operating under the same conditions, the results from the 
Simulink model are almost the same as the test rig with small variations 
due to the complexity and variation and interaction of the actual com-
ponents and interdependency. 

Fig. 17 represents the total energy consumption and the total heat 
output comparison. The percentage errors of both parameter compari-
son are roughly 0.63 and 5.2 % respectively. 

Fig. 18 presents the water content after the defrost cycle for both the 
test rig and the simulation. The results are very close with a percentage 
error of approximately 1.6 %. 

The validation proves that the equations and assumptions that were 
used as foundation of the simulation model are reasonable, and that the 
Simulink model of the air source heat pump operates as expected with 

very little variation. 

4.2. Seasonal simulation in global cities 

An analysis was done in order to determine the number of defrost 
cycles of an air source heat pump in various cities across the world. 
Fig. 19 presents the simulation results of the 3-months winter season for 
the 10 Cities. It is evident from Fig. 19 that the ambient temperature 
impacts the heat pump power demand. If the temperature drops low 
− 17 ◦C the back-up heating switches on, such as the case of Helsinki. 
Fig. 20 presents a summary of the number of defrost cycles for the 10 
global cities. If we chose to take Helsinki or Harbin as an example, you 
will notice significant number of defrost cycles. 

It is evident from Fig. 20, that the colder a region is, the more defrost 
cycles a heat pump will be going through. The winter in Helsinki and 
Harbin is considerably colder compared to Vancouver or Amsterdam. It 
is likely that more heat pump units can go through a frost removal 
operation at the same time, or overlap in the defrost cycle, which could 
cause a significant and sudden load on the grid. 

Fig. 21 indicates that there is a strong relationship between the 
number of defrost cycles of heat pumps and the ambient temperature, 
with correlation coefficient of − 0.94. The lower the ambient tempera-
ture, the more frost removal operations are done by heat pump. 

4.3. Temperature vs average power demand 

A novel look-up chart has been generated, see Fig. 22, to present the 
power demand for an average household across the 10 selected cities in 
kW for each different ambient temperature between − 20 ◦C and +20 ◦C 
for air source heat pump and resistive electric heaters. For example, the 
power required for the heat pump as shown in Fig. 22 is reduced with the 
increase in temperature above 0 ◦C and increases at negative tempera-
tures due to the defrost cycles and reduction in efficiency. However, at 
very low temperatures (− 17 ◦C) the heat pump becomes ineffective for 
heating and hence the system switches to resistive heating. Fig. 22 is 
very important graph as it presents, for each city dwelling, the expected 
power demand for heat pumps. This will support the analyses of the 
effect of that collectively on the grid, which will be discussed in the next 
sections taking the UK grid as an implementation case study. 

The results from Fig. 22 also consider the size of the average dwelling 
in each city and the U-values of the building elements such as windows, 
walls, roof, and floor. This graph can used as a look-up table for each of 
the analysed cities for an approximate prediction of the air source heat 
pump power demand for space and hot water heating depending on the 
ambient temperature, assuming a typical average insulation level of a 
buildings as in Table 1. Fig. 19 is also evidence of the importance of 
better insulation of dwellings. Fig. 22 presents a novel generic graph that 

Fig. 14. Module 2 of the simulation model.  
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outlines a typical household power demand at different temperatures for 
a heat pump to provide the required heating at specific location and a 
typical insulation levels as specified in Table 1. An assumed 3kW backup 
resistive electric heater is expected to operate for temperatures below 
− 17 ◦C to provide some heating which may or may not be sufficient to 
provide the required heating demand. For example, the backup electric 
heater will be sufficient for well insulated residential houses at ow 

temperatures; but will not be sufficient for poorly insulated houses. In 
countries, such as Finland and Bulgaria which tend to have better 
insulation of the building elements would have lower heat pump power 
demand compared to places such as the Russia and China where insu-
lation of the buildings tend to be insufficient leading to increased power 
demand. 

Fig. 15. Temperature and relative humidity of the test rig experimental work.  

Fig. 16. Compressor power and heating power comparison.  

Fig. 17. Total energy consumption and total heat output comparison.  
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4.4. Heat pump and their defrost cycles and the effect on the UK grid 

Based on the above results, equations and Fig. 22, UK electricity grid 
is discussed in detail as an implementation case study. This is in order to 
provide more detailed analysis of how the electricity consumption by 
heat pumps and their defrost cycles would influence the electricity grid. 
For simplicity, the UK has been selected for the detailed case study while 
the approach can be generalised in any country or city. To start with the 
analysis of the demand curve, it was necessary to determine the daily 
electricity consumption of a typical cold day, see Fig. 23 [42]. The grid 
load was monitored on a typical cold day where the ambient tempera-
ture was between − 1 to − 3 ◦C [20]. 

The Gridwatch [42] allowed the data collection of the hourly nu-
merical values for the electrical consumption and the identification of 
the type of source that generated the energy, including international 
connections to other grids. Currently, the grid mix consists of the 
following sources of electrical energy production [42]: Gas (40.6 %), 
Wind and solar (23.8 %), Nuclear (17.3 %), Coal (2.1 %), Oil and other 
fusels (2.8 %), hydro (1.8 %) and other renewables (11.5 %). Around 40 
% of the electricity is generated via combined cycle gas turbines. In the 
past recent years (2018–2020), the capacity of wind and solar has 
increased considerably [43], whereas the capacity of coal-fired power 
stations was reduced. In recent years, the UK has reduced its dependency 
on fossil fuel considerably and shifted its focus to more eco-friendly 
solutions to produce the required electricity. In this section, the effect 
of heat pumps is presented. Since Nottingham is located in the Midlands, 
an assumption is made to consider its weather conditions as an average 
for the UK as a whole. The daily power demand during the cold season in 
the UK for a duration of three months is considered and discussed. 

Fig. 24 presents graphically the heat output and the COP, and power 
demand by the heat pump on a typical cold day in Nottingham, UK. In 
addition to these graphs, charts for the ambient temperature, relative 
humidity, and frost layer thickness on the outdoor heat exchanger are 
also provided. The power demand corresponds to the heating demand 
for the dwelling, and it takes into account the U-values of the building 
elements. It can be noted that the frost build-up layer is affected by the 
humidity in the air. The higher the humidity content, the thicker the 
frost layer on the heat exchanger. The drops of heat output and COP 
represent the defrost cycles. Each time a frost removal operation 
occurred, the heat output and therefore the performance dropped to 0 as 
no heat was delivered to the condenser. 

Based on the number of households in the UK (27.8 million), Fig. 25 
shows a comparison between the current electricity consumption and 
the assumed consumption with heat pump units installed in every 
household in the UK under the same conditions. Such loads can cause 
disturbance to the grid. The daily electricity consumption increases to 
approximately 144 % assuming every household adopts heat pump 
technology which is always in operation. 

Peaks in electricity demand are more common during winter, 

especially during times when more of the population are trying to heat 
their homes and heat water. Fig. 25 shows that between 7:00–11:00 and 
17:00–19:00 there is a peak in demand due to heating need when people 
arrive from work. This suggests that power stations in the UK need to 
increase their power capacity to satisfy the demand. 

Fig. 26 below presents the current electricity demand in the cold 
winter season in the UK. With the help of the novel heat pump Simulink 
model, we have determined what would be the situation if all 27.8 
million households in the UK operate air source heat pumps with 
overlapping times. 

Fig. 26 presents the comparison between the current and the ex-
pected electricity demand if every household in the UK is equipped with 
a heat pump. The average daily energy consumption would increase by 
roughly 106 % over the whole winter period. 

5. Discussion 

In recent years, the electricity demand in the UK has decreased; 
household energy usage has dropped due to milder winters in the last 6 
years [43]. Since 2012 the energy consumption of households in the UK 
has dropped from 115 TWh to 105 TWh [44]. Electricity generation has 
also decreased too since 2012 from around 325 TWh per annum to 
approximately 307 TWh in 2019 [45]. As the country has plans to 
electrify the transportation, this could lead to further increase in power 
demand in the future. As such it was estimated that for the UK this would 
lead to approximately 86.3 TWh or 22 % increase in demand, including 
the grid losses [46,47]. 

Fig. 27 compares the current supply of electricity from power sta-
tions with the expected energy demand on the grid from the heat pumps. 
The overall load when combining all 27.8 million heat pumps in such a 
scenario, would increase by approximately 144 % on a typical cold day 
in the UK. 

This paper has explored the scenario of fully electrified heating and 
examined the impact this has on the grid. Even though it is highly un-
likely that all heat pump systems would go through a defrost cycle at the 
same time, the electricity network must be prepared in case there is 
sudden demand on the grid due to the defrost cycle in extreme cold 
weather conditions. Furthermore, some dwelling may own other types 
of heat pumps, such as ground source. However, as air source ones are 
more popular due to their lower price and ease of installation, some of 
them may be equipped with auxiliary elements putting more stress on 
the electrical grid. That is why in most cases it may be advisable to 
owners to defrost via hot-gas bypass method as it would not affect the 
grid as much. In addition, the ambient temperature in the UK rarely 
drops below freezing whereas in Scandinavian countries this is more 
common due to the regular cold winter seasons. In this research, several 
assumptions are made including the scenario of every UK household 
owning an air-source heat pump; this probably will not be the case as 
there are currently 250,000 units installed of which approximately 
213,000 are air-source units. The reason more people choose this type of 
installation is because the initial investment cost is lower than the 
ground-source variants. If this trend is maintained this would suggest 
that around 85 % of households will own air-source heat pumps. 
Furthermore, there are options to improve the performance of the heat 
pumps and their impact on the grid. A research aiming to provide con-
stant power supply to a heat pump in order to reduce the grid fluctua-
tions, managed to achieve that by combining the heating device with a 
hot water thermal storage [48]. This not only reduced the peak times by 
approximately 60 per cent, but also it showed to reduce the bills by 
around 22 per cent [48]. Thermal storage can play important role for the 
efficiency of heat pump systems. In a study conducted in two primary 
schools in China, found out that in normal winter scenario, there is an 
excessive thermal energy delivered by the heat pump due to inefficient 
control strategy [48]. In order to improve that, the study conducted a 
simulation of the heat pump combined with heat storage. The results 
from that research showed that almost 51 per cent of total thermal 

Fig. 18. Frost/water content comparison.  
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Fig. 19. Temperature of the 10 cities and the related performance of the heat pump.  
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energy consumption can be saved using heat storage [49]. 
It must be noted that climate can play a crucial role on the perfor-

mance of air source heat pump as this study suggests. Furthermore, a 

research assessing weather air source heat pumps can provide reliable 
thermal energy to mild, cold, and very cold climate areas in Canada, 
concluded that air source heat pump systems would have lower effi-
ciency in colder climates in the country (i.e. Toronto, Quebec) [50]. In 
addition, because of the higher power demand, this could lead to 
increased greenhouse gas emissions [50]. 

Furthermore, the U-values and dwelling size provided by the policies 
and insulation might not be an accurate reflection of the whole building 
stock. In most cases the insulation type and thickness is controlled by the 
house owners, hence these values can vary from one dwelling to 
another. 

One of the other assumptions is that we have assumed that the in-
dustrial, commercial sector and public transportation sectors’ demand 
will stay the same in terms of electricity demand and the focus was on 
domestic households. 

In the simulation conducted, it was assumed a conventional system 
would be able to provide up to 95 kWh of heating per day and have a 
compressor with a swept volume of around 8 m3/h. Each household 
would probably acquire a higher capacity heat pump unit or a lower one 
depending on their demand. In addition, heat pump owners could apply 
for the renewable energy incentive scheme which provides financial 

Fig. 20. Number of defrost cycles in various cities during the cold season.  

Fig. 21. Correlation between number of defrost cycles and ambient 
temperature. 

Fig. 22. A novel generic graph that presents a typical household power demand at different temperatures for a heat pump to provide the required heating at specific 
location and a typical insulation levels (see Table 1) (an assumed 3 kW backup resistive electric heater is expected to operate for temperatures below − 17 ◦C to 
provide some heating which may or may not be sufficient to provide the required heating demand). 

G. Milev et al.                                                                                                                                                                                                                                   



Energy & Buildings 300 (2023) 113656

16

support per kWh of electricity/heating provided by such systems [51] in 
case of the UK. On global level, governments should consider gradual 
support to renewable energy for a better management of the grid and 
have a better control on grid demand. Taking into consideration the 
climate in the UK, it is highly unlikely the demand of energy would 
suddenly increase dramatically as the temperature will not likely 
plummet below freezing, hence defrost cycles will rarely be required by 
heat pumps. 

Another important point to consider is the sources of electricity, as 
this will affect the carbon emission levels in the UK when the transport 
and heating sectors are electrified. It is expected by 2050 that the UK 
would have completely reduced its reliance and utilisation of fossil fuels, 
which includes power stations. The key question to consider here is what 
electricity generation mix is going to be used. If more wind turbines, 
solar panels, and nuclear power stations are used for the main power 
production, then the final CO2 emissions would be lower than expected, 

as these three sources provide the cleanest electricity as their carbon 
intensity is below 100 gCO2eq/kWh. 

6. Conclusion 

This paper has investigated a scenario whereby heating is assumed to 
be fully electrified for the domestic residential sector, using air source 
heat pumps. The paper has discussed the defrosting cycles of air source 
heat pumps based on the weather in 10 global cities and the possible 
effect this could have on the electricity grid. The research also shows 
that there is a relationship between ambient temperature and the 
number of defrost cycles a heat pump unit will go through. A novel 
graph that links the expected power demand for heating with the change 
in temperature is introduced. The research also investigates the impor-
tance of better insulation in dwellings. The load on the electricity grid 
can be expected to increase in the future in most countries due to the 

Fig. 23. A typical current daily winter electricity consumption in a 30-minute period in the UK (based on data from Gridwatch [42]).  

Fig. 24. Heat output, COP, and power demand by the heat pump in Nottingham.  
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drive to net zero Carbon emission and reduction of fossil fuel use for 
heating applications. This power demand is expected to increase in cold 
weather due to poor housing insulation in certain locations. 

The novelty of this paper is that it provides prediction of the 

frequency of the defrost cycles in any city based on the created look-up 
chart (Fig. 22) of temperature vs power demand of heat pumps to esti-
mate power demand. This has been done via a novel Simulink model to 
develop a heat pump simulation that includes defrost cycles and 

Fig. 25. Analysis of one day energy demand comparison in the UK with current demand and the heat pumps.  

Fig. 26. The electricity demand comparison for the period between 1st December – 28th February between current use and expected demands using heat pumps.  

Fig. 27. A comparison between the current and expected electric grid energy demand (UK-daily in winter).  
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buildings heating demand. An experimental validation was also imple-
mented to validate and ensure the accuracy of the simulation model. A 
comprehensive implementation case study of the UK grid is presented; 
which can be used as a research method for different locations in the 
world to predict the power demand and heat output by heat pumps 
including during defrost cycles. 
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