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Abstract

Residential buildings are among the largest consumers of electricity in the United Kingdom, with heat pumps representing a significant
portion of this demand for space heating and domestic hot water. To encourage more flexible electricity usage, time-of-use (ToU) tariffs
have been implemented, allowing consumers to adjust their energy consumption in response to daily fluctuations in electricity prices.
Nevertheless, peak demand, which occurs during a limited number of hours, poses substantial challenges to the overall power balance
and stability of the grid. As a result, there is increasing interest in deploying demand-side management (DSM) technologies to mitigate
peak electricity demand for heating purposes. In this study, the effects of several DSM configurations were evaluated under cold climatic
conditions, including photovoltaic panels paired with battery energy storage (PV-BESS, Case 1), PV-BESS combined with a solar
thermal system (Case 2), and photovoltaic/thermal panels integrated with BESS (PV/T—BESS, Case 3). A simulation model of a typical
UK residence, the David Wilson home, was developed in DesignBuilder/EnergyPlus to represent these scenarios and benchmark them
against a baseline air-source heat pump setup (Case 0). For the winter month of January, simulations indicated that the heating-related
electricity demand without any integrated technologies (Case 0) was 1531.6 kWh. This demand decreased to 1456.1 kWh in Case 1, 1318
kWh in Case 2, and 1132.47 kWh in Case 3. Among the configurations studied, the PV/T—BESS (Case 3) provided the largest reductions
in both peak and total electricity demand, owing to its combined generation of electrical and thermal energy.
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photovoltaic/thermal system
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1. Introduction

The rapid growth of the global population, alongside rising living
standards, has led to a substantial increase in energy demand
worldwide [1]. Consequently, the energy consumption of buildings
plays a critical role in shaping economic performance, energy
generation requirements, and environmental outcomes in many
countries [2]. The International Energy Agency [3] estimates that
residential buildings account for approximately 32% of global
energy use, with some nations reporting residential energy con-
sumption surpassing that of industrial sectors [4].

In the United Kingdom (UK), domestic buildings contribute
around 32.5% of total national energy use, of which nearly 68%
is dedicated to space heating [5, 6]. Residential energy demand
exhibits significant temporal variability, typically peaking in the
morning and evening. The adoption of smart grid and microgrid
systems has accelerated the shift from static to more dynamic
energy consumption patterns [7]. Following the COVID-19 pan-
demic, both the magnitude and frequency of peak loads have
increased due to more occupants spending extended periods in
residential spaces [8].

Meeting peak electricity demand remains a critical challenge for
energy providers. In the UK, the residential sector accounts for ap-
proximately 60% of maximum load, predominantly driven by heati-

ng requirements [9]. Traditionally, conventional power plants have
been relied upon to satisfy this demand [10]. However, this ap-
proach is economically and environmentally unsustainable due to
high fuel consumption, elevated maintenance costs, and increased
carbon emissions [8]. During peak periods, electricity prices can
rise to nearly eight times the off-peak rates [10]. Therefore, identi-
fying strategies to curb peak energy demand while supporting the
UK’s net-zero targets has become an urgent research focus [11].

Demand-side management (DSM) has emerged as one of the most
effective and sustainable solutions to alleviate peak energy de-
mand in residential buildings [12]. DSM encompasses a variety of
strategies, including energy-efficient technologies, dynamic pric-
ing mechanisms, and demand-response programmes to manage
both base and peak loads [13]. Time-based demand-response
initiatives, such as time-of-use (TOU) pricing, critical peak pric-
ing, and real-time pricing, have proven effective in reducing peak
loads. In the UK, a three-tier TOU tariff system, known as TIDE
or RAG, has been implemented. Under this scheme, electricity
is billed at 6.41 pence per kilowatt-hour (p/kWh) during the
off-peak period (23:00—06:00), increases to 29.99 p/kWh during
the evening peak (16:00—19:00), and is charged at a standard rate
of 14.02 p/kWh during all other hours (Green Energy UK).
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Beyond pricing strategies, DSM also integrates technologies such
as energy-efficient appliances, distributed energy resources (DERSs)
including solar and wind generation [14], and energy storage sys-
tems, both electrical (EES) [15] and thermal (TES) [16]. This study
investigates the impact of several DSM technologies, specifically
solar-assisted heat pump systems, photovoltaic (PV) panels, pho-
tovoltaic/thermal (PV/T) systems, and battery energy storage sys-
tems (BESS), on peak electricity demand in residential buildings
equipped with heat pumps under the UK’s cold climatic conditions.

1.1. Literature review

Integrating solar thermal systems with heat pump configurations
has been shown to enhance the Coefficient of Performance (COP),
primarily because higher evaporator temperatures reduce the com-
pressor workload compared with conventional heat pumps [17].
Ref. [18] conducted a parametric analysis of a solar-assisted heat
pump system and demonstrated that enlarging the collector area
and increasing the absorption coefficient substantially improved
overall system performance. Similarly, ref. [19] optimised a solar-
assisted heat pump for the mild winter conditions in Athens, eval-
uating various working fluids to maximise efficiency. Their study
identified R32 as the most suitable refrigerant under steady-state
conditions, followed by R1234yf. A 10 m?* hybrid PV collector could
provide 4.33 kWy, of thermal energy to the heat pump while simul-
taneously generating 0.53 kW, of electricity.

Ref. [20] optimised a two-stage vapour-injected heat pump us-
ing R-32, R-290, R-410A, R-454A, and R-452B as working flu-
ids. The system was modelled and simulated using the Non-
dominated Sorting Genetic Algorithm IT (NSGA-II) to generate
Pareto-frontier curves. Results indicated that the system could
achieve a maximum heating COP of approximately 5.2, while
the minimum unit heating cost of around 0.19 USD/kWh was
obtained with R-32 and R-290. The total operational cost ranged
from 1.33 USD/h to 1.73 USD/h, corresponding to R-452B and R-
290, respectively. Ref. [21] improved the thermal efficiency of an
air-source heat pump by incorporating a novel refrigerant-heated
radiator for thermal storage. In this setup, high-temperature re-
frigerant vapour from the compressor is directed to the radiator,
which transfers heat to indoor spaces through radiation and nat-
ural convection. The study reported reduced heat losses and a
uniform surface temperature. COP decreased from 4.4 to 3.5 when
condensing temperatures rose from 35.9 °C to 44.0 °C, and from
4.2 to 1.8 as outdoor temperatures fell from 6.9 °C to —18.4 °C.

Battery energy storage systems (BESSs) are increasingly being
deployed in residential buildings to store electricity generated by
PV panels or purchased during off-peak periods, supporting heat
pump operation during peak demand. Reference [15] found that
3 kW of battery storage per household allowed heat pumps to
operate without imposing additional stress on substations during
peak hours, corroborating the findings of [22]. Ref. [23] conducted
simulations to determine optimal BESS sizing for residential build-
ings, suggesting typical capacities ranging from 5 kWh/2.6 kW
for low electricity-demand homes to 22 kWh/5.2 kW for high-
demand homes with electric space heating. Ref. [24] proposed a
convex optimisation approach for electricity storage scheduling,
considering tariffs and demand patterns. Ref. [25] reported that
residential BESS investments could generally be recovered within
three years, while [26] observed that installing 2—3 kWh batteries
in apartments could reduce peak demand by up to 30%. More

recently, ref. [27] concluded that integrating PV panels with BESS
offers further energy savings, supporting the rationale for their
combined use, as investigated in the present study.

1.1.1. Research gap and objective

Minimising electricity consumption for residential heating has be-
come a key research priority due to its impact on grid stabil-
ity, carbon emissions, and energy costs. In the United Kingdom,
transitioning from conventional gas boilers to heat pump sys-
tems is a central approach for decarbonising domestic heating.
However, several studies have highlighted that heat pumps can
increase peak electricity demand relative to traditional boilers, po-
tentially imposing additional stress on the grid infrastructure [11].
To address these challenges, a range of demand-side management
(DSM) strategies have been investigated, including the deployment
of photovoltaic (PV) panels and battery energy storage systems
(BESSs). While prior research has largely examined solar-assisted
heat pumps and BESSs separately, there is limited evidence re-
garding their combined effect on peak heating loads and overall
energy consumption, particularly under cold-climate conditions.
The present study seeks to address this gap by evaluating the
performance of integrated DSM configurations in a representative
UK residential building. Three configurations are considered: (i)
PV-BESS (Case 1), (ii) PV-BESS integrated with a solar-assisted
heat pump (Case 2), and (iii) photovoltaic/thermal (PV/T) panels
combined with BESS (Case 3). These setups are compared against
a baseline air-source heat pump system (Case 0) to assess their
effectiveness in reducing both peak electricity demand for heating
and total energy consumption during winter in the UK.

2. Materials and methods

This study investigates the effects of various demand-side man-
agement (DSM) technologies on reducing peak electricity demand
for heating in residential buildings. The methodology is structured
into three stages, as depicted in Figure 1. The first stage involves
identifying the problem of elevated peak and overall energy demand,
particularly during periods of high electric heating usage. In the
second stage, a range of DSM strategies with the potential to alleviate
this demand is examined, including on-site electricity generation
technologies (PV panels and wind turbines), electrical energy storage
systems (BESS), solar thermal systems, and photovoltaic/thermal
(PV/T) systems. The third stage evaluates the thermal and energy
performance of residential buildings incorporating these technolo-
gies and compares them against a baseline building configuration.

For the simulations, DesignBuilder Building Simulation software
(version 7.3.1.003) was employed [28] to assess the potential of
each technology in reducing peak energy demand. DesignBuilder
is widely adopted for building energy analysis, offering detailed
assessments of thermal performance, lighting, and overall energy
consumption when integrating both active technologies and pas-
sive design measures [29]. The software also facilitates analyses
of thermal comfort, environmental performance, and cost implica-
tions [30]. Additionally, it calculates solar heat gains while account-
ing for shading effects from surrounding structures across different
months. Essential inputs, including material thermal properties,
ventilation rates, and occupancy profiles, can be specified for de-
fined time intervals. Hourly meteorological data from typical UK
weather years were used to ensure simulation accuracy, as these
datasets closely reflect real environmental conditions [31].
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Figure 1 ¢« Methodology flow chart in the present study.

2.1. Mathematical models of the components of
residential heating systems

Ref. [11] developed an energy model of a heat pump system using
the Finite Volume Method (FVM). This approach effectively cap-
tures the complex interactions between transient heat conduction
and convective processes within heat pump components. By dis-
cretising the physical domain into smaller control volumes, the
FVM allows for high spatial resolution, enabling detailed analysis
of dynamic thermal and fluid behaviour, particularly in geometri-
cally complex regions [32].

2.2. Energy modelling of the air-source heat pump
system

The finite volume-based mathematical modelling of each compo-
nent of the HP system is given below.

2.2.1. Water heater tank

A one-dimensional dynamic model of the water heater tank, based
on the principles of mass, momentum, and energy conservation,
was employed to analyse the behaviour of the sensible heat storage
within the tank. The governing equations are expressed as follows:

Op  O(pv) _
5% T o T 0 (1)
0(pAE) _0(pAv) _0(gA) . Oz
ot ox  Ox +pAg8x+W (2)
apv)  0(pv*) _ 9p 9 ( v
ot + ox 8x+8x Hox ) P9 &)

The variables used in the model are defined as follows: p denotes
the fluid density, t represents time, and x specifies the spatial
position. The fluid velocity along the x-axis is indicated by v, while
A corresponds to the cross-sectional area of flow. Total energy per

unit mass is represented by E, and g denotes the heat flux. The
height relative to a reference point is given by z, and W indicates
the rate of work performed. Pressure is represented by p, dynamic
viscosity by u, and gravitational acceleration by g.

Figure 2 depicts the thermal storage tank, which is divided into
N discrete control volumes along its vertical axis. Each control
volume is analysed using a lumped modelling approach, assuming
uniform temperature, density, and specific heat capacity within
the volume [33]. For simplification, the system is considered un-
der steady-state mass and momentum balance conditions. These
assumptions are reasonable given the limited operating temper-
ature range and the minimal influence of internal forces on the
water temperature distribution [34]. Under these conditions, the
governing equations are formulated to describe the energy and
mass transfer within the ith control volume, enabling accurate
estimation of temperature and energy dynamics in the storage tan.

IR
............. I
q D QIoss,l
(
)
q
S Qgoi,i
F oV &
=== D
i
oy}
\__1ev
Water Tank

Figure 2 ¢ Control volume schematic diagram of the water heater
tank. Reproduced from [11].
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O0=mj_, —m; @

dT;
m;Cp, iT; =(mi_1H;_1 —m;H;)+Qcoit, i— Quoss, i+ (Qi—1 — Q1) (5)
0= (pi — pi+1) +dpg; — pgz; (6)

where m is the mass flow rate (kg/s), C, is the specific heat (kJ/kg
K™ "), H is the specific enthalpy (KJ/kg), Q is the heat transfer rate
(kW), p is the pressure (Pa), and Qs is the rate of heat loss from
the tank to ambient temperature.

Qloss, i= UAl (Tl - Ta) (7)

where T, is the ambient temperature, UA; is the overall heat
transfer coefficient in ith control volume. It can be calculated using

the equation
—1
dex

TdintLiRine * 2nkL; TdextLiRext

UA; = )]

where L; is the tank height of the ith volume; d;;, dex is the inner
and outer diameter of water tank; hy,, hout is the convective heat
transfer coefficient on inner and outer side, which is calculated as

Gr0-25

ossrpos 10 < GrPr < 10°

hintLi _ 0.68 x Pros (9)
0.13 (PrGr)*® if GrPr > 10°

k

=

hextdext 0.4 0.5 2/3 Moo 0.2
fealedt _ po. (0.4Re 5 1 0.06Re ) (—) (10)
k Hw

where k is the thermal conductivity, Gr is the Grashof number,
Pr is the Prandtl number, Re is the Reynolds number, 1. is the
dynamic viscosity evaluated at the free stream temperature, j,, is
the dynamic viscosity calculated at wall temperature, and Q;_; —
Q; is the net rate of internal heat transfer of the ith control volume,
which is evaluated as
kA

Qi1 —Qi= ﬁ(TH—l*QTz‘JrTi—l) (11)
where Ax is the control volume distance, A is the control volume
cross sectional area, and k; is the thermal conductivity of the ith
control volume, which is calculated as

ki — ki x Fx |Tiy1 — Ty i Tipr > T (12)

! kiotherwise
where F is a parameter having a magnitude of higher order than
k itself. When the temperature of control volume ith is higher
than the temperature of control volume (i+1)", then thermal
conductivity of the ith control volume pushes heat to transfer in
an upward direction to resolve the temperature inversion.

Qcoit is the rate of heat transfer from the refrigerant to the water
heater tank during the charging period, which is calculated as

Qcoil =my (Hrin, i

where m, is the mass flow rate of the refrigerant, Hy;, ; and Hyou
are refrigerant enthalpies at the inlet and outlet of the ith control
volume.

rout, i) (13)

Total heat transfer between the Q.,; between the refrigerant and
water tank is given by

N
chil = Zi:l Qcoil, i = my (Hrin - Hrout) (14)

where H,; and H,q: are refrigerant enthalpies at the inlet and
outlet of the condenser.

2.2.2. Compressor

To model the compressor, semiempirical modelling was adopted
to predict its performance. The volumetric efficiency is deter-
mined as follows:

1

mw = Ci+Co X (&)W (15)

S

where ps is the suction pressure of compressor, py is the discharge
pressure of compressor, C; and C. are the constants having value
0.985 and —0.043, and ~ is the isentropic exponent of 1.13.

The mass flow rate in the suction port of the compressor is given
by
my = nvpsvdisp (16)

The power of the compressor (W) is calculated as follows:
~y—1

Cs (&) ! + Cy4
b

S

W = x psVs + Cs @a7)

where Cs3, C4 and Cs are the constants having values 10.31, —9.74,
and 59.26, respectively.

Energy balance of the compressor is written as follows:

W = ms (Hd 7Hs) + Qloss (18)

H;, is the compressor suction enthalpy, Hy is the compressor dis-
charge enthalpy, and Qs is the heat loss to the environment [35].

2.2.3. Evaporator

A transient evaporator model was developed to capture its dy-
namic thermal behaviour. In this approach, the evaporator is
divided into multiple parallel circuits, and each circuit is further
subdivided into several discrete segments. Each segment is treated
as a two-fluid interaction zone where heat transfer occurs between
the refrigerant and the air. As shown in Figure 3, this modelling
strategy enables a detailed representation of the evaporator’s heat
exchange processes.

The mass, momentum, and energy balance equations are given

below:
dlwref, i

T = Mpef, i — Myef, i+1 (19)
d Ure. i
% = (n'lref7 iHref, i — Myey, i+1Href, i+1)
+Vref, iAC |:(pref, i+1 7pref, 1') + Apﬁz] (20)

+hrw4refAsuf (Ttw,i - reﬁi)

Pref, iVref, i — Pref, i+1Vref, i+1)
—A; [(pref7 i — Dref, i+1)] (21)
—AcApg; — Preff‘lcg (Ziv1 — 2z)

d(my¢ i 1 Hor
( ref,lztl ref,l) :Ac (

The key parameters used in the model are described below. The
refrigerant mass contained in the ith control volume is repre-
sented by M,.;, and its associated internal energy is indicated
by Unet,i- Each control volume has a segment length L, ;, and its
vertical position is defined by the coordinates z; and z;,; for the
i and (i+ 1)™ segments, respectively. The flow passage has a
cross-sectional area A., while Ay,; denotes the overall heat transfer
area provided by the tubes and fins of the evaporator. The heat
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transfer between the tube wall and the refrigerant is governed
by the convective coefficient hyy rer. The friction-induced pressure
drop across each segment is expressed as Apy;.

At the inlet to each control volume, the refrigerant state is charac-
terised by the mass flow rate m.¢,;, enthalpy Hyet ;, pressure pres s,
density pret i, and velocity vyt ;. The temperature of the tube wall
at the ith control volume is denoted by Tt ;, while Tf; represents
the refrigerant temperature in the same segment.

In the two-phase section of the evaporator, the relative amounts
of liquid and vapour refrigerant are determined through a void-
fraction formulation applied along the pipe length. A simplified,
lumped-parameter model is employed, allowing the void-fraction
behaviour to be evaluated cumulatively from the beginning to the
end of the evaporation region.

The void-fraction is calculated as

_ €i
T s+ e (1 — siw)]

uf; (22)

Here, s; denotes the slip ratio in the ith control volume, while ¢;
and u; represent the flow quality and the density ratio, respec-
tively. These parameters are defined as follows:

—_—

g = —22 (23)
m;

u; = Peand (24)
Plig,i

In the ith segment of the model, m; denotes the total mass flow
of refrigerant, while the mass flow rate attributed to the vapour
phase is written as my,p ;. The corresponding vapour and liquid
densities in this control volume are indicated by pyap,; and piiq ;.

The air-side domain is analysed by applying the discrete forms of
the mass, energy, and momentum conservation laws to each ith

control volume. This process generates the governing equations
that follow.

a,i

dt = ma,i - ma,i+1 + mcond, i (25)

Wai _ o H, H, H, 6
dl" - ma,i a,i — ma,i+1 a,i+1 — mcond,i vap + Qa,i (2 )
0 = Pa,i = Pai+1 — APq; (27)

In the ith control volume, the air mass is denoted by M, ;, and its
internal energy is represented by U, ;. At the entry of this control
volume, the air flow is characterised by the mass flow rate m, ;, the
enthalpy H, ;, and the pressure p, ;. At the exit, these parameters
are expressed as Mg iy1, Ha,i+1, and pg i1, respectively. Addition-
ally, Hy,p indicates the energy required for water vaporisation,
while Ap,; quantifies the pressure drop experienced by the air
within the ith segment.

The rate at which water condenses, denoted by mcong i, is obtained
from the following expression:

Meond,i = Mq,iWa,i — Ma,i+1Wa,i+1 (28)
where w,; and w,;,, are the air humidity ratios at the inlet and
outlet of the control volume.

The quantity Qg ; corresponds to the thermal energy exchanged
between the air and the tube wall of the evaporator, calculated
according to

Qa,i = hdaAsuf(Ttw,i - Ta,i) (29)
The parameter hgy, corresponds to the convective heat transfer
coefficient of dry air, and the temperatures of the air and the
evaporator tube wall within the ith control volume are indicated

by Tq,; and Ty, ;, respectively.
For a wet wall surface, it is calculated as

hwaAsuf (Htw,i - Ha,i)
Cpa,i

Qui = (30)

air —

I tube wall

-—

refrigeration

-

| tube wall

| Refrigerant Refrigerant

_’.
:
/

each circuit 1 h
mass and energy (control volume)
i 8
‘ Profi  mret Profi  [mretis1 P s
inlet —— —t— : : outlet
Pref ikt Qref i Pref i Uref i1 Nrefis1

momentum ( flow model)

Figure 3 ¢ Dynamic modelling of the evaporator of heat pump system. Reproduced from [11].
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The convective heat transfer coefficient of dry air is given by

0.25
haD _ (0.4Re0'5 +0.06Re? 3) Pro4 (L“) (31)
k ™

Here, D refers to the diameter of the pipe, k is the material’s
thermal conductivity, Re and Pr denote the Reynolds and Prandtl
numbers, respectively, while p1. and p,, are the dynamic viscosi-
ties evaluated at the free-stream and wall temperatures.

The convective heat transfer coefficient of wet air is given by

k3p3g 0.25 1 0.25
hwa = 0.73( " ) [ATX D] (32)
ATy i
mtw,icp,tw# = Qa,i - Qref,i (33)

Within the ith segment, the quantity Q,; defines the convective
energy exchange between the refrigerant and the tube wall, calcu-
lated according to

Qref,i = htw,refAtw (Ttw,i - ref,i) (34)

In this context, hy, s defines the convective heat transfer coeffi-
cient between the evaporator tube wall and the refrigerant flow.

2.2.4. Expansion valve

The behaviour of the expansion valve is simulated using a semiem-
pirical model, which ensures consistency with the compressor’s
mass flow. The expansion is considered an isenthalpic process,
and the refrigerant mass flow rate is computed using the following

relation:
my = Cu\/pinAD, (35)

where C, is the flow coefficient that can be a function of the valve
opening;
C, = K1 + K» x Pos + K3 x Pos® (36)

where K, K., and K5 are constants having values —0.78, 1.3, and
0, and Pos represents the valve position.

2.3. Energy modelling of the photovoltaic panel

The output power of the PV panel is calculated in EnergyPlus 8.9
using the equation below [36]:

Powerpy = nev- Gr- Apy (37)

where 7py is the efficiency of the PV panel, Gr is the solar radiance
incident on the tilted surface, and Apy is the area of PV panel.

2.4. Energy modelling of the photovoltaic/thermal
system

The PV/T thermal model, including the thermal and electrical
outputs, is defined as

Thermal (Q) py/p = 1w Gr- Apvyr (38

Powerpy,r = ng- G- Apv/r (39)

where 7,; and 7, are the electrical and thermal efficiencies [37].

The energy balance of the battery energy storage system is defined
as [38]
Pgis At

Et+1 = Et —|— nchPCh.At —
Ndis

(40)

Subject to 0 < E; < Emax, Where ng, and ng;s are the charge and
discharge efficiencies.

2.5. Energy modelling of the photovoltaic/thermal
system

The useful thermal energy gain in the solar thermal collector is
expressed as [37]

Qu=AFr [Gr (1)) — U (T; — Ta) (41)

where Fr is the collector heat removal factor, Uy is the overall
heat loss coefficient, and T; and T, are the fluid inlet and ambient
temperature, respectively.

2.6. System description and modelling

The modelling approach involved developing a detailed represen-
tation of a residential building and its integrated energy systems,
including a heat pump, solar photovoltaic (PV) panels, solar ther-
mal collectors, photovoltaic/thermal (PV/T) systems, and battery
storage units. These simulations were conducted using Design-
Builder and EnergyPlus software. Figure 4 shows the selected
case study: a David Wilson home located at the University of
Nottingham. This two-storey dwelling measures 7.9 m x 7.9 m
x 5.0 m, with a total floor area of 62.41 m®. The model in-
corporates construction materials matching the actual building,
and the simulations use a London weather file. The building is
designed to represent a family of four (two working adults and two
children), with occupancy, heating demand, lighting, hot water
use, ventilation, and appliance loads configured to reflect realistic
household behaviour.

Figure 5 depicts the simulation model, including glazing and
construction materials. The thermal transmittance (U-values) as-
signed to building components are external walls, 0.22 W/m?-K;
roof, 0.19 W/m?*-K; glazing, 1.8 W/m>-K; doors, 2.2 W/m?>-K;
and floor, 0.2 W/m*-K. Occupancy, heating, hot water, and ap-
pliance profiles were constructed to reflect real-life conditions,
with different patterns for weekdays and weekends. On weekdays,
residents leave the house at 7:30 a.m. and return at 6:00 p.m.,
while on weekends all occupants remain at home. Internal heat
gains per occupant are set at 90 W (sensible) and 60 W (latent),
while appliance heat gains are maintained at approximately 530
W. Lighting and appliance use follows the occupancy schedule,
excluding sleeping hours. Heating set-points follow CIBSE guide-
lines [39]: bedrooms are maintained at 18 °C overnight (10:00
p-m.—5:30 a.m.), reduced to 15 °C during unoccupied weekday
hours, and maintained at 21 °C at other times. The PV panels
are installed on the roof of the David Wilson EcoHome, a demon-
stration site for sustainable residential energy technologies at the
University of Nottingham. The location receives an average an-
nual solar irradiation of approximately 1000—1100 kWh/m? /year,
supporting the simulation of integrated PV, PV/T, and battery
systems for energy demand analysis.
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(a)

Figure 5 ¢ Simulation model of the David Wilson home. Model view (a), Rendered View (b)

In this study, three distinct Energy Management Strategies
(EMSs) were developed and analysed to optimise the operation of
the heat pump (HP) system integrated with different renewable
configurations. These strategies were designed to evaluate how
the integration of photovoltaic (PV), photovoltaic—thermal (PVT),
and solar thermal systems with a battery energy storage system
(BESS) influences overall energy performance of a heating system.

e EMS—-1: PV-BESS

In this configuration, the electricity generated by PV panels
are stored in BESSs for later use. The EMS prioritises self-
consumption of PV energy and minimises grid import by charging
the battery during high irradiance periods and discharging it dur-
ing evening demand peaks. The heat pump operates in accordance
with heating demand, utilising grid support when PV generation
is insufficient.

e EMS—2: PV-BESS with Solar Thermal System
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This strategy integrates a separate solar thermal collector along-
side the PV array. The EMS coordinates between electrical and
thermal inputs where solar thermal energy directly contributes to
meeting heating demand, thereby reducing the operating hours
and electrical load of the heat pump. The BESS continues to
provide load balancing for PV-generated electricity. This hybrid
approach enhances system resilience and improves renewable
utilisation by combining direct solar heating with stored electrical
energy.

e EMS-3: PVT-BESS

The third configuration employs a photovoltaic—thermal (PVT)
system that simultaneously generates electricity and heat. The
EMS governs both electrical and thermal flows, optimising PVT
operation to maximise overall system efficiency. Electrical energy
powers the heat pump and PV panels charge the BESS, while
recovered thermal energy preheats the heat pump’s evaporator or
supports the domestic hot water circuit. This integrated control
reduces electricity consumption and enhances system COP under
varying climatic conditions.

The technical specifications of the PV, PVT, and BESS components
are given in Table 1. The battery energy storage system (BESS)
integrated with the PV system has a rated power output of 3 kW
and an energy capacity of 6 kWh, providing approximately 2 h
of full-load discharge. The battery capacity was selected based
on the building’s daily electricity consumption to optimise self-
consumption of PV-generated electricity during periods of low
solar availability. The PV array is mounted on a south-facing roof
with an installed capacity of 4 kWp, covering approximately 22
m?, assuming a panel efficiency of 18%. The system was designed
to supply around 35—40% of the building’s annual electrical de-
mand, considering the site’s solar potential and the measured load
profile of the David Wilson EcoHome.

Photovoltaic—thermal (PVT) collectors are integrated alongside
the PV array to provide both electrical and thermal energy for
space heating and domestic hot water (DHW). The installed PVT
system has a rated electrical capacity of 3 kWp and a collector
area of approximately 22 m®. The sizing of the PVT collectors
was determined using an energy balance and demand-matching
approach, considering the building’s thermal load, local climatic
conditions, and the operating parameters of the heat pump sys-
tem. Overall, the sizing of the PV, PVT, and BESS components
was based on a demand-oriented design process using site-specific
meteorological data, monitored building loads, and operational
performance targets. This ensures that the proposed configura-
tion is technically feasible, energy-efficient, and reproducible for
similar residential applications.

In Case 1, PV panels are installed on the rooftop of the David
Wilson residential building to generate on-site electricity, which is
stored in the 3 kW battery system, following the recommendation
of [15]. In Case 2, PV panels and solar thermal collectors are
separately mounted on the roof. Electricity generated by the PV
panels is stored in the batteries, reducing the building’s total
energy consumption, while hot water produced by the solar ther-
mal collectors is transferred to a storage tank integrated with the
air-source heat pump (ASHP), as shown in Figure 6, enhancing
the system’s coefficient of performance (COP). In Case 3, a PVT
system is installed on the roof, generating both electricity and hot
water simultaneously. The thermal energy recovered from the PVT
modules is stored in a water tank, contributing to an improved
overall system COP [40]. The performance improvement of the
PVT system arises not from a larger collector area but from its
integrated design, which enables efficient use of the absorbed
solar energy for both electrical generation and heat recovery. This
synergistic effect leads to higher combined thermal and electrical
outputs compared with separate PV and solar thermal systems
installed under similar conditions [37].

Table 1 e Technical specifications of PV, PVT, and BESS components.

Components  Rater Area/size
power/capacity (m?®)
PV panels 4 kWp 22 18%
Solar collector - 22
PVT collectors 3 kWp 22
(electrical)
Battery (BESS) 3 kW/6 kWh N/A

Efficiency

18% electrical,
~50% thermal

Round-trip
efficiency ~90%

Orientation Notes

South facing, 30° tilt ~ Supplies ~35—40% of

annual electricity demand

South facing, 30° tilt ~ Provides thermal energy

for heating

South facing, 30° tilt ~ Provides both electricity
and thermal energy for

heating

N/A Provides ~2 h of full-load
storage; prioritises PV

self-consumption
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Figure 6 o Detailed schematic diagram of solar-assisted heat pump components with water convectors.

3. Results and discussion

3.1. Heating and electricity demand of the residential
building

The building’s heating load for January was evaluated using De-
signBuilder/EnergyPlus. Figure 7a,b present the variation in
ambient temperature, wind speed, and solar radiation in Lon-
don over a representative 10-day period. Under typical London
climatic conditions, the average dry-bulb temperature during
January is approximately 2 °C. Figure 8a presents the hourly
heating demand profile of the residential building in the base-case
model, while Figure 8b highlights thermostat-controlled peaks
corresponding to morning and evening occupancy hours. The
peak hourly heating demand is estimated at approximately 15
kW, with the total heating energy demand for January reaching
1531.68 kWh (Figure 9). For comparison, ref. [16] reported a
monthly heating demand of 1498 kWh for the David Wilson home;
however, their study did not consider domestic hot water (DHW)
demand. The baseline ASHP in the current study exhibited an
average COP of 3.5, corresponding to a seasonal COP (SCOP) of
3.6 under UK winter conditions. When including electricity con-
sumption for lighting, fans, and other appliances, the total energy
demand of the base-case model is 2452.61 kWh (Figure 10).

In Case 1, the integration of a rooftop photovoltaic (PV) array
with a 3 kW battery energy storage system (BESS) was intended
to reduce grid dependency during peak heating periods. The PV
panels generated 75.53 kWh of electricity, leading to a reduction
in total electricity demand for heating to 1456.15 kWh (Figure 9)
and a corresponding decrease in total energy consumption to

2376.56 kWh (Figure 10). This reduction of approximately 5%
compared with the base case aligns with the findings of ref. [15],
who demonstrated that small-scale PV-BESSs can effectively shift
electrical loads and enhance energy flexibility in domestic build-
ings.

In Case 2, the system configuration was extended to include a solar
thermal collector integrated with the ASHP, in addition to the
PV-BESS arrangement. This setup achieved a further reduction
in peak electricity demand for heating to approximately 12 kW
(Figure 9). The solar thermal collectors preheated the ASHP’s
source water, reducing compressor operation and improving per-
formance under cold conditions. As a result, the heating electricity
demand decreased to 1393.52 kWh, and with supplementary PV
generation, the ASHP’s consumption further declined to 1318
kWh. The effective SCOP increased to 3.9, indicating improved
seasonal efficiency due to a lower temperature lift across the
compressor and a more stable source temperature. The overall
monthly energy demand was reduced to 2223.81 kWh (Figure 9
and Figure 10), representing a 9% improvement relative to the
base case. The reduction in fan energy consumption (142.98 kWh)
also indicates enhanced heat transfer efficiency. These outcomes
are consistent with the work of refs. [40, 41], who observed that
hybrid PV—thermal-heat pump configurations can improve sys-
tem stability and COP during winter operation. However, this
configuration introduces greater system complexity and higher
upfront cost, which may constrain its adoption in small-scale
residential applications.
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Figure 8 o (a) Hourly heating demand profile across a 10-day winter period in the baseline building model; (b) hourly heating demand
profile for a representative January day in the baseline building model.
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Figure 9 e Electricity consumption in the residential building with integration of different technologies.

In Case 3, a photovoltaic/thermal (PVT) collector was coupled
with the BESS, providing simultaneous electrical and thermal
generation. This configuration achieved the best overall perfor-
mance, reducing the peak electricity demand to 9 kW (Figure 9)
and lowering fan energy use to 123.86 kWh. The total electricity
demand of the residential building decreased to 1208.45 kWh
and further to 1132.47 kWh when PV generation was utilised
(Figure 9). Consequently, the overall energy consumption de-
clined to 2019.61 kWh (Figure 10), a 17.7% reduction compared
with the base case. The superior performance of the PVT-BESS
can be attributed to its dual energy recovery mechanism: the ther-
mal component maintains higher inlet temperatures for the ASHP

evaporator, thereby improving compressor efficiency, while the
electrical component supplies power to the system and charges the
battery. The resulting SCOP increased to approximately 4.1, rep-
resenting a 13—15% improvement over the standalone ASHP. This
increase arises from a combination of reduced compressor power
consumption and improved heat exchange stability at the evap-
orator inlet. The stored electrical energy supports heating during
low-solar periods, improving reliability and self-sufficiency. These
findings align with those of ref. [40], who identified PVT-assisted
systems as having the highest exergy efficiency and CO, reduction
potential among renewable-assisted heat pump systems.
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Figure 10 ¢ Overall energy demand of residential buildings during the month of January.

From a 5E framework perspective (Energy, Exergy, Entransy,
Economic, and Environmental) as suggested by ref. [11], the PVT—
BESS (Case 3) demonstrates the most balanced and sustainable
performance. Energetically, it achieves the greatest reduction in
energy demand. Exergy analysis highlights more effective utilisa-
tion of both electrical and thermal inputs, minimising exergy de-
struction. Entransy considerations indicate enhanced heat trans-
fer efficiency due to the thermal coupling between PVT and ASHP.
Economically, while the PVT system entails higher initial capital
cost, its long-term operational savings and emission reductions
yield superior lifecycle cost-effectiveness. Environmentally, re-
duced grid dependency translates into lower indirect CO, emis-
sions and improved system sustainability.

Overall, the results show a clear progression: as the degree of
system integration increases, the energy and environmental per-
formance improve, though with diminishing marginal gains be-
yond Case 3. This trend underscores the importance of techno-
economic optimisation to balance performance with complexity.
While Case 3 offers the best overall outcomes, Case 2 presents
a more practical balance between efficiency gains and cost, sug-
gesting it may be more suitable for near-term residential appli-
cations. Future work should explore adaptive Energy Manage-
ment Strategies (EMSs) under varying weather conditions such as
representative winter, mid-season, and summer weeks to better
capture dynamic system responses and refine control algorithms
for year-round optimisation.

4. Conclusions

This study evaluated the effectiveness of integrating different
technologies into residential buildings to reduce electricity de-
mand for space heating. The strategies considered include pho-
tovoltaic panels with battery energy storage systems (PV-BESS,
Case 1), PV-BESS combined with a solar thermal system (Case
2), and a photovoltaic/thermal (PV/T) system coupled with BESS

(Case 3). These configurations were compared against a baseline
air-source heat pump model (Case 0) to determine their potential
for lowering peak electricity loads under cold climatic conditions
in the UK. Simulations were conducted for the entire month of
January using DesignBuilder/EnergyPlus software to provide a
detailed assessment of system performance. Key findings from the
analysis are as follows:

e The accuracy of the simulation model was confirmed through
close agreement with baseline published results for the David
Wilson residential building.

e The thermal and energy performance of the building, when
integrated with various technologies, was successfully as-
sessed under cold climate conditions using the developed
simulation model.

e In the baseline model (Case 0), the daily electricity heating
demand reached 15 kW. This was reduced to 12 kW with the
PV-BESS-ST system (Case 2) and further to 9 kW with the
PV/T-BESS (Case 3).

e The total electricity demand for January decreased from
1531.6 kWh in Case o to 1456.1 kWh with PV—-BESS (Case
1), 1318 kWh with PV-BESS—ST (Case 2), and 1132.47 kWh
with PV/T-BESS (Case 3).

e Among all configurations, the PV/T-BESS (Case 3) achieved
the greatest reduction in both daily peak load and monthly
electricity demand for heating.

Additionally, further reductions in electricity demand could be
achieved by incorporating thermal energy storage, particularly
phase change materials (PCMs), alongside the air-source heat
pump. Excess heat generated by the PV/T system could be stored
in PCMs during off-peak hours and released during peak periods,
improving energy utilisation efficiency and enhancing the opera-
tional flexibility of residential heating systems.
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