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Abstract: Emerging trends in heat pump (HP) and electric vehicle (EV) adoption within
communities aim to reduce carbon emissions in the heating and transportation sectors.
However, these technologies rely on grid electricity, whose carbon intensity varies over
time. This study explores how the carbon-saving potential of these technologies can be
further enhanced through demand-shifting operations and renewable energy integration.
The research compares photovoltaic–thermal (PV/T) and hybrid solar heat pump systems
that integrate EV charging and PCM-enhanced heat storage to improve space heating
efficiency under low solar irradiance in the UK while reducing CO2 emissions. The study
simulates solar collector configurations and sizes, combining PV modules and heat pumps
to enhance system performance. Control systems synchronize operations with periods
of low grid CO2 intensity, minimizing the environmental impact. The analysis evaluates
PV/T systems, separate PV and thermal collectors, highlighting their energy efficiency and
CO2 reduction potential. Control systems further optimize HP operation and EV charging
during periods of high renewable energy availability, preventing uncontrolled use that
could result in elevated emissions. Using real weather data and a detailed building model,
the findings show that a solar-assisted HP with 100% thermal collectors achieves a daily
COP of 3.49. Reducing thermal collectors to 60% lowers the COP to 2.57, but PV output
compensates, maintaining similar emission levels. The system achieves the lowest emission
with high-efficiency evacuated flat plate PV/T collectors.

Keywords: demand-side management; PV/T heat pump; PCM storage; smart EV
charging solutions

1. Introduction
The global focus on sustainable energy solutions has led to a significant increase in the

utilization of renewable energy technologies to reduce carbon emissions in various areas.
Among these technologies, photovoltaic (PV) systems, which convert solar energy into
electricity, have been widely adopted due to their relatively simple design and decreasing
costs. However, the energy output of PV systems is subject to limitations, particularly in
climates with lower solar irradiance, such as the United Kingdom (UK), where prolonged
winter periods and cloudy weather reduce system efficiency [1]. To address these chal-
lenges, hybrid systems such as photovoltaic–thermal (PV/T) systems, which generate both
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electricity and thermal energy from the same collector, have been proposed to improve en-
ergy capture and overall system performance. By capturing the thermal energy that would
otherwise be lost as heat in PV systems, PV/T collectors provide a more efficient solution,
especially for applications that require both electricity and heating, such as residential space
heating [2]. Although domestic hot water provision is the most widespread application
of PV/T technology [3], their commercial availability and high thermal efficiency allow
solar collectors to be combined with air conditioning systems. By incorporating energy
storage, solar-powered AC systems can continue operating into the night [4]; therefore,
it has become more important for sustainability. Although heat pump (HP) systems are
important for buildings and play a significant role in providing thermal comfort and main-
taining indoor air quality, HP systems need electricity, which can contribute to greenhouse
gas emissions if the power generation method is a conventional carbon-based system.

Recent advancements in hybrid solar systems have shown that integrating thermal en-
ergy storage and demand-side management can significantly enhance the energy efficiency
of such systems. Herrando et al. [5] investigated the techno-economic performance of solar
combined heat and power systems using flat-box PV/T collectors for domestic applications.
Their study showed that PV/T systems can meet a substantial portion of both electrical
and thermal demands in single-family homes across various European climates, including
the UK. The findings revealed that PV/T systems when optimized with advanced thermal
storage solutions, could cover up to 30% of a household’s thermal demand and significantly
reduce CO2 emissions by lowering dependence on conventional heating systems. Similarly,
Wang et al. [6] conducted a comparative analysis of hybrid PV/T and conventional solar
energy systems, underscoring the economic benefits and energy savings achieved by inte-
grating thermal energy into PV systems. These studies highlight the growing recognition
that hybrid systems can bridge the gap between electricity and heating needs, offering
a solution for reducing energy consumption and carbon emissions, especially in regions
with limited solar resources. The optimal type of PV/T collector for meeting space heating
demands largely depends on factors such as weather conditions and heating systems. Since
the proposed study is for UK winter conditions, the thermal performance of the PV/T
collector will be the main limitation while considering the low solar irradiance and high
heating demand. Therefore, good thermal efficiency evacuated heat pipe collectors were
also used in the modeling to compare the HP efficiency. Some proportion of the electricity
needed for the building is also supplied by PV collectors; thus, a comparative study is
required to see the potential of solar energy utilization.

Incorporating thermal storage in HP systems is crucial for reducing grid demand
and enabling the system to operate using demand-side management techniques. While
different control strategies are designed to achieve targets like minimizing operational costs,
enhancing thermal comfort, and reducing carbon emissions, shifting heating and cooling
loads to periods of lower demand is a practical approach as Le et al. [7] studied three
load-shifting strategies for a cascade HP system under Northern Ireland’s climate. These
strategies involved using a low-cost electricity tariff, running the unit during the day to take
advantage of warmer outdoor temperatures and improved COPs, and a hybrid approach
combining the benefits of cheaper nighttime electricity and higher daytime temperatures.
Their findings showed that the hybrid strategy was the most effective. In this approach,
the heat pump charges the thermal energy storage at 3 a.m. to take advantage of lower
electricity prices and again at 2 p.m. when outdoor temperatures peak, with discharging
scheduled for the morning and afternoon periods.

Among the various TES materials available, this work focuses on latent heat storage
using PCMs. PCMs are increasingly popular in both research and commercial applications
because of their high energy density and capacity to store and release heat within a limited
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temperature range [8]. Thus, PCMs are used for heat storage during off-peak hours and
peak demand periods, effectively shifting the load and contributing to demand-side flexi-
bility. In this way, using PCMs as heat storage can help regulate voltage in the distribution
grid [9].

In the UK, the transport sector is responsible for 26% of the nation’s total greenhouse
gas emissions, making it the most significant contributor among all economic sectors [10].
The gradual adoption of EVs is playing a significant role [11]. However, the growing
popularity of EVs, fuelled by initiatives to lower carbon emissions, has introduced new
challenges for the electrical grid due to the rapid increase in charging demand [12,13]. Cur-
rently, there are approximately 2,160,000 EVs in the UK, including 1,390,000 battery electric
vehicles (BEVs) and 770,000 plug-in hybrid electric vehicles (PHEVs) [14]. Projections by
the National Grid indicate that the number of BEVs could rise to 33 million by 2050 [15],
emphasizing a potential significant charging demand. Recent studies and government
reports highlight the necessity of innovative approaches to maintain grid stability and sus-
tainability under the increasing load from EV adoption [12,16]. As EV adoption accelerates,
integrating EVs into the grid has become a significant challenge. Recent studies highlight
that the increasing penetration of EVs places significant stress on power networks. Without
proper management strategies, these additional loads can exacerbate peak demand issues,
strain existing grid infrastructure, and increase the likelihood of outages [17]. More specifi-
cally, recent research by Dik et al. [18] suggests that the current UK distribution networks
are inadequate to handle a 100% EV adoption scenario. The combined adoption of EVs
and HPs is projected to impose significant stress on local grids, resulting in overloads and
potential reliability concerns. These findings underscore the urgent need for innovative
grid management strategies, such as smart charging, to mitigate these impacts and support
the ongoing energy transition.

Emerging technologies like HPs and EVs play a vital role in reducing carbon emissions
in the heating and transportation sectors. However, their dependence on grid electricity,
whose carbon intensity varies over time, highlights the importance of optimizing their
operation through demand-side management. While previous studies have focused on
individual components, such as PV/T collectors or PCM storage, this study addresses a
gap by integrating hybrid PV/T systems, PCM-enhanced thermal storage, and smart EV
charging under a unified control strategy. By using real-time weather and grid carbon data,
this integrated system optimizes both HP operation and EV charging, offering practical
solutions tailored to UK conditions with low solar irradiance and high heating demand.
The present study evaluates the comparative performance of an HP system integrated
with thermal collectors, PV/T collectors, and hybrid collectors alongside EV charging and
PCM-enhanced heat storage. Unlike previous research that focuses on either PV or PV/T
systems independently, this study combines these technologies to enhance heat storage
and operational efficiency. By incorporating real weather data and a dynamic building
energy model, this research assesses the potential of these integrated systems to improve
energy efficiency and reduce carbon emissions, addressing key challenges posed by winter
conditions and fluctuating grid carbon intensity in the UK.

2. Concept Description and Method
The proposed system includes a solar array consisting of proportions of evacuated

tube collectors and PV collectors or PV/T collectors. This solar array generates two outputs:
electricity, which is directed to a control box, and thermal energy, which is stored in a buffer
tank. The heat stored in the buffer tank enhances the HP’s performance, allowing it to
consume less electricity for the same heating output. The HP is also connected to another
thermal storage unit called a PCM storage tank.
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This setup is designed to operate the HP during off-peak hours when carbon emissions
are lower. The PCM storage tank provides daily heat storage. When grid carbon intensity
is low, HP operates and stores the heat in the PCM tank. When the building requires
heating, hot water from the tank is circulated throughout the building to meet its heating
demand. Figure 1 shows the schematic of the proposed system. The electricity output from
solar arrays reduces the electricity consumption from the grid for conventional household
electricity demand.
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Figure 1. Schematic of the proposed system.

As this study aims to reduce carbon emissions from space heating and EV charging,
examining the carbon emission profile from the grid is necessary, and appropriate control
strategies must be developed. For this purpose, data from the UK National Energy System
Operator (NESO) were obtained at half-hour intervals [19]. Carbon intensity measures
how many grams of carbon dioxide are released to produce one kilowatt-hour of electricity.
Therefore, the national carbon intensity (gCO2/kWh) was analyzed to identify daily and
hourly variations from 1 November 2023 to 1 February 2024, providing an overview of
system operation control. Figure 2 illustrates the variations in carbon intensity over the
examined three-month period, covering the peak heating season. It is well known that fossil
fuels have high carbon emissions; however, the UK grid benefits from supporting carbon-
free renewable energy sources. Consequently, the profile depends on electric demand and
renewable energy generation, particularly wind energy. A combination of data from the
three months was used to establish an average winter carbon intensity profile.
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Figure 2. National carbon intensity data of the UK from 1 November 2023 to 1 February 2024 (data
for every half-hour from NESO [19]).

To construct a representative 24-h emission profile, carbon intensity data were sys-
tematically extracted from the records at each full hour (e.g., 1 p.m., 2 p.m., etc.). This
procedure enabled the assessment of hourly variability in carbon emissions related to
electricity generation throughout the day. These hourly data points were then averaged to
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form a composite 24-h cycle, presenting a typical pattern of carbon intensity fluctuations
within a day. This average hourly profile briefly shows the variation in carbon intensity,
which is essential for understanding the patterns of daily emissions. Figure 3 represents the
derived profile, showing the typical daily fluctuations in carbon emissions from electricity
generation. It highlights the peak and off-peak variations across a standard winter day.
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Building Energy Simulation

In this study, the household’s thermal energy demand calculation, including space
heating and hot water requirements, follows the methodology detailed in our previous
research [18]. The approach involves utilizing Integrated Environmental Solutions Virtual
Environment (IES VE 2023) software to model the building and analyze its thermal energy
needs, with specific adjustments for the current study.

The model incorporated specific building materials and user profiles, such as occu-
pancy schedules, lighting preferences, and thermostat settings, which were aligned with
the physical characteristics and operational behaviors of the E.ON Research House. This
house has been extensively analyzed by Hall et al. [20] for energy efficiency and occupant
comfort improvements.

Hall et al. [20] also proposed a series of retrofitting options to enhance the energy
performance of the E.ON Research House. The U-values for key structural components,
such as the roof, floor, external walls, windows, and doors, were derived from their analysis
and are shown in Table 1. These U-values were used in the IES VE model to ensure an
accurate simulation of the building’s thermal performance.

Table 1. U-values of building envelopes.

Roof
(W/m2K)

Floor
(W/m2K)

External Wall
(W/m2K)

Window
(W/m2K)

Door
(W/m2K)

0.13 0.12 0.54 0.7 3
Note: U-values in the table are sourced from Hall et al. [20], which analyzed the E.ON Research House.

This model assumed a family of four: two adults and two children. The heating
profiles were established following the Chartered Institution of Building Services Engineers
(CIBSE) Environmental Design Guide [21], while lighting and occupancy profiles were
specified to reflect realistic usage patterns. Specific temperature set points and occupancy
rates were applied throughout different times of the day and week, with weekday and
weekend variations accounted for, as detailed in previous work [18].

The domestic hot water demand was estimated at 7 h, reflecting typical morning
and evening routines. The per capita hot water usage was maintained at 30 L per person.
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Based on the building energy model, the heating demand profile is found and combined
with the carbon intensity profile, as shown in Figure 4. The peak periods of the carbon
intensity profile align with the peak hours of building heat demand. During these periods,
national electricity demand is expected to be high, and renewable energy production
is insufficient, resulting in increased reliance on carbon-based power sources to supply
the grid. Considering the increasing number of EVs and the tendency to charge them
upon drivers’ arrival, the peak load is expected to be further aggravated. To address
this issue, Figure 4 highlights the necessity of heat storage systems and demand-shifting
strategies to reduce carbon emissions. It also identifies potential periods for HP and EV
charging operations. Therefore, the paper investigates the performance of the HP system
considering PCM charging, demand shifting, various PV and thermal collectors, and using
state-of-the-art PV/T collectors to present the carbon savings achieved on a simulated day.
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Based on the simulated building model, a solar collector area of 50 m2 was selected,
taking into account the available roof area. As the study aims to demonstrate the compar-
ative effects of different collector types and proportions on heat pump performance and
grid carbon emissions, scenarios ranging from 100% thermal collectors to configurations
with gradually increasing proportions of PV collectors are presented. This approach allows
for a comprehensive assessment of how varying the thermal and PV collector proportions
impacts HP performance and grid emissions. The design of the PCM storage tank is based
on the daily heating requirement of the building, ensuring sufficient latent heat storage to
meet the space heating demand during typical winter days. The daily heating demand
is determined from the building energy simulation, which calculates a requirement of
34.5 kWh on colder winter days. This value is used to size the PCM storage tank to ensure
sufficient energy storage capacity for the house when the HP is off. The required PCM
mass is determined based on the latent heat of the selected PCM material, yielding a PCM
mass of approximately 380 kg. Further considerations in the PCM tank design ensure
that the system can be fully charged within 4–5 h during nighttime, taking advantage of
low-carbon-intensity periods. The HP heating capacity is selected as 8 kW, considering
that when the water temperature in the tank reaches the HP’s maximum heating tempera-
ture, the heating capacity will decrease due to the reduced heat transfer rate to the PCM
and heat losses to the ambient environment. Additional details regarding these design
considerations are provided in the results section.
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3. System Modeling for Simulations
3.1. Modeling of Solar HP Components

The solar array can be a combination of several thermal collectors and PV panels or
just PV/T collectors. The thermal collectors are modeled under quasi-steady state condi-
tions using steady-state equations, with the thermal capacity of the collectors neglected.
Modifications of the thermal efficiencies were applied to the evacuated tube heat pipe
collector. The equation of the evacuated heat pipe collector thermal efficiency is used as
follows [22]:

ηth = 0.556 − 0.888·Tm − Ta

G
− 0.006 · (Tm − Ta)

2

G
(1)

where Ta is the ambient temperature, Tm is the mean temperature of the fluid inside the
collector, and G is the solar irradiance.

As an alternative, in order to produce heat and electricity simultaneously, evacuated
flat plate PV/T collectors are chosen for thermal and electrical management. Since the
vacuum environment considerably reduces the convection heat losses from collector to
environment, using evacuated flat plate collectors would be efficient in winter applications.
Experimentally obtained thermal efficiency equation and electrical efficiency variation
are taken from the reference paper [23]. Equation (2) is given for the thermal efficiency
equation of the PV/T collector:

ηPV/T = 0.6185 − 9.5963·Tin − Ta

G
(2)

where ηPV/T is the thermal efficiency of the PV/T collector. Where Tin is the inlet tempera-
ture of the fluid to the collector. The electrical efficiency was reported to fall from 12.5% to
10.5% for temperatures from 25 ◦C to 60 ◦C. In this study, the operation temperature will
reach a maximum of 25–30 ◦C because of winter application, which means the electrical
efficiency will be high and determined from the empirically obtained equation.

The useful solar heat is calculated using Equation (3):

.
Qcol = ηth·Acol ·G (3)

To calculate the collected useful heat from the PV/T collector, the thermal efficiency of
the PV/T collector needs to be used in Equation (3). The collected solar heat is stored inside
the buffer tank. The heat transfer fluid coming from the buffer tank enters the collector, is
heated, and leaves the collector with a higher temperature. Equation (4) is given to calculate
the collector exit temperature.

.
Qcol = mht f ·cpht f ·(Tcol,exit − Tcol,in) (4)

For PV panel modeling, normal operating cell temperature (NOCT) is used. This value
is given by the manufacturer. In order to calculate the cell temperature, Equation (5) is
used [24].

Tcell = Ta + (NOCT − 20)· G
800

(5)

The electrical efficiency of the PV module is calculated by Equation (6):

ηPV = ηr[1 − βr·(Tcell − Tr)] (6)

where ηr is the efficiency at the reference temperature. It was taken as 12.64%, NOCT was
47 ◦C and βr was −(0.46)%K [25].
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To calculate produced electricity from the PV system, Equation (7) is used:

ηgPV = ηPV ·ηDC−AC (7)

where ηDC−AC indicates the conversion efficiency of DC to AC. It changes depending on so-
lar irradiance [26,27]. For < 300 W/m2, ηDC−AC was 80%. For 300 W/m2 < G < 500 W/m2,
ηDC−AC was 85%.

The heat collected by the solar collectors is stored in a buffer tank, which is filled with
an ethylene glycol–water mixture to prevent freezing under low-temperature conditions,
as commonly done in real applications. The buffer tank serves as a thermal reservoir,
being charged by the solar collectors and discharged by the heat pump during operation.
Additionally, it experiences ambient heat losses throughout the day. This fluid selection
ensures reliable system performance during winter and prevents potential freezing issues.
The buffer tank temperature should be higher than the ambient temperature in order to
provide a better performance than conventional air-sourced HP.

In order to model the buffer tank, which is charged by solar collectors and discharged
by HP, besides being exposed to ambient heat losses during the day. The transient tem-
perature change of the buffer tank was modeled by using a one-node energy balance
model [28].

mt·cp, HTF·
dTt

dt
=

.
Qcollected − (UA)t·(Tt − Troom)−

.
Qevap (8)

where Tt is the buffer tank temperature,
.

Qeva the evaporator capacity, and U is the overall
heat loss coefficient (taken as 0.8 W/m2) [29].

The HP unit consists of four main components: compressor, condenser, expansion
valve, and evaporator. The evaporator uses the heat that comes from the buffer tank, and
the condenser of the HP heats the PCM tank.

The following assumptions are considered for HP performance calculations:

• The constant pressure is assumed for condensation and evaporation;
• The 3 ◦C subcooling (∆subcooling) and superheating (∆superheating) temperatures

are given;
• The evaporation temperature in the evaporator depends on the buffer tank tempera-

ture. An 8 K pinch temperature difference is selected;
• In order to charge the PCM, the condensation temperature is chosen as 70 ◦C [29].

The refrigerant is evaporated using the heat stored in the buffer tank.
Heating load is calculated by Equation (9):

.
Qcon =

.
mr × (h2 − h3) (9)

The electricity consumed by the compressor
.

Wcompressor is calculated by Equation (10).

.
Wcomp =

.
mr × (h2 − h1) (10)

COP of the HP unit can be expressed as follows:

COP =

.
Qcon
.

Wcomp
(11)

The PCM storage unit consists of a cylindrical container holding multiple cylindrical
PCM tubes arranged horizontally. The unit is divided into “n” control volumes for analysis.
To study temperature gradients and heat transfer, it is assumed that mass transfer within the
tank occurs in one dimension. Consequently, the length of the tank is divided into nodes,
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and the energy balance equations for these nodes are solved simultaneously. Similarly, the
PCM tubes are segmented into radial nodes to analyze heat transfer from their center to the
outer edges.

To reduce the phase change time and keep the length of the tank as short as possible,
23 PCM tubes are inserted in the tank [30]. As the tank is horizontally positioned as given
in Figure 5, the flow is longitudinal, and for the longitudinal flow Equation (12) is given for
laminar flows [31]:

Nu = 0.128·Re0.8·Pr0.8·
(

Pr
Prw

)0.14
(12)

where Re, Pr, and Prw are the Reynolds number, Prandtl number, and the Prandtl number
at the wall temperature. However, this equation is valid for Re > 400, Nu > 7, and staggered
arrangement that in this study, the examined PCM storage tank has a different arrangement
in order to maintain more PCM tubes. Therefore, to determine the convective heat transfer
coefficient between the water and the PCM tube walls, a numerical analysis was conducted
using ANSYS Fluent 2021 R1 software.
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In space heating and DHW applications, commonly used PCMs have melting points
within the 40–60 ◦C range. In this study, sodium acetate trihydrate was selected due
to its stable behavior and relatively higher safety compared to other PCM options. The
thermophysical properties of the material can vary slightly depending on the solution
concentration and temperature. However, for the simulation, a melting temperature of
58 ◦C was assumed, while other properties were treated as constants, including a latent
heat of 264 kJ/kg, thermal conductivity of 0.6 W/(m·K), and specific heat of 2.9 kJ/(kg·K).
The PCM model was validated using experimental data from a single-tube melting study
previously reported in [32].

3.2. Modeling of EV Behavior and Charging Operations

In this study, the methodology for modeling EV charging and smart charging op-
erations is adapted from the approach used in our earlier research, which focused on a
larger distribution grid with multiple EVs [18]. While this study narrows the scope to a
single household with one EV, the same core principles are applied, utilizing a randomized
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behavior simulation (RBS) approach to account for variability in EV charging patterns
and behavior.

EV charging is modeled using a stochastic approach to capture the unavoidable
variability and uncertainty in charging behaviors, vehicle types, and environmental factors.
In this household-specific study, the RBS approach is employed to simulate the randomness
in key parameters such as the vehicle’s battery capacity, state of charge (SOC), charger type,
and daily driving patterns, reflecting real-world dynamics.

Vehicle variety remains crucial in determining EV charging demand, as different EV
models have varying battery capacities and consumption rates. The International Energy
Agency (IEA) [33] reports that over 590 different EV models are available globally and are
expected to reach 1000 by 2028. This diversity necessitates accounting for vehicle variety in
any predictive model of EV charging demand, even at the household level.

To address this, the most popular EV models in the UK, along with their respective
battery capacities and consumption rates, were examined and incorporated into the model,
as detailed in Table 2. The data presented in Table 2 were derived from the Department
for Transport (DfT) [34] and EV-Database [35]. Instead of assigning a fixed vehicle model,
the RBS model randomly assigns one of these EVs to the household from the list. This
approach captures the potential variability in energy demand caused by differences in
vehicle specifications.

Table 2. The utilized EV models in the RBS model.

EVs Capacity
[kWh]

Consumption Rate
[kWh/mile]

TESLA MODEL 3 60 0.232

NISSAN LEAF 40 0.269

KIA NIRO 68 0.27

RENAULT ZOE 54.7 0.274

VOLKSWAGEN ID3 62 0.264

JAGUAR I-PACE 90 0.36

TESLA MODEL Y 60 0.267

AUDI E-TRON 93.4 0.34

BMW I3 42.2 0.261

HYUNDAI KONA 67.5 0.261
Note: The order of EV models is based on data from the DfT [34]. Battery capacities (kWh) and consumption rates
(kWh/mile) were obtained from the EV-Database [35].

The simulation examines 3 kW and 7 kW home chargers, reflecting the range of
charging options typically available in UK households, as discussed by the DfT [36] and
Zap-Map [37]. The 3 kW chargers represent standard domestic slow chargers, while
the 7 kW chargers offer a faster option that is also available for residential installations.
Including both charger types allows RBS to capture the potential variability of home
charging scenarios, accounting for differences in charging speeds and power consumption.

The RBS approach also models the availability of the EV for charging by stochastically
incorporating vehicle arrival and departure times, a key factor influencing charging demand
predictions. The timing of EV availability can significantly impact a house’s hourly energy
consumption, as varying arrival and departure times determine when the EV is connected
for charging.

In this study, EV availability data were derived from the analysis by Wang et al. [38],
who analyzed the UK 2000 Time of Use Survey (TUS) conducted by the Office for National
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Statistics. For the simulation, vehicle percentages for arrival and departure time slots were
taken from [38] and then normalized to create a realistic distribution of EV availability. The
arrival and departure times for the household’s EV were generated stochastically using
empirical distributions derived from these data, with the inverse transform sampling (ITS)
method employed to generate random samples based on the original time-of-use patterns.
Following that, to ensure accuracy, a two-sample Kolmogorov–Smirnov (K-S) test was
applied to assess the statistical similarity between the generated times and the original
distribution from the survey data.

The RBS approach also includes modeling daily travel distances directly influencing
the EV’s SOC upon returning to the household. Travel distances are a critical factor in
determining how much energy the EV requires for charging, as longer travel distances
deplete the battery more, leading to higher energy demand upon arrival. To simulate these
variations, the model uses data from the DfT National Travel Survey (NTS) [39], which
provides data on typical annual mileage and daily travel patterns in the UK.

The model randomly generates travel distances to reflect the range of travel behaviors
observed in the DfT’s NTS data [39]. This process involves two main methods: weighted
random sampling (WRS) and uniform random sampling (URS). WRS is used to assign
probability weights based on the mileage ranges documented in NTS data, allowing the
model to realistically assign travel distances to the EV consistent with real-world data. URS
is then applied to generate specific mileage values within these ranges, producing travel
distances that are both randomized and representative of typical usage.

To ensure the accuracy of the generated travel distances, a Chi-Square goodness-of-fit
test is conducted to compare the simulated distances with the original NTS distribution.
This test serves as a validation step, verifying that the modeled travel patterns closely
align with actual data and ensuring that the EV’s charging needs are based on realistic
travel scenarios.

Additionally, RBS incorporates factors such as daily ambient temperature, which
can affect the EV’s energy efficiency. For example, using the methodology developed by
Hao et al. [40], the model adjusts energy consumption rates based on changes in ambient
temperature, increasing the vehicle’s energy demand when temperatures fall below 10 ◦C
or rise above 28 ◦C.

To further enhance the simulation, the SOC range is limited to an optimal range
of 20–80%, a practice that supports both battery longevity and energy efficiency [41,42].
Finally, the RBS calculates the energy required for a full charge (E80%), the time necessary
to reach this SOC level (T80%), and the hourly demand on the grid from EV charging
operations (Eload), as shown in Equations (13)–(15), respectively.

E80%,n = Pbattery,n × (0.8 − SoCn) (13)

T80%,n = E80%,n ÷
(

Pcharger,n × µcharger

)
(14)

Eload,t = min
((

E80%,n,t ÷ µcharger

)
,
(

Pcharger,n × 1 hour
))

(15)

where Pbattery refers to the power capacity of the EV’s battery, Pcharger represents the power
rating of the charger and µcharger shows the charging efficiency, which is set at 90% for this
study, in line with [18]. This approach provides a comprehensive assessment of charging
demand at the household, offering a detailed view of the energy impact of EV usage under
varied daily conditions.

In this research, a smart charging algorithm is applied to optimize EV charging
operations to minimize associated CO2 emissions. The algorithm operates dynamically
within the RBS framework by analyzing hourly grid carbon intensity data. This ensures
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that the charging process is aligned with periods of lower grid emissions, thereby reducing
the overall environmental impact of EV charging.

The algorithm evaluates several real-time factors to determine the optimal charging
schedule. These include the EV’s availability, which is based on its stochastically generated
arrival and departure times, and its charging needs, calculated using the vehicle’s current
SOC and battery capacity. The algorithm also takes into account the charger power rating
and charging efficiency, ensuring compatibility with the household’s infrastructure. The
algorithm dynamically monitors these parameters and identifies the best possible time to
initiate charging.

The proposed smart charging algorithm is designed to adapt to varying household
energy demands, including electricity usage and heating requirements, by dynamically ad-
justing EV charging schedules based on grid carbon intensity. The RBS approach accounts
for different SOC levels, various driving patterns, and EV ownership scenarios by optimiz-
ing charging times to minimize peak demand and emissions, therefore enhancing system
scalability. The algorithm also supports different charger power levels, ensuring flexibility
across various household settings. Beyond individual homes, the smart charging algorithm
is scalable for community-level implementation, where aggregated charging coordination
can reduce grid stress and enhance renewable energy utilization, as introduced in [18].

The approach integrates hourly CO2 emission factors from the grid with the modeled
charging behaviors, creating a responsive system that prioritizes sustainability. This enables
the algorithm to delay charging to periods with lower grid emissions, optimizing the pro-
cess without compromising the vehicle’s readiness. Balancing user charging requirements
with grid emissions data ensures a more efficient and environmentally friendly integration
of EVs into the energy system.

4. Results and Discussions
The results section includes the determination of the storage size, which depends on

the heat supply performance. Subsequently, the charging performance of the investigated
cases for the selected day is presented.

In the charging section, the solar collector type and area significantly influence the
collected heat. The cases were compared based on specific types and areas of the collector.
As a reference, a solar collector area of 50 m2 was chosen, which can be easily installed
on the roof of a building with a floor area of 70–100 m2. Accordingly, the 100% thermal
collectors case represents 50 m2 of thermal collectors. The 60% thermal and 40% PV
collector case refers to an installation of 30 m2 thermal collectors and 20 m2 PV collectors
for the SAHP unit. In all scenarios, a 1 m3 buffer tank was utilized, as the system charged
during nighttime.

4.1. Heat Supply Performance of the PCM Storage Tank

The PCM storage tank was designed to meet the daily heating requirements of the
building and must also be charged during nighttime. The daily heating requirement of the
house is calculated to be 34.5 kWh, which accounts for high heating loads on colder winter
days. Accordingly, the latent heat capacity of the PCM storage tank is selected to match
this demand. Since the heating demand varies with weather conditions, there may be days
when the tank is not fully discharged due to lower heating loads. This is acceptable, as the
charging load during the night will also be reduced. Conversely, on some days, auxiliary
heating may be required to maintain comfort conditions.

The required PCM mass is determined to be 380 kg. To ensure that the PCM can be
fully charged within 4–5 h during the night, the PCM tube diameter and length are set
at 0.09 m and 1.8 m, respectively. A similar optimization method is followed as outlined
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in reference [32]. Figure 6 illustrates the heat supply performance of the selected PCM
tank size.
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Figure 6. Discharging/heat supply performance of the PCM storage unit.

At the end of the charging period (4 a.m.), the tank is assumed to be at 65 ◦C with the
PCM fully melted. The discharging performance test begins at 4 a.m. Between 4 a.m. and
5:45 a.m., the heating requirement of the building remains below 1 kW, causing the tank
temperature to drop slightly while the PCM remains in a liquid state. However, around
6 a.m., the heating demand increases, and the water temperature begins to decrease rapidly.
At this point, the PCM starts to solidify from the outer surfaces of the PCM tubes. For this
reason, the average PCM liquid fraction, in addition to the PCM temperature, is provided.

The heating demand ended at 10 p.m., when the charging process started again.
Throughout the heating period, the hot water delivery temperature consistently remains
above 40 ◦C. In this case, the PCM storage tank demonstrates its ability to provide sufficient
heating for the residence, even under high heating loads, as long as it was properly charged
to 65 ◦C. Therefore, the strategy was to maintain a fully melted PCM tank at 65 ◦C during
the charging period, which was set between 10 p.m. and 4 a.m.

4.2. Heat Pump Operation

After designing the PCM storage tank, this section focuses on the operation of ASHP
and SAHP options. In terms of operation, the ASHP directly provides heating to the
building, matching the heating demand exactly. However, SAHP systems operate only
during low-carbon hours, defined as the period from 10 p.m. to 4 a.m. During the daytime,
the solar array collects solar energy and stores it in the buffer tank.
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The temperature of the buffer tank depends on the type of solar collector used and the
proportion of the hybrid system. These factors also influence the power consumption of
the heat pump, as it varies in parallel with the buffer tank’s temperature and the efficiency
of the solar energy collection.

Figure 7a presents the heating profiles of the HPs and the carbon intensity profile
of the grid. Since the ASHP operates directly in line with the demand profile, its output
matches the heating demand profile. The operation of the SAHP begins in the evening
and concludes at 4 a.m., as demand shifting is required during this period when the grid’s
carbon intensity is low. A key requirement for the SAHP is to fully charge the PCM tank
during this period. Considering the maximum heating capacity of 8 kW, the profile shown
is obtained. Maximum heating is provided during the first hour, as the water temperature
is initially low, resulting in relatively higher sensible heating. Subsequently, the heating
output decreases as the circulating water temperature rises. By 4 a.m., the heat pump is
able to fully charge the PCM tank, irrespective of the type of solar collector used or the
proportions of hybridization.

As the performance of the HPs depends on the buffer tank temperature, Figure 7b is
given. The figure shows the buffer tank temperature variation of the examined systems
and solar irradiance profile. For all cases, the temperature of the buffer tank falls during
the HP operation time. Although the supplied heating profile is identical for all cases, the
heat extracted from the buffer tank varies due to differences in the COP of the systems. As
expected, the case with 100% thermal collectors collects the maximum heat, resulting in the
highest buffer tank temperature. However, as the proportion of thermal collectors in hybrid
systems decreases, the maximum buffer tank temperature also decreases. For the examined
day, when all collectors are thermal collectors, the buffer tank temperature can exceed 30
◦C. In contrast, in the case of 60% thermal and 40% PV collectors, the temperature only
reaches 12 ◦C, leading to a notable performance difference.

An important finding is the performance of the PVT collectors. When PVT collectors
are used, the buffer tank temperature slightly exceeds that of the 60% thermal and 40% PV
hybrid system. This is attributed to the high thermal efficiency of evacuated flat-plate PV/T
collectors, as reported in the literature. The PV area in this type of PV/T collector is 70%,
providing a larger PV area compared to this hybrid system, which will further contribute
to this improved performance.

Since the instantaneous COP does not hold much significance in this study due to the
heating capacity varying over time, the compressor energy consumptions of the systems
are compared in Figure 7c. As expected, the ASHP exhibits the highest daily compressor
energy consumption, totaling 15.4 kWh. It is also observed that the compressor power is
drawn during periods of high grid carbon intensity. The best performance is achieved by
the 100% thermal collector SAHP system, as it maximizes solar energy collection and allows
demand shift to the low carbon intensity hours. A summary of the energy consumption
and daily COP values of the systems is provided in Table 3.

Similar to the buffer tank temperatures, the daily compressor energy consumption
of the PV/T collector unit is very close to that of the 60% thermal collector hybrid case.
However, the electricity output of these systems could create a significant difference. It
should be noted that the calculated COP does not account for the PV electricity outputs. A
discussion of the overall energy consumption will be provided in the following sections.
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Table 3. Summary of the systems’ heat pump performances.

Heat Pump System Daily Compressor Consumption
(kWh) Daily COP

ASHP 15.4 2.24

100% Thermal Collector SAHP 9.87 3.49

80% Thermal 20% PV Collector SAHP 11 3.12

70% Thermal 30% PV Collector SAHP 11.98 2.88

60% Thermal 40% PV Collector SAHP 13.41 2.57

PV/T Collector SAHP 13.29 2.6

4.3. Analysis of EV Behavior and Travel Patterns

This section presents the findings on EV demand and the potential impacts of V1G
applications at the household level. The results provide insights into the variability in
energy demand associated with EV use by analyzing key factors such as EV availability
(arrival and departure times), daily travel distances, and charging power requirements.
Additionally, statistical tests, including the K-S test and Chi-Square goodness-of-fit test, are
used to validate the generated data, ensuring that the simulated patterns closely align with
real-world conditions.

The generated distributions for EV arrival and departure times, based on the empirical
distributions derived from Wang et al.’s [38] analysis of the UK 2000 TUS, are shown in
Figure 8. These distributions capture the variability in the times when the EVs arrive at and
depart from the household, significantly impacting the grid’s charging demand. To validate
the accuracy of these simulated distributions, a K-S test was conducted, producing p-values
of 0.96 for the arrival times and 0.83 for the departure times. Since both p-values are greater
than the significance level (α = 0.05), it fails to reject the null hypothesis, indicating that the
differences between the original and simulated distributions are not statistically significant.
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In addition to arrival and departure times, the RBS approach models the daily dis-
tance traveled by the EV based on stochastically generated distributions derived from the
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empirical data provided by NTS [39]. These distributions capture variability in daily travel
behavior and are presented in Figure 9. A Chi-Square goodness-of-fit test was conducted
on the generated travel distances, with the test generating a p-value of 0.67. This also
exceeds the 0.05 threshold, meaning the simulated distances align well with real-world
data without significant differences from the original distribution.
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4.4. Overall Energy Consumptions and CO2 Emissions

The energy consumption of the building consists of the conventional electricity load
(including lighting and home appliances, with data taken from [43]), space heating, do-
mestic hot water usage, and EV charging load. Figure 10 illustrates the base case when
the ASHP is in operation. Since the ASHP supplies both space heating and domestic
hot water, the figure presents cumulative energy consumption using a stacked area chart,
which combines three distinct profiles: conventional electricity, ASHP, and uncontrolled
EV charging.
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The trend aligns closely with residential peak periods, with energy consumption
exceeding 3 kW during the morning peak and again in the evening. The evening peak con-
sumption begins around 5 p.m. and continues until 10 p.m. This clearly demonstrates the
impact of ASHP operation and EV charging on the overall energy demand. To reduce car-
bon emissions from grid electricity, the figure highlights the importance of demand-shifting
strategies for both ASHP operation and EV charging, especially during peak periods.

By integrating solar collectors and a heat storage unit with a scheduled heat pump
operation, the heating load can be shifted to periods of low carbon emissions. Similarly,
EV charging can follow the same schedule to optimize energy use. Since HP is one of
the largest electricity consumers in residential settings, the previous section discussed the
performance of SAHP with different solar collector proportions. In this section, the overall
consumption profile is evaluated, considering load shifting and PV generation.

Figure 11 illustrates the energy consumption profile for an SAHP system integrated
with PV/T collectors, including SAHP operation, controlled EV charging, and conventional
consumption. Although thermal collectors can significantly reduce heat pump electric-
ity consumption, this case focuses on the PV/T collector to highlight the impact of PV
electricity generation.
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Figure 11. PV/T SAHP and EV charging with shifting.

The electricity requirements for both the SAHP and EV have been shifted to off-peak
periods, from 9 p.m. to 4 a.m., to avoid peak carbon intensity periods. This scheduling
helps reduce the environmental impact while ensuring efficient energy usage. However,
the drawback of this operation is an increase in the maximum grid electricity demand,
which rises to 6.2 kW compared to the previous peak of 5 kW. Despite this increase, it does
not pose a significant issue for grid stress, as the operation occurs during off-peak hours.

The PV/T collector generates electricity peaking at 1 kW around 2 p.m., exceeding
the conventional electricity requirement at that time. This surplus electricity is transferred
to the grid, which is represented as negative consumption in the figure and as negative
carbon emissions in the corresponding carbon calculations. This demonstrates the dual
benefits of reducing residential electricity demand and contributing renewable energy back
to the grid. By integrating an SAHP and controlled load-shifting strategies, the system
effectively balances energy demands, minimizes carbon emissions during peak periods,
and enhances the contribution of renewable energy.
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In the case of instant carbon emissions, Figure 12 provides a comparison between the
base case and the examined scenarios. The red dashed line represents the base case using
an ASHP without load shifting, while the other lines correspond to scenarios with varying
proportions of thermal and PV collector contributions.
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Figure 12. Overall carbon emissions of the systems.

The base case shows higher carbon emissions during peak periods, particularly be-
tween 5 a.m. and 7 a.m. and again from 5 p.m. to 10 p.m., reflecting the operation of
the ASHP during periods of high grid carbon intensity. In contrast, the scenarios with
integrated PV/T systems show reduced carbon emissions as the collector proportions
increase. The 100% thermal and PV/T collectors scenario achieves the most significant
reductions, even reaching net-negative emissions around midday when excess PV elec-
tricity is transferred to the grid. The 60% and 80% collector scenarios also demonstrate
meaningful reductions compared to the base case.

In order to give a summary of the overall cases, Table 4 is given to present a com-
parative analysis of the energy performance and carbon emissions of different heat pump
system configurations, including the ASHP. The parameters analyzed include PV output,
total energy consumption, and associated carbon emissions.

Table 4. Summary of systems, including EV and conventional loads, daily consumption, and
carbon emissions.

Heat Pump System PV Output Total Consumption Carbon Emission

ASHP - 25.15 kWh 5800 g

SAHP with 100% thermal collector - 19.61 kWh 4141 g

SAHP with 80% thermal 20% PV collector 1.86 kWh 19.42 kWh 4070 g

SAHP with 70% thermal 30% PV collector 1.36 kWh 19.66 kWh 4073 g

SAHP with 60% thermal 40% PV collector 2.73 kWh 20.42 kWh 4137 g

SAHP with PV/T collector 4.7 kWh 18.25 kWh 3789 g

The baseline ASHP configuration, without any solar assistance, demonstrates the
highest energy consumption of 25.15 kWh, and carbon emissions of 5800 gCO2. Introducing
a 100% thermal collector SAHP significantly reduces the total energy consumption to
19.61 kWh, leading to a 29% reduction in carbon emissions with 4141 gCO2.



Energies 2025, 18, 920 20 of 24

Hybrid configurations with a combination of thermal and PV collectors provide further
improvements. For instance, the 80% thermal and 20% PV collector SAHP produces a PV
output of 1.86 kWh, reducing carbon emissions to 4070 gCO2. However, as the proportion
of PV collectors increases, the total energy consumption slightly rises, as observed in the
60% thermal and 40% PV collector SAHP, which achieves a PV output of 2.73 kWh but
increases total energy consumption to 20.42 kWh.

The PV/T collector SAHP, with a fully integrated thermal and PV collector sys-
tem, achieves the best overall performance. It records the lowest energy consumption
of 18.25 kWh and the lowest carbon emissions of 3789 g CO2, while generating the highest
PV output. This configuration effectively reduces reliance on grid electricity and demon-
strates the potential for net-positive electricity generation at certain times of the day.

5. Conclusions
This study conducted a simulation to evaluate the heating performance and carbon

reduction potential of different hybrid thermal-PV collector configurations, considering
conventional electricity load and EV smart charging adaptation. The findings can be
summarised as follows:

• Based on published data on carbon emissions from electricity generation in the UK
during November, December, and January, the national carbon intensity is lowest
between 11 p.m. and 5 a.m. Therefore, demand shifting should be prioritized during
this period.

• To provide 34.5 kWh heating to the building, a storage tank with 380 kg of PCM tubes
was selected. The tank is designed to be charged within 5–6 h, aligning with periods
of low carbon intensity.

• The performance of the HP system is directly influenced by the thermal collector area,
as it enhances solar energy utilization. For a system with 100% thermal collectors,
the SAHP achieves a daily COP of 3.49. When the thermal collectors comprise only
60% of the solar array, the daily COP decreases to 2.57. The SAHP system utilizing
PV/T collectors demonstrates a relatively low heating COP of 2.6, although this still
represents a 16% improvement over the COP of the ASHP.

• SAHP systems with thermal collectors achieve significant reductions in total energy
consumption and carbon emissions compared to conventional ASHP systems. A 100%
thermal collector SAHP reduces total energy consumption by 22% compared to the
baseline ASHP configuration.

Regarding carbon emissions, hybrid configurations incorporating PV collectors
achieve additional reductions in carbon emissions due to increased generation of elec-
tricity. The PV/T collector SAHP achieves the lowest carbon emissions of 3789 g CO2,
demonstrating its potential to reduce grid dependency and environmental impact.

A key challenge in integrating the proposed system into existing grid infrastructure is
the capacity limitations of local distribution networks. While the smart charging algorithm
and demand-shifting strategies optimize energy use, local transformers and distribution
lines may struggle with increased simultaneous demand, leading to grid congestion or
voltage fluctuations during peak hours. The intermittency of renewable energy further
complicates grid stability. Although demand-shifting mitigates this, real-world implemen-
tation requires accurate forecasting and real-time grid interaction to prevent power quality
issues. Vehicle-to-grid (V2G) integration could offer additional flexibility by allowing
EVs to discharge power back into the grid. Another barrier is consumer adoption and
upfront costs. Implementing smart charging and thermal storage requires investment in
smart meters, communication networks, and control systems. Despite these challenges, the
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proposed system has strong carbon reduction potential. However, its success depends on
technological advancements, policy support, and infrastructure upgrades.

In future studies, yearly simulations will be conducted to cover different months
and temperature ranges, evaluating the system’s performance under varying conditions.
These simulations will help refine the design and operational strategies, ensuring optimal
performance and improved integration with real-world energy grids.
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Abbreviations

ASHP air-sourced heat pump
BEVs battery electric vehicles
CIBSE Chartered Institution of Building Services Engineers
COP coefficient of performance
DfT Department for Transport
EV electric vehicle
HP heat pump
IEA International Energy Agency
IES VE Integrated Environmental Solutions Virtual Environment
ITS inverse transform sampling
NTS National Travel Survey
PHEVs plug-in hybrid electric vehicles
PV/T photovoltaic–thermal
RBS randomized behavior simulation
SAHP solar-assisted heat pump
SAT sodium acetate trihydrate
SOC state of charge
URS uniform random sampling
WRS weighted random sampling
Nomenclature
Acol collector area, m2

cp specific heat, J kg−1K−1

G solar irradiance, W m−2

h specific enthalpy, J/kg
.

m mass flow rate, kg s−1
.

mr refrigerant mass flow rate, kg s−1

NOCT normal operating cell temperature °C
Nus Nusselt number
Pr Prandtl number
.

Q heat rate, W
Re Reynolds number
T temperature, °C
.

W power, W
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Subscripts
a ambient
col collector
comp compressor
con condenser
evap evaporator
h f t heat transfer fluid
in inlet
m mean
r reference
t tank
th thermal
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