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Abstract

In the United Kingdom, means of meeting domestic heating is being electri-
fied to decarbonise in effort to reduce the greenhouse gases emissions from
the burning of natural gas. Therefore, the uptake of heat pumps is on the in-
crease. The operation and working principle of heat pumps must be well un-
derstood in the investigations of their impacts on the grid and the grid assets,
especially distribution transformers which could be overloaded due to higher
peak load demand. This work develops an operational model of heat pumps
as combined space heating and domestic hot water provider implemented in
MATLAB. The developed operational model of heat pumps is adaptable and
repeatable for different input parameters. The developed model is used to gen-
erate daily average demand profiles of heat pumps for a typical winter weekday
and a typical summer weekday. The generated demand profiles of heat pumps
by the developed model compared well with the demand profiles of heat
pumps generated from actual field projects which are usually expensive and
time-tasking.
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1. Introduction

Wanton emissions of greenhouse gases (GHGs) into the atmosphere are respon-
sible for global warming. Global warming and its consequent climate change im-
pacts portend serious danger for man and the planet earth. Globally and indeed

in the United Kingdom (UK), electricity generation, heat production (domestic
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heating), and transportation are the major contributing sectors of the GHG emis-
sions [1]. Figure 1 shows the UK’s GHG emissions by sector in 2016. Therefore,

how electricity is generated and used must change for the sake of environmental

sustainability.
Industrial Waste
processes management
Agriculture 2% 4%
10%
Public Energy
2% supply
25%
Residential
14%
Business
Transport 17%
26%

Figure 1. GHG emissions by sector, UK, 2016 [1].

The UK has a policy target of 80% reduction of GHG emissions with respect to
the 1990 level by the year 2050 [2]. The realization of the target will involve a
transition from fossil fuel based to low carbon-based electricity generation and
usage. Decarbonisation of road transport and heat take centre stage considering
that in 2016 GHG emissions from transport and domestic sectors accounted for
26% and 14%, respectively, of the total UK GHG emissions as seen in Figure 1.

The main source of the GHG emissions in the transport sector is the road
transport, in particular passenger cars [1]. In the domestic sector, the use of nat-
ural gas for heating is the most significant source GHG emissions in the sector [1].
About 81% of heating demand is basically met by natural gas boilers in the UK [3]
[4]. Therefore, there is considerable potential for cutting down on GHG emissions
with increasing share of renewable energy sources in the electricity generation,
increasing uptake of heat pumps (HPs) for residential heating and electric vehicles
(EVs) for road transportation.

Studies have been carried out on the benefit of electrifying the domestic heating
demand. Possible energy and GHG emissions savings achievable by using HPs for
residential heating in Italy were estimated in [5]. Results highlight that if a fourth
of the existing residential buildings are heated by means of air source heat pumps
(ASHPs), a saving of about 20% of natural gas can be achieved in 2024, with a
corresponding reduction of about 1.7 Mt of GHG emissions [5]. Different tech-
nologies for satisfying heat demand in residential buildings were compared in [6]
in terms of primary energy consumption. Results showed that electric resistance
is practically less favourable than HPs, and the primary energy savings provided
by HPs compared to natural gas boilers is about 30% on average [6].

According to [7], replacing 80% of current gas-fired boilers with HPs would
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enable the UK to meet its target of 80% emissions reduction in the domestic sector

by 2050. The caveat according to [7] is that the replacement of gas boilers with

HPs must be accompanied by simultaneous decarbonisation of the electricity sup-

ply.

In order to meet this target, Government introduced different schemes to pro-
mote low-carbon and renewable electricity generation and usage. Amongst the
schemes introduced are:

* Renewable Heat Incentive (RHI): This scheme is applicable to both residential
and non-residential buildings under domestic RHI and non-domestic RHI. It
is a Government financial incentive to encourage landlords and building
owners to switch from conventional fossil fuel heating to renewable heating
[8]. Eligible technologies include biomass, air-source heat pump, ground-
source heat pump and solar thermal for both domestic and non-domestic
RHI, and geothermal, biogas and CHP (generating from solid biomass, solid
biomass contained in waste, biogas and geotermal) for non-domestic RHI
[8].

* Climate Change Levy (CCL): CCL was introduced in 2001 under the Finance
Act 2000 [9]. It is a tax on energy supplied from non-renewable sources to
non-domestic users. It aims to promote electricity generation from renewable
sources.

* Renewable Obligation: In this scheme, a mandatory obligation is placed on
the UK’s electricity suppliers to source a particular proportion of their electricity
from renewable sources [10].

* Feed-in Tariffs (FITs): FITs aim to promote rapid and widespread deployment
of a range of small-scale renewable and low-carbon distributed generation
(DG) of electricity. In the scheme, licensed electricity suppliers are required to
pay a generation tariff to these small-scale generators for the electricity
generated, whether or not it is exported to the electricity grid [11]. Eligible
technologies for this scheme include solar photovoltaic (PV), wind, hydro, and
anaerobic digestion up to a maximum installed capacity of 5 MW, and micro
combined heat and power (CHP) up to 2 kW [11].

e Plug-in Car Grant (PICG): PICG is a UK Government financial incentive in
the form of purchase subsidy for ultra-low emission vehicles. This aims to
encourage the uptake of EVs. Vehicles eligible for PICG, must amongst other
things, have a zero emission range of at least 70 miles and must emit less than
50 g of CO; per kilometre driven [11].

Figure 2 shows the statistics of the total number of different types of renewable
heating systems approved under the Domestic RHI scheme between May 2015
and June 2018. The uptake of ASHP under the Domestic RHI scheme increased
by about 150% between 2015 and 2018, reaching a total of 32,268 by June 2018.
The increasing uptake of HPs as means of domestic heating presents both tech-
nical challenges and business opportunities in the electricity industry. Technical
challenges arising from the increasing uptake of HPs include higher peak load

demand, violation of statutory voltage limits, increased grid losses, and overloading
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of grid assets especially distribution transformers [12]. While business opportu-
nities include increased electricity generation and a boost in economic activities

for the players in the electricity industry.
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Figure 2. Total number of domestic RHI approved per heating system [13].

Therefore, the operation and working principle of HPs must be well understood
in the investigations of their impacts on the grid and the grid assets to adequately
tackle the technical challenges and take full advantages of the sprouting business
opportunities arising from the increasing uptake of HPs.

Many previous literature on the use of HPs in the UK have used demand pro-
files either generated from actual field projects (which are expensive and time-
tasking) or scenarios based [14]-[16]. This work develops an operational model
of heat pumps as combined space heating (SH) and domestic hot water (DHW)
provider implemented in MATLAB. The developed operational model of heat
pumps is adaptable and repeatable for different input parameters. The developed
model is used to generate daily average demand profiles of heat pumps for a typ-
ical winter weekday and a typical summer weekday. The generated heat pumps
demand profiles by the developed model compared well with heat pumps de-
mand profiles generated from actual field projects which are usually expensive

and time-tasking.

2. Heat Pumps: Types and Principle of Operation

Heat pump is a device that transfers heat from a low-temperature source to an-
other location at higher temperature [17]. The heat taken from the low-temper-
ature source is worked upon to raise the temperature before transferring it to an-
other location. In order to transport heat from a heat source to a heat sink, ex-

ternal energy (usually electricity or fuel) is needed to drive the HP. Vapour
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compression cycle and absorption cycle are two main principles upon which the
operation of HPs is based according to [17]. This work focuses on the vapour
compression cycle because it is the principle upon which commercially available
domestic HPs are operating [18]-[20]. The main components of HPs based on this
principle are compressor, expansion valve, evaporator and condenser as shown in

Figure 3.

Compressor

High-Pressure,
High-Temperature Vapour

Low-Pressure,
Low-Temperature Vapour

&

Condenser

&

Evaporator

High-Pressure,
High-Temperature Liquid

Low-Pressure,
Low-Temperature Liquid

Expansion Valve

Figure 3. Vapour compression cycle of HP [21].

The working fluid, also called the refrigerant, circulates through the four com-
ponents. The working fluid, which is a volatile liquid, is usually of lower temper-
ature than the heat source while inside the evaporator. It thus turns into vapour
inside the evaporator at low pressure and temperature due to the heat received
from the heat source. Vapour from the evaporator is then compressed to a higher
pressure and temperature inside the compressor. The hot vapour then enters the
condenser, where it condenses and ejects the useful heat. Finally, the high-pres-
sure working fluid is expanded to the evaporator pressure and temperature in the
expansion valve. The working fluid is returned to its original state and once again
enters the evaporator. The compressor is usually driven by an electric motor or
sometimes by a combustion engine. HPs with electric motor driven compressors
are considered in this work.

The efficiency of an electric compression HP, which is also called coefficient of
performance (COP), is defined as the ratio of the heat delivered by the HP and the
electricity supplied to the compression [17]. The COP of an ideal HP is inversely
related to the difference between the temperature of the heat sink and the heat
source. That is the difference between the condensation temperature and the
evaporation temperature. While an ideal HP might not exist in reality because of
some heat loss to the surroundings, but the COP of a practical HP is always greater
than unity and maintains a strong dependence on the difference between the heat
sink temperature and heat source temperature. This underscores the importance
of deploying an adequate heat source with reasonable temperature level and mod-

erating the heat sink temperature if possible. Presently, modern heat pumps
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operate at a COP in the range of 4 - 5 at a heat source temperature of 0°C and
35°C heat sink temperature [22]. This means that 1-kWh of electricity could be
transformed to 4 - 5 kWh of heating. In comparison to modern condensing boil-
ers, HP has better efficiency (always greater 100%) than the condensing boiler and
coupled with the fact that a HP produces no direct emissions in its operation
makes it the technology of choice in space heating and domestic hot water provi-
sion in the quest of cutting down on GHG emissions.

The types and therefore the naming of HPs is based on the following criteria:
principle of operation, source of heat energy, medium of heat transfer, and type
of compressor. Based on principle of operation, we have vapour compression cy-
cle HPs, absorption cycle HPs. Based on source of heat energy, we have air-source
HPs, ground-source HPs, water-source HPs, and hybrid-source HPs which make
use of more than one sources of heat. Based on the medium of heat distribution,
we have hydronic HPs and air-based HPs. Finally, based on the type of compres-
sor, we have single-speed HPs, two-speed HPs, and variable-speed HPs whose
compressors are capable of modulating their operational speeds to adjust capacity
in effort to run at the best speed to meet the demand [23] [24].

The three main factors for consideration in the choice of HP for installation are
technical, economic and logistic factors. Technically, a good choice of HP for in-
stallation is that whose heat source is abundantly available with moderate level of
temperature, especially during the heating season. In terms of economics, a good
choice of HP is that with moderate investment, installation and operational costs.
Logistic factors include nearness of the heat source to the point of installation,
obtaining installation permit from the authorities and ease of retrofitting into ex-
isting building. In this work, the full description of the type of HP considered
based on technical, economic and logistic factors is the Air-to-Water, Variable-

speed, electric-compression HP.

3. Model Formulation

The operation of variable speed Air Source Heat Pump (ASHP) providing both
space heating (SH) and domestic hot water (DHW) is modelled. The operation of
variable speed ASHP is dynamic in that the heat output and the coefficient of per-
formance (COP) of the HP vary with the heating demand of the building in which
it is installed and the external temperature respectively. Figure 4, adapted from
[25], illustrates the block diagram of HP system configuration modelled in this
work. The HP system configuration is such that the provision for DHW and SH
are mutually exclusive. The DHW provision has priority control in the event of
DHW demand and SH demand occurring at the same time. In this event, the
DHW demand is met first and then the SH demand. This design configuration is

the most common in the market [25]-[27].

3.1. Model Formulation of HP Operation in SH Mode

The formula, as adapted from [28], for the internal air temperature of the building

after a time slot t 1is given as by Equation (1):
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Figure 4. Block diagram of HP system configuration (adapted from [25]).
At
Tty = Tiny ~ (Qloss(t) = Qgainty = HPsu - Yo )A_q (1)
where:
Tim(Hl) is the internal air temperature (°C or K) of the building after a time slot
t.
T. is the internal air temperature (°C or K) of the building in time slot t.

int(t)

Quossy ad Qgiyy are the heat loss (W) and heat gain (W) of the building in

time slot t.

HPy,, s the heat output (W) of the HP in SH mode in time slot #

Y is binary variable which determines the operational status (ON = 1 or OFF
= 0) of the HP in SH mode in time slot t.

At is the duration of the time slot in (s).

Aq is the energy needed to change the internal air temperature of the building
by 1°C (J/°C).

The heat loss of a building is the sum of heat loss through the fabric of the
building (floors, walls, roof, windows and doors) and the heat loss due to ventila-
tion/infiltration [29]. The heat loss, QIOSS(I) , of the building in time slot t is

given by Equation (2):
Qloss(t) = (Z( AU ) + 0'3Nacv ) x (Tint(t) _Text(t) ) (2)

where:
U is thermal transmittance (W/m?>K).
A is surface area through which heat transfer occurs (m?).
N
V  is the volume of the building (m?).

T 18 the internal air temperature ("C or K) of the building in time slot t.

« isthe number of air changes per hour (ac/h).
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Text(t) is external air temperature ("C or K) in time slot t.

The heat gain, Q , of the building in time slot t is given by Equation (3):

gain(t)

Quanty = (@ XN, ) + (ASW x SHGC x srad(t)) 3)

where:
Qp is heat gain from one person (W).
N, is number of occupants.
A, 1isarea of window facing south (m?).
SHGC is solar heat gain coefficient of window.
Srad

The energy needed to change the internal air temperature of the building is

© is solar irradiance (W/m?) in time slot t.

given by Equation (4):
Aq = Cair X Pair xV (4)

where:
C, is specific heat capacity of air for typical room condition (J/kg-"C).
Pair s density of air (kg/m?).
V is the volume of the building (m?).
The operational status, Yo of the HP in SH mode is represented by Equation

(5):

1=0ON, Tint(t) < Tset _ng
Yo = 0= OFF, Tim(t) > T + T (5)
y(t—l)’ Tea _ng < Tint(t) ST +ng

where:
T 18 the internal air temperature ("C or K) of the building in time slot t.
T

set

ng is the swing temperature (*C or K).

Y(iy) 1s the operational status of the HP in previous time slot.
In Equation (5), T,

is the set-point temperature of the internal air (°C or K).

« is the desired internal air temperature and therefore the

thermostat set-point. If the actual internal air temperature, T,

> drops below
the temperature lower limit, T,,,, which is the difference between T, and T,
then the HP is switched ON to raise the internal air temperature. Conversely,

when the internal air temperature rises above the temperature upper limit T,

up?
which is the sum of T, and T, the HP switches OFF. However, the opera-
tional status of the HP remains unchanged if the internal air temperature is be-

tween T,

and T,,.
Ignoring losses, the heat output of the HP in SH mode is equal to the radiator

output which is also equal to the condenser output. That is:
HPSH([) = Qcondenser(t) = Qradiator(t) (6)

where:
HP,

SHt) is the heat output (W) of the HP in SH mode in time slot t.
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Qcondenser(t) is the condenser heat output (W) in time slot t
Qradiator(t) is the radiator heat output (W) in time slot t.

The heat flux inside the condenser of the HP can be expressed as:
Qcondenser(l) =mc (Tflow _Treturn(t)) (7)

where:
m is the mass flow rate (kg/s) of water.
C is the specific heat capacity (J/kg-°C) of water.

Tqow 1s the operating temperature (°C or K) of the working fluid reaching the

flow
condenser.
Ty 18 the temperature (°C or K) of the working fluid leaving the condenser.
The heat output of the radiator can be expressed as:
Qradiator(t) =U rad Arad (Trad(t) _Tint(t) ) (8)
where:

U,y isthe heat transmission coefficient (W/m?K) of the radiator.
A4 isthe surface area (m?) of the radiator.

Tint(t)

Trad(t)
The radiator temperature, T _, ®
ing fluid reaching the condenser (T

is the internal air temperature (°C or K) of the building in time slot t.
is the radiator temperature ("C or K).
,is the average of the temperature of the work-

) and the temperature of the working fluid

flow
leaving the condenser (T ). That is:
Tflow +Treturn(t)
Ty =~y ©)

From Equations (6) to (9) the return temperature, Tretum(t)

_ Tflow (2mc -U rad A'ad ) +2U rad AradTint(t)
return(t) U . Arad +2me

, can be expressed as:

(10)

Based on test data, from the Heat Pump Test Centre WPZ, of 30 different mod-
els of ASHPs [22], the expression for the Coefficient of Performance (COP) of HP
can be deduced from the plot of COP against “T,

return

determination (R? value) of 0.9797 by Equation (11):

-T,. ” with a coefficient of

’0'024(Treturn(t) ’Text(t) )

COR,, =7.90471e (11)
where:
COP(I) is the coefficient of performance of the HP at time slot t.
Tou(r) 18 the external air temperature (*C or K) at time slot t.
The COP-curve, which is here defined as the plot of COP against “T .. — T~

derived from the test data, is shown in Figure 5. In Figure 5, there are 9 test points
and the COP at a point is the average of COPs of 30 ASHPs at that point.

The actual electrical input, PSHeIecI([) (W), for the operation of the HP in SH
mode is therefore given by Equation (12):
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Figure 5. The COP-curve adapted from test data at HP Test Centre WPZ [22].

HP

SH(t)

PsHe|ea(t) - COP(t)

(12)

Two temperature regimes were used in the modelling. The set-point tempera-
ture, T, of the HP between 00:00 hours and 10:30 hours is 18°C with a swing
temperature, Ty, of 2°C. Whereas T, between 11:00 hours and 23:30 hours is

20.5°Cwitha T of3°C.

3.2. Model Formulation of HP Operation in DHW Mode Equations

In the model formulation, single-node state is assumed since there is no occur-
rence of draw event large enough to trigger the transition from single-node state
into two-node state. A hot water tank remains in single-node state and only
changes into two-node state when a considerable volume of water is drawn in a
usage event which occurs in a short interval of time [30]. In single-node state, the
water in the tank is considered as a single mass of body with the heat and temper-
ature of the water uniformly distributed. Therefore, the water in the tank is not
stratified after a draw event into upper layer warm water and lower layer cold
water from the inlet that replaces the drawn water. Figure 6 shows the DHW tank
in single-node state as modelled in this work.

The temperature, T of the water leaving the tank is the average temperature
of the hot water inside the tank. The tank is refilled with inlet water at tempera-
ture, T, , to replace the drawn water. The inlet water mixes with the hot water

inside the tank and a new average temperature, T .. ,isformed for the next water

(t+1)
draw event. The heat (W) available inside the tank after a water draw event in time

slot t can be expressed in terms of heat balance equation as follows:

Q) =ty = Quee(ty = Qamiyy + HPorwe) * Zgo) (13)

where:

Qq.y 1s the heat (W) remaining after a water draw event.
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Tintty)
[ ay
Treturn Cold water in
B Tin

Figure 6. DHW tank in single-node state (adapted from [30]).

Q(t) is the heat (W) available before the water draw event.

Quse(t) is the heat (W) loss due to the water draw event.

Qumi(yy i the heat (W) loss to the ambience due to heat dissipation from the
tank the to the environment.
HP (o) 18 the heat output (W) of the HP in DHW mode in time slot t.

Zy is binary variable which determines the operational status (ON =1 or OFF
= 0) of the HP in DHW mode in time slot t.

The heat balance equation in (13) can be written in terms of volume and change

in temperature as follows:

Ve(Tug =) Ve(Ty =) Viseo®(Teon = T)
60t 60t 60t

( ) (14)
Ve Tflow _Treturn(t)
“UAa (T(t) _Tint(t) ) + 60t ’ Z(t)
where:
V is the volume (1) of the tank.
V ) is the volume (1) of the hot water used in time slot t.

use(t
T(t) is the temperature ("C or K) of hot water inside the tank in time slot t.

T(t) is also equal to the return temperature, T,
T

(t+1)
draw event.

oL of the working fluid.
is the temperature ("C or K) of hot water inside the tank after the water

T,, isthe temperature ("C or K) of the inlet cold water.

u
A, 1isthe surface area (m?) of the tank.
C is the specific heat capacity of water in kJ/kg-"C i.e. 4.184 kJ/kg-°C.

T 18 the internal air ("C or K) of the building in time slot t.

i the heat transmission coefficient (W/m*K) of the tank.
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T

t is the duration of the time slot in minutes.

is the operating temperature ("C or K) of the working fluid.

flow

The operational status, Z4)> of the HP in DHW mode is represented as follows:

1=0N, T(t) <Tset(W) _ng(w)
Zy = 0=O0FF, T(t) >Tset(W) +ng(w) (15)
Ly Terw) = Tsgw) = Ty =< Taeeur) + Togw)

where:
T(t) is the temperature (°C or K) of hot water inside the tank time slot t.
T

set(W)

ng is the swing temperature (*C or K).

%

is the set-point temperature ("C or K) of hot water inside the tank.

) 18 the operational status of the HP in previous time slot.

Substituting for constant and solving for Ty in Equation (14) yields:

VT +V Ty ~ 0.0143tU, A, (T(t) ~Too ) +V (Tﬂow Ty ) 74
T, .= (16)
(1) V4V

use(t)

The set-point temperature, T,

) of the HP for DHW is 50°C with a swing

temperature, T, ) of 5°C. The hot water set-point temperature and the swing

sg(W
temperature are such that will prevent the growth of Legionella bacteria inside the
tank. Legionella bacteria mostly thrives in the temperature range between 20°C
and 45°C [31].

The COP of the HP while working in DHW mode is as expressed in Equation

(1) with Ty substituted by T . Theactual electrical input, Py, W),
for the operation of the HP in DHW mode is given by:
P - HPony (17)
PWHeeartt) —  COP

®)

4. Model Implementation and Results

The model is tested on a 6-kW heat output capacity, variable-speed ASHP with a
COP of 2.7 at test condition A-7/W35 and R407C as refrigerant [22]. The HP op-
erational model as SH and DHW provider is implemented in MATLAB for a typ-
ical winter weekday and a typical summer weekday. Figure 7 shows the block di-
agram of the implementation process of the model. Inputs to the model in the SH
mode are time series external air temperature, time series solar radiation, thermo-
stat set-point for the desired internal air temperature, SH swing temperature and
the time series internal air temperature which is fed back from the output. These
input parameters interact with intrinsic properties of the building (such as size of
building, areas of building fabrics and U-values of building fabrics), number of
occupants and the COP-curve of the HP to produce outputs in the SH mode.

In the DHW mode, the inputs are time series external air temperature, time
series internal air temperature, temperature of inlet water, thermostat set-point

for the desired hot water temperature, DHW swing temperature, time series water
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Figure 7. Block diagram of implementation process of HP operation.

usage profile and the hot water temperature which is fed back from the output.
The tank parameters like volume, surface area and heat transmission coefficient
interact with the input parameters to produce outputs in the DHW mode.

Input data about parameters of buildings used in the model are available in Ap-
pendix 1. Parameters of DHW tank are provided in Appendix 2. Weather data
and water draw events are available in Appendix 3. Parameters of radiator are
provided in Appendix 4.

The outputs of the model depend on the mode of the HP (SH mode or DHW
mode) which is active in a time slot. The outputs of the model in SH mode are
internal air temperature and the electricity consumption of the HP in that mode
while the outputs in DHW mode are hot water temperature and the electricity
consumption of the HP in that mode. The electricity consumption of the HP in a
time slot t 1is given by Equation (18):

HPect(t) = Pottgeay Yoy T Powbgeay " Z0) (18)

Equation (19) ensures that the HP can only operate either in SH mode or DHW

mode at a given time slot.

Yoy X 2 = 0 (19)

The model is run with 100 buildings. In order to achieve diversity in the oper-
ation of the HPs in different buildings, the following input parameters of the
model are randomized: building size, U-values of building fabrics, number of oc-
cupants, solar heat gain coefficient (SHGC) of windows, number of air change,
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initial internal air temperature and initial hot water temperature.

Figure 8 presents the outcome of the developed model—the average electricity
demand profiles of HPs on a typical winter weekday and a typical summer week-
day in the UK. Peaks are observed at about 7:30 and 9:30 in the morning for both
typical winter weekday and typical summer weekday average electricity demand
of the HPs.
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Figure 8. HP daily average demand.

The morning peaks in the demand profiles of HPs on both typical winter week-
day and typical summer weekday are due to the increased use of hot water as peo-
ple are getting prepared for the day’s activities. The morning peak in the summer
(0.4 kW) is not as pronounced as in the winter (1.3 kW) because less heat energy

and hot water are required in the summer.

Model Validation

To ensure validity of the developed HP operational model, empirical data from
credible sources were used as inputs to run the model. Decision on the number of
occupants per household was based on [32]. Average daily DHW requirement of
household in litres/day was estimated in line with technical guidelines from [33]
and it is given by Equation (20):

HH = 25N, +36 (20)

dailyppyy

where:
HHda“VDHW
N, is the number of occupants in the household.
Normalized DHW tapping profile from [34] was used to estimate the actual

is the average daily household DHW requirement in litres.

DHW draw at any time of the day. Figure 9 illustrates the normalized DHW tap-
ping profile. Data on geometric and constructional characteristics of the hot water
tank came from [35]. Data about buildings parameters which consist of building
type and size and U-values of building elements were from [36] and [37] respec-

tively. Weather data were from [38].
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Figure 9. Normalised DHW tapping profile [34].

The model outputs, typical winter weekday and typical summer weekday aver-
age electricity demand of HPs expressed in half-hourly intervals as seen in Figure
8, were compared with the measured daily average electricity demand of HPs,
shown in Figure 10, in the Carbon, Control and Comfort (CCC) project [14]. The
comparison between the model outputs and the actual measured outputs of the
CCC project showed close similarity in trends and kW values of the HPs daily
average electricity demand profile. The outputs of both the model and the actual
field project have morning demand spikes around 8.30 hours of 1.3 kW and 0.4
kW in both their winter and summer average electricity demand profiles respec-
tively. This gives reasonable credence to the usefulness of the developed model.
Figure 10 is the screenshot from CCC Project of average HP demand. The mid-
night peak observed in Figure 10 but not in Figure 8 is due to the fact that the
HPs in the CCC project operate a weekly pasteurization cycle (raising the DHW
temperature above 60°C to kill Legionella bacteria) which always takes place at
midnight [14].
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Figure 10. Screenshot from CCC Project of average HP demand [14].

5. Conclusion

This work developed an operational model of heat pumps as combined space
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heating and domestic hot water provider implemented in MATLAB. The devel-
oped model is used to generate daily average demand profiles of heat pumps for a
typical winter weekday and a typical summer weekday in the UK. The generated
demand profiles of the HPs by the developed model compared well with the de-
mand profiles of HPs generated from actual field projects which are usually ex-
pensive and time-tasking. The developed operational model of heat pumps is
adaptable and repeatable for different input parameters. The developed model will
find use in further studies in the investigations of the impacts of HPs on the grid
and the grid assets to adequately tackle the technical challenges and exploit the
opportunities arising from the increasing uptake of HPs.
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Appendices

Appendix 1: Parameters of Building

Parameters

Values

Number of bedrooms

Floor area
(A_floor)

Height of building

Area of door
(A_door)

Volume of building
(V_house)

Number of occupants
(N_person)

External wall area
(A_wall)

Overall area of windows
(A_window)

Overall area of
south-facing window
(A_sth_window)

Net external wall area
(Net_A_wall)

Area of roof (A_wall)
Number of air change
(N_air)

U-value of floor (U_floor)
U-value of wall (U_wall)
U-value of roof (U_roof)

U-value of door
(U_door)

U-value of window
(U_window)

SHGC

Heat gain per person
(H_person)

Initial internal space
temperature
(T_room_initial)

Randomised between 2 and 3 bedrooms, since the mean
number of bedrooms for all household in GB is 2.8 [36].

Randomised between 90 m? and 110 m2
Range of standard floor area for 2/3 bedroom house [39].

4.6 m (assuming two storey building).
Minimum floor to ceiling height is 2.3 m [39].

3.02 m? (assuming 2 external doors each of size 1981 mm
by 762 mm).

Calculated from “Floor area” and “height of building”.

Randomised between 2 and 3, since the mean number of
persons per household is 3 [36].

Calculated from the “Floor area” assuming a wall thickness
of 362 mm.

Calculated from “Area of wall”, assuming 15%
wall-to-window ratio [40].

Calculated from “Area of wall”, assuming 12%
wall-to-window ratio [40].

Calculated from “Area of wall”, “Area of door” and
“Area of window”.

Calculated from “Area of floor”, assuming 45 degrees pitch
angle [41].

Randomised between 0.5 and 1.0 air changes/hr,
standard for bedroom and living room respectively [42].

Randomised between 0.22 and 0.45 W/m?2K [37] [42].
Randomised between 0.28 and 0.45 W/m?2K [37] [42].

Randomised between 0.18 and 0.25 W/m?2K [37] [42].

Randomised between 1.8 and 2.0 W/m?K [37] [42].

Randomised between 1.6 and 2.0 W/m?.K [37] [42].

Randomised between 0.45 and 0.67 [42].

93.5 W. Calculated from the average of heat emission from
reclining/sleeping (83 W) and seated/relaxed (104 W) [43]
[44].

Randomised between 14°C and 22°C.
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Appendix 2: Parameters of Tank

Parameters Values
Volume of tank (V_tank) 150 litres [35].
Surface area of tank (A_tank) 2.36 m? [35].

Thermal transmittance coefficient of tank

1.13 W/m*K [35].
(U_tank) fm*K [35]

Initial DHW temperature (T_DHW _initial) = Randomised between 47°C and 60°C.

Appendix 3: Temperature, Solar Radiation and Water Draw Events

) Temperature (°C) Solar radiation (W/m?) Water draw
Time summer winter summer winter (Litres)
00:00 18.4 5.4 0 0 1.20
00:30 17.5 34 0 0 0.80
01:00 16.7 1.4 0 0 0.50
01:30 16.2 -0.2 0 0 0.30
02:00 15.7 -2.3 0 0 0.10
02:30 16.2 -3.6 0 0 0.08
03:00 16.7 -5.0 0 0 0.05
03:30 16.6 -5.7 0 0 0.05
04:00 16.6 -6.4 0 0 0.05
04:30 16.5 -6.7 0 0 0.08
05:00 16.4 -7.0 0 0 0.10
05:30 16.6 -7.2 0 0 0.60
06:00 16.9 -7.3 40 0 1.10
06:30 17.4 -7.0 130 0 2.63
07:00 17.8 -6.6 210 0 4.15
07:30 18.5 -6.3 310 0 4.30
08:00 19.2 -6.0 410 0 4.45
08:30 20.4 -5.6 510 0 4.40
09:00 21.6 -5.1 610 30 4.35
09:30 234 -4.1 660 70 4.08
10:00 25.1 -3.0 700 100 3.80
10:30 26.4 -2.1 720 80 3.58
11:00 27.6 -1.3 740 50 3.35
11:30 28.3 -0.7 760 60 3.08
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Continued
12:00 29.0 -0.1 780 70 2.80
12:30 29.1 0.9 790 90 2.50
13:00 30.1 2.0 790 100 2.20
13:30 30.1 2.2 770 120 2.15
14:00 30.0 2.4 750 130 2.10
14:30 29.3 2.4 720 80 2.00
15:00 29.7 2.4 690 30 1.90
15:30 29.7 2.4 610 30 1.95
16:00 29.4 2.2 520 0 2.10
16:30 28.8 2.2 420 0 2.22
17:00 28.1 2.1 310 0 2.35
17:30 27.9 2.2 220 0 2.85
18:00 27.7 2.2 120 0 3.35
18:30 26.9 2.2 120 0 3.58
19:00 26.1 2.3 0 0 3.80
19:30 25.4 2.3 0 0 3.73
20:00 24.6 2.3 0 0 3.65
20:30 23.9 2.3 0 0 3.50
21:00 23.2 2.3 0 0 3.35
21:30 22.2 2.3 0 0 3.08
22:00 21.3 2.2 0 0 2.80
22:30 20.7 2.2 0 0 2.58
23:00 20.1 2.1 0 0 2.35
23:30 19.3 3.8 0 0 1.78

Appendix 4: Parameters of Radiator

Parameters Values
Dimension of radiator Height 700 mm, Width 2000 mm, and Depth 50 mm
Power output 2966 W
Area (A_rad) 5.6 m? (4 units by 1.4 m?)
Thermal transmittance 38.5 W/m?K
coefficient (h_rad)
Water mass flow rate (m) 0.078 kg/s (this is variable setting)

DOI: 10.4236/0japps.2024.1410189 2900 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2024.1410189

	Developing Operational Model for Heat Pumps as Space Heating and Domestic Hot Water Provider
	Abstract
	Keywords
	1. Introduction
	2. Heat Pumps: Types and Principle of Operation
	3. Model Formulation
	3.1. Model Formulation of HP Operation in SH Mode
	3.2. Model Formulation of HP Operation in DHW Mode Equations

	4. Model Implementation and Results
	Model Validation

	5. Conclusion
	Acknowledgements
	Conflicts of Interest
	References
	Appendices
	Appendix 1: Parameters of Building
	Appendix 2: Parameters of Tank
	Appendix 3: Temperature, Solar Radiation and Water Draw Events
	Appendix 4: Parameters of Radiator


