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Abstract

The increasing demand for energy-efficient and low-emission housing drives
the adoption of renewable energy systems in residential buildings. This thesis
examines the performance of an off-grid hybrid system that integrates
photovoltaic panels, battery storage, and a NIBE F2050-6 kW air-to-water
heat pump for a typical single-family house of 85 m? in Markaryd, Sweden.
The system configuration includes 5—20 kW of photovoltaic capacity and 50—
150 kWh of battery storage, achieving a seasonal self-sufficiency ratio that
ranges from approximately 60 % in winter to around 95 % in summer,
depending on the system size and current climatic conditions. Real
operational data from the heat pump is analysed to identify heating and hot-
water demand patterns, the coefficient of performance, and their relationship
with outdoor temperature. MATLAB simulations complement the analysis by
evaluating battery behaviour, PV generation, and the system’s self-
sufficiency throughout the year. The findings show that space-heating
demand is strongly influenced by outdoor temperature, whereas domestic hot-
water demand remains relatively stable. COP values rise with higher outdoor
temperatures, varying from around 2.8 in winter to above 5 in summer, which
aligns with previous studies of residential heat-pump performance. Solar
radiation and PV output follow clear seasonal cycles, producing ample energy
during summer and minimal generation in winter. The battery state of charge
remains high during warmer months but drops sharply in winter due to
reduced solar input and greater heating requirements. The self-sufficiency
ratio improves with larger PV and battery capacities but does not fully
overcome winter shortages, highlighting the need for optimal system sizing.
This study demonstrates that the integrated PV—battery—AWHP configuration
achieves high efficiency and near self-sufficiency during summer while
remaining constrained by seasonal imbalance in winter. The results highlight
the system’s potential to reduce grid dependency, operational costs, and
environmental impact, making it a promising solution for eco-friendly and
future-ready homes. This contributes valuable insights for designing flexible
and sustainable residential energy systems in Nordic climates.

Keywords: Air-to-water heat pump, off-grid, PV system, battery storage,
self-sufficiency ratio, seasonal analysis, energy efficiency, MATLAB
simulation.
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1. Introduction

Homes and households use much of the world's energy and produce many
greenhouse gases (GHG) that harm the environment. The emissions from
buildings in the European Union decreased by 34% between 2005 and 2022
(European Environment Agency, 2024). This sector ranked second in
greenhouse gas intensity, emitting 27 kilograms of carbon dioxide per square
meter annually (Statista, 2021). By 2030, countries like Denmark, Finland,
Slovenia, and Sweden plan to take extra actions to reduce GHG emission
levels from buildings by more than 70% compared to 2005 (European
Environment Agency, 2024). It shows why using energy more smartly and
sustainably at home is so important, especially in cold places like Markaryd,
Sweden, where people need space heating for a large portion of the year and
there is a year-round demand for domestic hot water. One of the best ways to
fight climate change is by cutting greenhouse gas emissions (Rinaldi ef al.,
2021). Northern countries like Sweden and Norway have become dependent
on electricity from renewable sources over the last decade. In the next 5 to 10
years, only a few countries, like Sweden and Norway, have the ambition of
achieving 100% energy production from renewable sources (Behura , Kumar
etal., 2021).

1.1 Background

In cold-climate countries like Sweden, residential buildings are subject to
significant energy demands for space heating during the colder part of the
year and for domestic hot water throughout the year. These energy
requirements fluctuate with the seasons, with the winter months placing the
highest strain on energy systems (Wei and Zhang, 2025). This seasonal
variation is also reflected in solar energy availability in Markaryd, for
example, which receives far less solar irradiance in winter compared to
summer, with much shorter daylight hours and lower sun angles (Riiheld,
2015). Air-to-water heat pumps have gained popularity as an energy-efficient
solution for reducing energy consumption and supporting environmental
sustainability. These systems work by taking heat from the air outside and
using it to warm up the house and provide hot water. Even though they are
very efficient, they still need electricity from the power grid, creating higher
electricity bills.

1.2 Aim

This study focuses on a house in Markaryd, Sweden, where heating needs
vary significantly with the seasons. The main goal of this thesis is to reduce
the grid dependency of a residential heating system and to improve energy
performance by integrating a photovoltaic (PV) solar power system and
battery storage with a heat pump (HP). Real operational data is used to
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determine the electricity demand that the PV system and battery storage must
supply for the heat pump operation, aiming to create a more sustainable and
efficient energy system.

The objectives of the thesis are:

e To assess how much of the heat pump’s energy demand can be met by
solar power from the PV system and battery when the system is off
the grid. Also, it is about seeing if the battery can store enough solar
energy to run the heat pump when there is little sunlight, like at night
or during the winter.

e Understanding how the system performs throughout the year,
considering Sweden's seasonal climate changes. This involves
analysing how much solar energy is available in each season and how
it affects the heat pump and battery operation, helping to find the best
way to run the system year-round for comfort and energy savings.

e To determine the ideal battery size. A battery that’s too small won’t
store enough energy, while one that’s too large would not be cost-
efficient. The goal is to find a battery size that strikes a balance
between cost, performance, and energy savings, ensuring it can
support the heat pump during times of low solar availability.

1.3 Delimitations

This study focuses on a single residential building located in Markaryd,
Sweden. The analysis uses real operational data from an existing air-to-
water heat pump that operates in the house. The off-grid PV and battery
system are not physically installed but is instead modelled and evaluated
through simulations to understand how it would perform under local
conditions. The operational data represent the year 2024, while longer-
term climate data are obtained from SMHI, to understand the seasonal
fluctuations. It is assumed that all system components, including the heat
pump, PV panels, and battery storage, operate properly and are well-
maintained throughout the study period. The scope of this work is limited
to analysing the energy demand for space heating and domestic hot water
production. Other household energy uses, such as cooking, lighting, and
electrical appliances, are not included. When it comes to costs, the study
only considers installation and regular running costs. Long-term financial
aspects, such as discounting or payback period calculations, are not
included. However, available government incentives and subsidies for
renewable energy systems are taken into account in the installation costs,
since they play an important role in determining the overall economic
feasibility of such systems.



2. Literature Review

Recent literature emphasizes the increasing role of off-grid solar PV systems
integrated with heat pumps and battery storage as a sustainable solution for
residential heating needs, particularly in colder regions. A study finds that
solar PV systems have a lower environmental and climate impact compared
to conventional fossil-based sources, which report an average emission of
0.044 kg CO: eq/kWh for PV systems (Schultz, 2022). However, when
evaluating these systems for Sweden, it is more appropriate to compare them
with Swedish grid electricity in 2024, which has an exceptionally low
emission factor of around 18 g CO:. eq/kWh. About 70% of the country's
electricity comes from renewable sources, with hydropower being the largest
contributor, accounting for 40.3% (Swedish Energy Agency, 2023). This
makes Sweden one of the leading countries in renewable energy production.
Research in regions with limited grid access, such as South Asia, has
demonstrated that adopting PV systems can significantly improve electricity
access, enhance productivity, and contribute to economic and social
development (Saha, 2025). While Sweden benefits from a stable and
widespread power grid, the integration of PV in Swedish residential settings
is motivated more by goals such as reducing greenhouse gas emissions,
reducing grid dependency, and supporting more sustainable household energy
use especially during peak winter demand periods when heating needs are
high. Over the years, solar panel efficiency has gradually improved. For
example, in 2018, panel efficiency increased by about 5% compared to earlier
years, meaning the efficiency went from around 17.7% to about 18.6%.
Looking forward, by 20235, it is expected that efficiency will grow by around
15%, reaching approximately 24.2% (Wang, 2019). However, it’s important
to mention that even higher efficiency levels have already been achieved in
laboratories using advanced technologies like tandem solar cells. Recent
scientific studies have highlighted the impressive potential of perovskite-
based tandem solar cells, particularly when combined with traditional silicon.
These tandem configurations could achieve energy conversion efficiencies
above 40%. In particular, perovskite—silicon tandems are projected to reach
up to 42% efficiency when factors like luminescence coupling are taken into
account. This is a significant improvement compared to standard single-
junction silicon solar panels, which typically operate at around 20%
efficiency (Bowman et al., 2021). Saha’s study highlights the importance of
decentralized solar PV systems in enhancing energy security by providing
reliable access to electricity without relying on centralized grid infrastructure.

One of the best things about solar panels is that they’re great for producing
electricity in a decentralised way, meaning power can be generated right
where it’s needed, like in a house. It helps people who are far from the main
power grid get access to electricity, especially in remote or rural areas (Tabibi,
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2024). But it is also important to know that solar panel performance can
decrease when the weather is not ideal. For example, they cannot produce as
much electricity on cloudy days, in low sunlight, or when the panels are dirty
or shaded. Wind speed, rain, snowfall, humidity, and dust can also affect how
well they work (Technology, 2024). These challenges are considered when
designing the system to make sure there’s enough power throughout the year.
Integrating battery storage with PV and heat pumps has been widely studied
for improving energy reliability and system performance. For example,
Shahverdian et al. (2025) showed that battery storage systems are more
energy-efficient than hydrogen storage systems in residential settings. The
study reports that batteries achieved an overall system efficiency of 7.8% for
the battery configuration and 5.4% for the hydrogen system. These values
represent the combined performance of the entire PV-to-storage-to-load
process, rather than the battery’s round-trip efficiency alone. This is largely
because battery storage follows a simpler and more direct process. Electricity
is stored chemically and then converted back with minimal energy loss. In
contrast, hydrogen storage involves several energy conversion steps: first,
electricity is used to produce hydrogen through electrolysis, then the
hydrogen is compressed and stored, and finally, it is converted back to
electricity using a fuel cell. Each of these steps introduces energy losses,
making the entire process less efficient. While hydrogen storage may still
offer benefits in terms of cost or environmental aspects, batteries are generally
better suited for residential applications where high efficiency and reliability
are important. Similarly, Bellini (2024) noted that combining batteries with
heat pumps enhances system performance and reduces the need for backup
power. These systems are particularly important in off-grid scenarios or areas
with high seasonal demand, as batteries store excess energy from sunny
periods and release it during cloudy or winter days. Seasonal energy
performance is another key factor in system design. (Lundh and Dalenbéck,
2008) explored seasonal thermal energy storage in Sweden by using
underground rock to store summer solar heat for winter use. While effective,
such systems are often too costly and large for typical households. Instead,
more research supports optimizing the size and control strategies of PV,
battery, and heat pump combinations for year-round efficiency.

Heat pumps, especially air-to-water systems are increasingly favoured in
Nordic climates. (Sayegh et al., 2018) highlighted the role of heat pumps in
District Heating (DH) to meet EU (European Union) climate goals. These
systems extract ambient heat even in temperatures below 0 °C and deliver it
for domestic heating and hot water. A recent experimental study by Dong,
Liu and Pu (2024) showed that a solar-powered heat pump system used for
home heating in China reached up to 93% heat collection efficiency during
the day. This means the system was able to capture and use a large portion of
the solar energy for heating. By combining electricity generation and heat



collection in one system, the PV/T setup helped improve overall performance,
making it a good option for meeting heating and hot water needs in homes.
However, achieving such performance for Sweden in winter requires well-
sized battery support due to reduced solar availability during colder months.

Despite a growing body of research, most studies rely heavily on simulations
rather than real-world operational data. This thesis addresses that gap by using
actual performance data from the heat pump via the myUplink platform. By
doing so, it evaluates system behaviour across seasons, helping identify
strategies to reduce grid reliance, give practical solutions for making homes
more energy-efficient and less dependent on the grid, all while helping the
environment.






3. Theoretical Framework

This section presents the theoretical foundation of the thesis, including the
key physical principles and performance indicators relevant for evaluating an
integrated off-grid energy system consisting of a PV array, a battery storage
unit, and an AWHP. The discussion covers heating demand in cold climates,
the working principles of heat pumps, the temperature dependence of the
COP, the fundamentals of PV generation, and the role of battery storage.

3.1 Heating Demand in Cold Climates

In residential buildings, heating demand mainly consists of two parts: space
heating (SH) and domestic hot water (DHW). In Europe, buildings use a large
share of energy, around 79% goes to SH and DHW (Leiria et al., 2023). For
example, in Denmark, heating makes up more than four-fifths of the energy
use in a typical home for SH and DHW. The same trend can be seen in many
other colder regions, such as Sweden, Finland, Iceland, and parts of Eastern
Europe and Northern China, where roughly half of all buildings get their
heating and hot water from district heating networks. In Nordic regions like
Sweden, heating demand is highly seasonal, with the largest loads occurring
in winter and very little space heating required in summer.

The heating load of a building is mainly driven by the difference between
indoor and outdoor temperatures, as heat is continuously lost through the
building envelope. The space heating demand can be expressed as:

QSH ZZU'A (Tin_Tout) (1)
where:

U = overall heat transfer coefficient (W/m?-K),

A = surface area of each envelope component (m?),
T;,, = desired indoor temperature (°C),

T,y = outdoor air temperature (°C).

Equation (1) shows that heating demand increases linearly as the outdoor
temperature decreases.

For domestic hot water, the demand 1s less sensitive to outdoor conditions and
can be approximated as:

QDHW =m-Cp- (Tset - Tinlet) (2)
where:

m = mass of water consumed (kg/s),



Cp = specific heat capacity of water (kJ/kg-K),
Tsetr = hot water supply temperature (°C),
Tinier = inlet water temperature (°C).

Since Tjper 18 lower in winter, DHW heat demand is slightly higher during
cold months, but remains fairly constant compared to space heating.

The total heating demand is therefore expressed as the sum of the demand for
space heating and domestic hot water.

Qrorar = Qsu + Qpuw 3)

The determination of design winter outdoor temperature (DVUT) also
considers the building's time constant, which reflects how well a building
retains heat. Heavier buildings with higher thermal mass can buffer short-
term temperature drops more effectively, potentially allowing for a slightly
higher DVUT in design calculations.

3.2 Basic Working Principle of Heat Pump

An air-to-water heat pump is a sustainable and energy-efficient system that
transfers heat from the ambient air to water, providing space heating and
domestic hot water. This technology is particularly effective in well-insulated
homes and is gaining popularity in regions like Sweden due to its adaptability
to colder climates. (Air-to-Water Heat Pump Field Study, 2025).

Compressor
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Figure 1 Basic Schematic of Heating System

An AWHP works using the vapour-compression refrigeration cycle, which
includes four main components:

Evaporator: This part pulls heat from the outside air, making the refrigerant
turn into a gas.



Compressor: It compresses the gaseous refrigerant, raising its temperature
and pressure.

Condenser: This component transfers heat from the hot refrigerant gas to the
water in the heating system, causing the refrigerant to turn back into a liquid.

Expansion Valve: This valve lowers the pressure of the liquid refrigerant,
which leads to vaporisation at a lower pressure. The resulting evaporation
causes the refrigerant to become cold, as sensible heat is converted into latent
heat during this phase change. This cycle enables the system to deliver heat
efficiently, even in colder conditions.

The following are the core equations to understand how the heat pump works
and evaluate its performance.

QL +W =0Qyq 4)

This means the heat taken from the outside air (Q;) plus the electrical
energy used by the compressor (W) equals the total heat delivered to the
indoor water system (Qp).

In heat pumps, the most important parameter to characterise the system is the
COP, the ratio of the heat flow of interest to the work needed at the
compressor. COP can be defined for the heating cycle as

cop =% — &tV (5)
w w

and describes how well the compressor's electrical input turns into useful
heating output.

Enthalpy (H) indicates the total heat content of a system and is defined as:
H=U+pV (6)

Here, U is the internal energy, p is the pressure, and V is the volume. In heat
pumps, enthalpy helps quantify the heat absorbed or released during the
refrigerant's phase changes, especially in the evaporator and condenser
(Cengel, 2023).

Entropy (S) measures the level of disorder or randomness in a system. In
thermodynamics, it relates to the second law, showing the direction of
spontaneous processes and the limits of energy conversions. In heat pumps,
entropy analysis is important for finding irreversibilities and improving
performance.



For instance, entropy generation in components like compressors can show
energy losses from factors such as turbulence and viscous effects. Studies
indicate that entropy generation is highest near the blade tips in compressors,

marking areas where design changes can cut losses (Byrne and Ghoubali,
2019).

In the context of heat pumps, enthalpy and entropy are key thermodynamic
properties essential for analyzing and improving system performance. These
properties aid in understanding energy transformations and evaluating the
efficiency of heat pump cycles.

3.3 Temperature Dependency of COP

The COP of a heat pump relies heavily on the outdoor temperature. As
outdoor temperatures drop, the evaporator functions under tougher
conditions, and the compressor has to work harder (Sezen, 2023) to provide
the same heating output. As a result, the COP decreases in winter. When
outdoor temperatures are mild, the compressor does less work, which causes
the COP to increase.

The theoretical upper limit of COP is given by the Carnot coefficient of
performance:

Ty

n= (7

T Ty-TyL

where 1 is the efficiency, TH is the indoor heating temperature, and Tr is the
outdoor air temperature. Although real heat pumps cannot reach this ideal
limit due to system losses, the same principle explains why efficiency is lower
at large temperature differences.

3.4 Introduction to Solar Panels

Electricity is produced by PV modules, sometimes known as solar panels.
Their sustainable energy source reduces pollution and the need for fossil
fuels. Significant advancements in PV technology over the past few decades
have made it accessible, effective, and extensively used. These days, it
powers rooftops (Ghosh and Yadav, 2021) in homes, vehicles, standalone
systems for everyday purposes, big solar farms and other applications.

3.5 Structure of a Solar Panel

A solar panel is made up of different layers that work together to capture
sunlight and turn it into electricity. At the top, there is an aluminium frame
that gives strength and protection to the panel. Just under the frame is
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tempered glass, which is strong and clear. It protects the solar cells from
things like rain, wind, and dust, while still letting sunlight pass through.

Below the glass is a layer called EVA (Ethylene Vinyl Acetate), which holds
and protects the solar cells (Chen et al., 2023). The solar cells are in the
middle and are the most important part, as they change sunlight into
electricity. Another EVA layer is placed under the cells to keep them safe and
properly fixed inside the panel.

The bottom-most protective layer is the back sheet, which insulates the panel
and protects it from moisture and other environmental stresses. Finally, the
junction box is attached at the rear, serving as the electrical interface where
the generated electricity is collected and directed for external use. Together,
these components work in harmony to ensure the solar panel operates
efficiently and reliably over its lifespan (Chen ef al., 2023).

—
AN
AN

Aluminium Frame

Tempered Glass

\ Encappsulant - EVA

Figure 2 Structure of a Solar Panel (Redrawn and modified from Chen et al. (2023))

Solar Cells

Encapsulant - EVA

Back Sheet

Junction Box

e

3.6 Working Principle of Solar Panels

The operation of a solar panel is based on a well-established scientific
principle known as the photovoltaic effect. This effect describes the process
by which sunlight is directly converted into electricity (Voudoukis, 2018)
using semiconducting materials, most commonly, silicon. At the heart of this
process is the solar cell, a device capable of capturing solar energy and turning
it into a flow of electric current.
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Each solar cell is a p-n junction diode, a type of electronic component made
from two layers of differently doped silicon, p-type (positive) and n-type
(negative), where the conversion of light into current takes place in the
junction (Marques Lameirinhas, Torres and De Melo Cunha, 2022).

The operation of a solar panel can be broken down into three: the generation
of charge carriers, their separation within the junction, and their eventual
collection at the terminals (Rehman ez al., 2023).

Load Sunlight

© Electron Flow
n-type silicon T
Photon Flow
p-type silicon ¢ Hole Flow
D

Figure 3 Working of a Solar Panel (Redrawn and modified from Voudoukis, (2018))

3.6.1 Generation of Charge Carriers (Electrons and Holes)

The process starts when sunlight hits a solar cell. Sunlight contains tiny
packets of energy called photons. When these photons strike the silicon
material of the cell, they transfer their energy to the electrons in the silicon
atoms. If'a photon has enough energy, it can knock an electron loose from its
position, creating an electron-hole pair. The electron becomes free to move
while carrying a negative charge, and the spot it leaves behind acts like a hole
with a positive charge. These newly generated electrons and holes are the
basic carriers of electricity in semiconductors (Rehman et al., 2023).

3.6.2 Separation of Charge Carriers in the Junction

Once these charge carriers are generated, they need to be separated so that
they can flow and create an electric current. At this stage, charge-carrier
separation happens in the p—n junction. The region where the p-type and n-
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type materials meet has an in-built electric field, created naturally by the
difference in their electrical properties (Dixit, 2023). This electric field acts
like a gatekeeper; it pushes electrons toward the n-type side and holes toward
the p-type side. This movement ensures that the carriers do not immediately
recombine, which would otherwise release their energy as heat. This internal
mechanism allows the solar cell to guide the movement of charge carriers in
a specific direction, which is necessary for creating a usable flow of electricity
(Wiirfel, Cuevas and Wiirfel, 2015).

3.6.3 Collection and Flow of Current

After the electrons and holes are separated, the next step is to capture them
and put them to work. Metal contacts placed on the top and bottom of the
solar cell collect these charges. Electrons move through an external circuit
from the n-type layer (which acts as the negative terminal) to the p-type layer
(the positive terminal). As the electrons move through this external path, they
constitute direct current electricity, which can be used to power homes,
charge batteries, or, with the help of an inverter, be converted into alternating
current for use on the public power grid (Dixit, 2023).

3.7 Efficiency of PV System

On average, residential solar panels operate with an efficiency of about 18%
to 24% (Sunsave, 2025). The amount of electricity they produce at any given
time depends on three key factors: the total surface area of the panels, the
level of sunlight they receive, also known as solar irradiance and the panels’
own efficiency (Kurpaska, 2018).

The efficiency of a PV module is defined as:

_ Epvourpur

Nev = — (-1 ®)
Where, npy is the PV efficiency (%), Epy oyrpyr 18 the electricity generated
by the panels (kWh), G is the Solar irradiance (kWh/m?), and A is the Area
of the PV panel (m?)

The daily electricity output of a PV system is calculated by:
E=P,-1-PR 9)

Where, Py is the rated peak power of the PV system (kW), which depends
on panel efficiency, total area standard test irradiance (usually 1000 W/m?), 1
is the solar irradiation on the surface (kWh/m2 per day) and
PR is the Performance Ratio of the system.

In high-latitude regions, the amount of solar radiation received at the Earth's
surface changes significantly throughout the year. It is much lower during the
winter months and considerably higher in the summer. These seasonal
differences are already pronounced and are expected to become even more
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extreme in the future due to ongoing climate change (Ruuhela, Ruosteenoja
and Lakkala, 2023).

3.8 Battery Energy Storage System (BESS)

In this study, batteries are considered one of the most suitable options for
energy storage due to their efficiency and potential to reduce operational
emissions. However, their manufacturing and disposal pose environmental
challenges. In this study, lithium-ion battery is considered due to its
favourable characteristics such as high operating cell voltage, low self-
discharge rate, reduced pollution, and high power density, relatively low
operational emissions compared to other battery types. These benefits lead to
their widespread use in portable devices, hybrid electric vehicles, and
industrial applications (Chang, 2013). A battery storage system improves
self-sufficiency by storing surplus PV electricity for later use when solar
energy is unavailable (Goryl, 2025).

The SOC of the battery at any given time step is described by:

P .
SOC, = SOC_y + Nep + Popye — === (10)
Ndis
where SOC, is the state of charge at time t, Pgp, ¢ & Py ¢ are the charging and
discharging power, and 7n., & 7n4is are the charging and discharging
efficiencies.

Battery state estimation is also referred to as state of charge (SOC) (Demirci
et al., 2024). One major challenge in using batteries is estimating the SOC.
The SOC indicates how much capacity a battery has left and is a key factor
for monitoring and control. Since SOC directly affects battery performance,
estimating it accurately is important. Reliable SOC estimation helps prevent
over-discharge, extends battery life, and allows for better energy management
strategies in applications (Swarnkar, 2023).

The Self-Sufficiency Ratio (SSR) is a key indicator for off-grid systems and
is defined as:

Eload supplied by PV and batter
SSR = prie s = (11)

Etotalload

This ratio expresses the percentage of the building’s annual electricity
demand that is met without grid support.

During winter, the insolation is low, and therefore an excessively large PV
array would be needed. As a result, the battery frequently becomes depleted.
In contrast, during summer, high sunlight leads to plenty of PV generation.
This keeps the battery nearly fully charged for a long time.(Sun et al., 2018).
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4. Methodology and Materials

This section provides an overview of the approach used in this study,
including the system design, data collection methods, MATLAB-based
modelling used to obtain the results, as well as the performance evaluation.
By outlining the materials used and the step-by-step methodology, the aim is
to give the reader a clear understanding of how the system was modelled,
analysed, and validated.

4.1 Location

Markaryd is a town in Sweden, Kronoberg County, located as shown in
Figure 4. The climate is a temperate oceanic climate (Cfb) according to the
Koppen climate classification (Cui et al., 2021), which provides a useful
framework for describing climates based on temperature and precipitation. It
has a mild and rainy climate with noticeable changes between seasons.
Because of this, it is a good place to test how well heat pump systems work
and how energy-efficient they are throughout the year.

FINLAND

NORWAY

AﬁENMARK % S

Figure 4 Study Location Kronoberg County, Sweden (Source from Openstreetmap
contributors, (2025))

During the winter months from November to March, temperatures in
Markaryd often fall below freezing. Average daily temperatures range
between -5°C and +5°C, with occasional drops below -10°C during colder
periods. These conditions create a heating of homes domestic hot water
production.



To ensure that heating systems can maintain comfortable indoor temperatures
during the coldest periods, buildings are designed based on the DVUT. It
represents the outdoor temperature that is statistically exceeded only a few
times per year and is used to determine the necessary heating capacity (U.S.
Energy Information Administration, 2024). For Markaryd, DVUT is
approximately -14°C, based on data from the Swedish Meteorological and
Hydrological Institute (SMHI) and Boverket (Boverket, 2017).

In contrast, summers in Markaryd, from June to August, are relatively mild,
with average temperatures ranging from 15°C to 22°C. Due to this moderate
climate, cooling is generally not required, and energy demand during these
months is mainly limited to hot water usage.
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Figure 5 presents the average monthly precipitation for the 1991-2021 climate
period in Markaryd. Although the simulation uses data from 2020 to 2024, the long-
term averages are included to provide a general climatic context. (Source from

Climate data, (1991-2021))

Figure 5 illustrates the monthly average temperature and precipitation for the
1991-2021 climate period in Markaryd, Sweden. The annual average
temperature is about 7.6°C, and it gets around 910 mm of precipitation each
year. It clearly shows how cold the winters get, and this weather is essential
when planning an off-grid solar and heat pump system.

16



Figure 6 presents the average daily sunlight hours and corresponding solar
energy availability in Markaryd, Sweden. Daylight increases steadily from
January, reaching a peak in June, before declining towards December.

20 7
18 p
%: 16 5
T 14 5 NE
< 12 4 g
£ 10 <
o 3 3
= 8 =
2 6 2 B
9] j
z :
T
0 0 E
SO @S FEE EE
& & @’ZSQ S RS & &
@ Qg,o \ Q@ N
< =9

mmmm Sunlight Hours (h/day) e==Solar Energy (kWh/m?/day)

Figure 6 The average daily sunlight hours and solar energy generation in
Markaryd, Sweden (Source by Weather Spark, 2024)

Solar energy follows a similar trend, with maximum output observed in late
spring and early summer, and minimal production during winter months. This
clear correlation highlights the dependence of solar generation on available
sunlight and underlines the importance of accounting for seasonal patterns
when designing photovoltaic systems and planning energy storage solutions.

4.2 House Description

This study was conducted using a real residential building in Markaryd,
Sweden, shown in Figure 7, where an air-to-water heat pump system is
installed. The selected house served as a practical case study to evaluate
system behaviour, energy usage patterns, and the efficiency of heat pump
operations over different seasons. The monitored building is a single-family
home with a total heated area of 85 square meters.
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It represents typical Nordic residential architecture with moderate insulation
and significant seasonal heating demand.

e v -~

B

Figure 7 Residential house located in Markaryd, Sweden
The house includes:
e Living room, kitchen, two bedrooms, a bathroom, and a hallway.

e Wall-mounted outdoor heat pump unit at ground level, connected to
the indoor system.

4.3 System Setup

The NIBE F2050-6 is an air-to-water heat pump that delivers a maximum
heating capacity of around 6 kW under standard test conditions. The system
used in this study includes the NIBE SMO S40 control module, which
connects the myUplink platform via an internet connection. This module acts
as the central controller for the heat pump system and communicates with
several key components, including:

e The outdoor heat pump unit (NIBE F2050-6 kW)
e Indoor temperature sensors

o Hot water tank sensors

o Energy metering equipment

e Smart Plug devices (used for measuring or controlling specific power
loads)

18



e The heat delivered by the system is distributed throughout the house
using a water-filled radiator circuit, ensuring even heating across
different rooms.

Figure 8 NIBE heat pump F2050-6KW system

4.4 Data Collection

In this study, the operational data of a heat pump system were collected using
the NIBE myUplink platform, as shown in Figure 9. It is a cloud-based digital
service developed by NIBE Energy Systems, designed to provide users with
remote access to monitor and control their heating and climate systems. It
supports real-time system status tracking, data logging, and intelligent energy
usage analysis (NIBE Energy Systems, 2024). For the main research analysis,
one year of historical data was directly extracted from the myUplink platform,
which is recorded at irregular time intervals, with sampling gaps ranging from
a few minutes to up to ten hours. To ensure consistency in the analysis, the
data are resampled and combined into daily averages. This resampling is
performed in MATLAB by aligning all variables to a common time base and
averaging the available measurements within a 48-hour period, producing a
consistent dataset suitable for further modelling and comparison. This data
included daily records of:

e Indoor and outdoor temperatures (°C)
o Heating compressor energy usage

o Hot water compressor energy usage
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The dataset from the myUplink platform provides daily records of indoor and
outdoor temperature, as well as heating, and hot-water energy use between 15
March 2024 and 19 February 2025.

i myUplink ~ Seeelc @smume See- e o @

SELECT YOUR SYSTEM —————
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NEED ASSISTANCE? NO PROBLEM. OUR SMART GUIDE IS HERE TO

HELP!
Let us help you adapt and optimize your system.
Sta 1 Gu

e e, O

Figure 9 myUplink dashboard with indoor temperature, hot water, and weather data

Each variable is measured with precision, and the data are processed into
daily averages and totals to show seasonal trends clearly. Figures 11 and 12
present these variations, highlighting how heating and hot-water demand
change through the year.

4.5 Seasonal trends in Monthly electricity use

To better understand the seasonal heating and hot water demands of the
household, monthly data were collected and analysed using Excel. The
dataset included values for heating, hot water energy consumption of the heat
pump, average outdoor temperature and the electricity used, as shown in
Table 1. The amount of electricity used by the heat pump changed a lot
depending on the season. The highest energy demand occurred in winter,
especially in January, where the heatpump used 1881.3 kWh of energy, as
illustrated in Table 1.
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This was mainly due to low outdoor temperatures (around 4°C), which made
the heat pump work harder.
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Figure 10 Monthly Electricity used over the Months of the heat pump, based on
operational data from the myUplink platform

Table 1. Monthly Heating, Hot water, Outdoor Temperature, and Electricity Used
from the heat pump data (2024-2025)

Months Heating Hot Average Electricity
(kWh) Water Outdoor Used
(kWh) temperature (kWh)
[°C]
March 697.1 84.1 9 244.13
April 1100.7 159.3 10 381.82
May 189.6 161.2 20 70.16
June 162.4 155.6 20 72.27
July 61.8 159.7 21 40.27
August 65.6 179.3 21 46.21
September 416.7 152.6 19 98.16
October 937.3 162.6 17 249.98
November 1402 148.2 10 469.76
December 1675.1 179.3 5 598.19
January 1881.3 234.8 5 755.75
February 1220.2 142.7 4 454.30
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During the summer, heating demand was minimal; for instance, just 61.8 kWh
was needed in July. The warmer outdoor temperatures, averaging around
21°C, allowed the heat pump to run more efficiently. The system consumed
a total of 3,480.99 kWh of electricity over the entire year. This detailed
breakdown helped identify seasonal patterns in energy consumption and
power demand, which were useful inputs for simulating and optimising the
off-grid PV-battery-heat pump system. It also ensured that system sizing
accounted for both peak and minimal load scenarios across the year.

4.6 Simulation Approach

The theoretical framework described in Section 3 is applied in MATLAB to
simulate how the combined PV—battery—heat pump system performs over a
5-year period and with a 1 h time step. The process is carried out step by step,
starting from the heating demand, then modelling the main components, and
finally analysing the overall energy balance.

4.6.1 Heating Demand Modelling

The myUplink platform records separate cumulative values for the heating
and hot-water compressors. In this study, these data are treated as the total
heat energy delivered to SH and DHW. In the MATLAB model, they
represent the heat pump’s thermal output, and the corresponding electrical
demand is calculated by dividing the thermal energy by the COP for each
operating condition. The relationship between space-heating demand and
outdoor temperature is fitted using a non-linear least-squares method as
implemented in MATLAB's curve fitting toolbox. A piece-wise linear model
describes the data, where heating demand decreases linearly with temperature
below a balance point and becomes zero above it.

. _ ab - aTOut ) Tout < b
OsuToud) =y Sy (12)

Where a represents the heat-loss coefficient and b is the balance temperature.
The same approach is applied to domestic hot water demand with an added
constant term to reflect its nearly uniform base load. Moreover, the DHW
demand being less driven by the outdoor temperature, partly because of the
low-pass character of the relation between temperature in the air and at depth
in the ground where water pipes are laid, and also it is very dependent on the
inhabitants of the house.

. ab+c—aToyr , Tour <Db
Tout) = { (13)
Qouw (Tout) 0, Tour = b

Where a represents slope (W/°C), b is the break-point temperature (°C), and
C is the constant (kW).

The parameters obtained are given in Section 5, which are used for the
simulations.
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4.6.2 Heat Pump Performance

The performance of the heat pump is described using the COP. Based on the
operational data, COP values were fitted in MATLAB with a regression curve
of the form:

A

COP(Tou) = 7—— (149
Where T is the outdoor temperature, and A and B are fitting parameters,
A represents the scaling constant and B is the temperature coefficient (°C).
This fitted function is then used together with the SH and DHW demand
functions to calculate the hourly electricity demand of the heat pump
throughout the year. The fitted function is chosen to have the same form as
the Carnot cycle COP based on the assumption that a real HP performance
will have the same shape as the theoretical upper limit (Streckiené et al.,
2024).

4.6.3 Photovoltaic Generation

Photovoltaic generation is calculated from measured solar irradiance in
Markaryd using the equations in Section 3. The output depends on panel area,
panel efficiency, and the level of solar radiation. PV generation is calculated
from measured solar irradiance data for Markaryd, obtained from SVEBY
(Standardise and Verify Energy Performance in Buildings) (Sveby, 2024).
The calculations follow the equations described in Section 3, with output
depending on panel area, panel efficiency, and the level of solar radiation.
Hourly PV generation profiles are created in MATLAB and adjusted for
different system sizes ranging from 5 to 20 kW to evaluate how performance
changes with capacity. This corresponds to an estimated panel area of 25 to
100 m? at around 20% efficiency. For a typical 85 m? single-family house
with a roof area of about 100 to 120 m?, the largest system covers almost the
entire roof. Smaller systems fit well on one slope. Additional panels may also
be installed on a garage or other nearby structures to expand the available
mounting area. The model does not include any limit imposed on production
due to inverter or other electronic power-control restrictions, meaning that
potential generation was not being restricted by system hardware.

4.6.4 Battery Storage Dynamics

The simulation operates with a one-hour timestep. The battery is modelled as
a time-step simulation of its SOC. At each hourly interval, the balance
between PV generation and building electricity demand is calculated. If there
is excess electricity, the battery charges, but only up to its maximum storage
capacity and considering round-trip efficiency losses. If the demand is higher
than the PV supply, the battery discharges to cover the difference. This step-
by-step update of SOC is carried out. To evaluate the system’s overall energy
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storage performance, the simulation considers a round-trip efficiency of 92%
representing energy losses during the charging and discharging cycles. The
outcomes of this simulation, presented later in Section 5, describe how the
battery’s capacity influences its yearly behaviour and the overall SSR.

4.6.5 Energy Balance and Self-Sufficiency

Finally, the system’s performance is evaluated using the Self-Sufficiency
Ratio as mentioned in section 3. At each timestep, the net energy (PV
generation minus household demand) adjusts the battery state-of-charge, and
the energy actually delivered to the household is collected. This ratio is
computed for multiple combinations of PV sizes (5-20 kW) and battery
capacities (50, 100, 150 kWh), and the results are averaged over the five-year
dataset to provide an overall assessment. Year-by-year SSR is also tracked to
capture changes between years, which is explained in the results section. By
systematically analysing these scenarios, the approach reveals how variations
in PV system size and battery capacity influence household energy self-
sufficiency and grid independence.
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5 Results

This section presents and explains the key findings from the performance
analysis of the off-grid PV-powered heat pump system. The system was tested
using one full year of real-world data collected from a single-family home in
Markaryd, Sweden. The aim was to understand how the system performs
during different seasons and to assess whether solar energy and battery
storage can meet the heating needs of the house throughout the year.

5.1 Effect of Outdoor Temperature on Heat Demand

Based on interpolated data and smoothed data using a 48-hour averaging
window, Figure 11 shows how heat demand changes with outdoor
temperature. The scatter plot makes it clear that there’s a strong negative
correlation: as temperatures go up, the need for heating goes down until it
reaches the balance point, where space heating is no longer required. This
makes sense, since warmer weather naturally reduces the demand for heating.
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Figure 11 Relationship Between Heat Demand and Outdoor Temperature

In the plot, the blue circles mark the data points, while the red line shows the
regression model, which closely follows the overall trend, indicating a good
fit and a mostly linear relationship. The regression model shows a heat-loss
coefficient of a =165 W/°C and a balance temperature of b =17.2 °C,
indicating that heating demand steadily decreases as outdoor temperature
rises and becomes negligible above this point. At outdoor temperatures below
5 °C, the space heating demand reaches its highest observed value of around
3.5 kW. Although data for colder conditions are not available, both theory
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and system behaviour indicate that the heating demand continues to rise as
the temperature drops, as shown in Figure 11. The NIBE F2050-6 heat pump,
with a maximum heating capacity of about 6 kW, stated in section 4 limits
the system’s output at very low outdoor temperatures. The consistency of the
data around the fitted line further supports the reliability of the fit and the
suitability of the linear regression model used. This agrees with the theory
and confirms that outdoor temperature is the biggest factor affecting heating
needs.

5.2 Effect of Outdoor Temperature on Hot Water

Figure 12 shows how outdoor temperature affects the demand for hot water.
To reduce short-term noise and keep the timeseries consistent, DHW are
smoothed over 48-hour intervals before regression analysis. This averaging
method shows general trends in the system. However, it overlooks the actual
changes in domestic hot-water use caused by daily and weekly habits, like
showering and cooking.
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Figure 12 Relationship Between Hot Water Demand and Outdoor Temperature

Each blue circle represents actual data that was recorded, while the red line
shows the general trend. The fitted curve shows a temperature-dependent
slope of a = 13.7 W/°C, a Break-point temperature of b = 6.5 °C, and a base
load of € = 0.22 kW, suggesting that hot-water demand stays fairly constant,
with only a slight increase during colder periods. From the plot, we can see
that when the weather is colder, especially around 0°C or below, people tend
to use more hot water, with demand reaching relatively high levels. As the
temperature outside gets warmer, the need for hot water gradually decreases
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and then levels off. Once the outdoor temperature rises above about 10°C, hot
water demand seems to stay constant. The red trend line makes this pattern
clearer, although the data points are more scattered, indicating the relationship
between outdoor temperature and hot-water demand is less visible.

5.3 Seasonal Pattern of Solar Energy

Figure 13 presents the variation in solar PV generation for an 8 kW system
(equivalent to 40 m? of PV area, using 420 W panels at 21% efficiency) over
the five-year period. The bold blue line represents the weekly mean of daily
generation, while the shaded region shows the range between the lowest and
highest daily values recorded within each week.
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Figure 13 Weekly Average Solar Generation for 5 years.

Solar generation rises sharply in spring, grows stronger through the summer
months, and then begins to fall as autumn arrives, reaching very low levels in
winter. This seasonal trend repeats itself every year, creating a clear and
predictable pattern. The shaded band reveals that while weekly generation
sometimes fluctuates, the overall trend stays consistent.

5.4 Performance of Heat Pump and Outdoor Temperature

Figure 14 shows how the performance of the heat pump, measured using
COP, changes with outdoor temperature. COP is calculated as the monthly
heat delivered divided by power usage for the same month. As the outdoor
temperature gets warmer, the COP increases. In the figure, the blue dots are
the calculated data from Table 1, and the red curve is a fitted mathematical
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function from Equation 13 that matches the data well. At lower temperatures
(around 3-7°C), the COP is low (about 2.8-3.2), meaning the system is less
efficient. At higher temperatures (around 294 K or 21°C), the COP rises
above 5, showing better efficiency. The fitted COP curve shows how system
efficiency fluctuates with outdoor temperature. The model parameters are A
=103.6 and B =313.3K (=40°C). The heat pump operates more efficiently in
mild conditions and less efficiently during colder periods.
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Figure 14 Coefficient of Performance (COP) vs. Outdoor Temperature

This curve is useful because it allows to estimate COP values just from
outdoor temperature, which helps in further calculations like predicting
electricity use and modelling energy systems. This means more electricity
was needed to produce the same amount of heat during cold periods.

Table 2. Model parameters for space heating, DHW and COP

Model Parameter Description Unit Value
Space a Heat-loss W/°C 165.5
heating coefficient
Space b Balance °C 17.2
heating temperature
DHW a Slope w/eC 13.74
DHW b Break-point °C 6.482
temperature
DHW C Constant kW 0.22
Ccop a Scaling 103
constant
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CcOop b Temperature °C 40
coefficient

These fitted parameters are used in the simulations to calculate SH, DHW and
estimation of the efficiency of the heat pump depending on varying outdoor
temperatures. The resulting fitted curves are presented in Section 5, where the
variations are illustrated.

5.5 Seasonal Variations in Electricity Demand

Figure 15 shows the simulated weekly variation in electricity demand
between March 2024 and March 2025. The dark blue line traces the average
demand, while the lighter shaded area shows the highest and lowest levels
each week. At the beginning of the year, electricity use is a bit unsteady but
generally stays modest, often below 1 kW on average. As the months move
into summer, demand decreases and reaches its lowest point around June to
August. From September onward, however, electricity use slowly begins to
climb. The rise becomes more noticeable in November, and through the
winter months, demand keeps growing, with sharp peaks appearing.
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Figure 15 Estimated Weekly Electricity Demand of the heatpump (2024-2025)

By early 2025, electricity demand is at its highest. The trend reflects a very
natural flow, lighter demand in the warmer months and heavier use in the
colder season, when heating and other needs push energy consumption
upward.

29



The simulated pattern closely matches the measured data, which suggests that
the model accurately captures how the system behaves in real-world
conditions.

5.6 Battery State of Charge Flow Over 5 Years

Figure 16 illustrates the State of Charge of three different battery storage
capacities, 50 kWh, 100 kWh, and 150 kWh, over a period of five years
(2020-2025) for a PV system rated at 8 kW. The SOC patterns show that all
three battery sizes undergo repeated cycles of charging and discharging,
reflecting seasonal variations in solar generation and energy consumption.
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Figure 16 Battery SOC over 5 Years

The 50 kWh battery fills up quickly but also empties just as fast, showing its
limited storage. The 100 kWh battery lasts longer and gives a steadier supply,
while the 150 kWh battery performs better but still cannot store enough
energy to last from early fall through to spring. This shows that for the size
of PV array used here, the battery would need to be much larger to cover the
long winter gap, or the PV array itself would need to be bigger so that even
the small amount of winter sunlight can meet demand. However, either option
would likely not be economically viable.

5.7 SSR vs PV Size for Multiple Battery Sizes

Figure 17 shows how self-sufficiency improves as the PV size increases from
5 kW to 20 kW for batteries of 50 kWh, 100 kWh, and 150 kWh. The analysis
is based on 5 years of hourly SMHI climate data (2020-2024) for Markyard
is used for the simulation.
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The larger the PV and battery, the higher the self-sufficiency ratio. The 150
kWh battery always performs the best, followed by the 100 kWh and then the
50 kWh. This means bigger PV systems and larger batteries together make
the home more independent from outside power.
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Figure 17 Self-Sufficiency Ratio versus PV Size and Battery Capacity

5.8 Annual SSR for Multiple PV and Battery Configurations

Figure 18 shows how the Self-Sufficiency Ratio changes from 2020 to 2024
for different PV and battery configurations. Systems with larger PV arrays
consistently reach higher self-sufficiency, while adding more battery capacity
gives smaller gains. This means PV generation has a stronger effect on off-
grid performance than storage size. Minor yearly variations mainly reflect
differences in solar radiation. The results confirm the trend seen in Figure 17,
showing that increasing PV capacity is generally more effective than
expanding battery storage for improving system independence.
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While the current analysis considers PV capacities up to 20 kW, the results
suggest that even larger arrays could further enhance self-sufficiency,
particularly during the winter months when solar availability is less.
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Figure 18 Self-Sufficiency Ratio (SSR) per Year for different PV/Battery Cases

5.9 Seasonal Variation in Battery State of Charge

The monthly average SOC for an 8 kW PV system with a 100 kWh battery
shows a clear seasonal pattern. The battery is nearly empty during the dark
winter months, begins to charge steadily in spring, and remains full from late
spring through early autumn.
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Figure 19 clearly highlights how excess solar energy is available in summer,
while winter remains challenging due to low sunlight and high heating
demand. It is calculated from all hourly data points for each month, averaged
over the entire simulation period from January to December. It underlines the
need to balance PV size, storage capacity, and household demand in high-
latitude regions such as Sweden.
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6 Discussion

The results show that heating demand in a Nordic climate changes strongly
with outdoor temperature. When the weather is cold, the demand rises
sharply, and when the temperature increases, the demand falls close to zero.
This pattern matches how heating systems typically perform, with less energy
needed as the outside environment warms up. Domestic hot water, however,
stays almost constant across the year, which creates a steady baseline of
energy use. This pattern matches everyday experience in cold regions and
shows that although renewable sources are vital for sustainable energy
systems, their availability differs by season and type. In Sweden, sustainably
sourced biofuels such as firewood offer reliable winter heating, while solar
power contributes little during the dark winter months. The heat pump shows
that its efficiency depends very much on outdoor temperature. In the winter
months, the COP drops, which means the pump needs more electricity to
provide the same heating. This makes sense because it is easier for the heat
pump to take heat from warmer air, so it works more efficiently. During the
summer, the COP rises above 5, which makes the system much more
efficient. This behaviour confirms that COP variation is a key factor for
accurate modelling. This curve-fitting approach provides both a visual
understanding and a practical tool for modelling real-world heat pump
behaviour under varying climatic conditions. If the efficiency were assumed
to stay constant, the winter demand would easily be underestimated. Solar
energy availability follows almost the opposite cycle of heating demand, as
illustrated in Figures 11 and 13, where solar generation increases during
warmer months while heating demand decreases correspondingly. The sun
delivers its maximum energy in summer but very little in winter. This
seasonal mismatch is one of the main barriers to making the system fully off-
grid in northern regions. The battery simulations show this problem very
clearly: the storage remains full for much of the summer but becomes nearly
empty in December and January. Even with 100 kWh of capacity, the battery
cannot cover the long dark periods of winter.

The analysis also shows that adding more PV capacity or larger batteries
increases the self-sufficiency ratio, but only to a certain point. After that, the
benefits become small because the main issue is not daily variation but the
long seasonal gap. This suggests that reaching full independence would
require more than just scaling up; it would also need seasonal storage,
complementary energy sources, or some limited grid connection. That is why,
for regular houses, it is smarter to focus on well-designed PV systems and
batteries that work efficiently all year round, rather than oversizing the system
in a way that still cannot fully solve the winter problem. The system works
very well through spring, summer, and autumn, but its performance is
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constrained by the strong seasonal differences. These insights provide an
important basis for improving the design of similar systems in cold climates.

6.1 Comparison with Previous Research

The results of this study are consistent with previous research on AWHP
systems integrated with PV and battery technologies in cold-climate regions.
The observed seasonal variation in the COP, ranging from approximately 2.8
during winter to above 5 in summer, matches well with the findings of Sayegh
et al. (2018), who reported COP values between 2.5 and 5.2 for similar
systems operating under Nordic climatic conditions. Similarly, Dong, Liu and
Pu (2024) demonstrate that outdoor temperature strongly influences heat
pump efficiency, showing a near-linear increase in COP as ambient
temperature rises. The same trend is reflected in the current results.

The self-sufficiency ratio analysis likewise supports conclusions from
previous simulation-based studies. Lundh and Dalenbick (2008) investigated
seasonal energy storage in solar-assisted systems in Sweden and found that,
even with substantial solar and storage capacities, winter energy shortages
persisted due to limited solar irradiance. A similar pattern is evident in this
work, where SSR improves notably with increasing PV and battery sizes, but
full energy is not achieved during the winter period. This strengthens the
understanding that seasonal imbalances between energy supply and demand
remain a key design challenge for off-grid systems in high-latitude regions.

Furthermore, Shahverdian et al. (2025) report that battery storage generally
exceeds hydrogen-based alternatives in residential systems due to higher
overall efficiency, which supports the demand modelling approach adopted
in this study. The relatively high summer SOC levels and low winter values
observed here are also consistent with findings by Sun et al. (2018) and
Bellini (2024), who emphasise that battery systems operate most effectively
during times of high solar generation and face limitations during low-
irradiance months.

From this analysis, the results of this study fall within the expected range of
previous studies and simulation findings. This confirms that integrating PV,
battery, and AWHP technologies can noticeably reduce grid dependence
while maintaining an acceptable comfort range. However, the analysis also
highlights that careful optimisation of PV and battery sizing is essential to
enhance off-grid performance throughout the year.

6.2 Limitations and Future Work

Although this study provides a realistic evaluation based on actual operational
data, several limitations should be recognised. The analysis focuses on a
single-family residential building and one year of data, which restricts the
general applicability of the results to other types of buildings or climatic
conditions. The PV and battery components are modelled rather than
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physically executed, so real-world performance monitoring and losses may
differ from the simulated outcomes. Additionally, the economic analysis is
simplified and does not include detailed lifecycle or payback assessments.

Future work could extend this research by including multi-year datasets,
exploring different system configurations, and applying optimisation
techniques to improve component sizing and control strategies. Expanding
the analysis to include hybrid energy storage options such as hydrogen or
thermal storage, along with building insulation upgrades and an economic
feasibility assessment, would also provide valuable insights into improving
long-term system self-sufficiency under varying climatic conditions.
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7 Conclusion

This study examines the seasonal performance of an off-grid PV—battery—heat
pump system designed for a single-family house in Markaryd, Sweden. The
analysis combines real operational data with MATLAB-based simulations to
understand how the system performs under different climatic conditions. The
results clearly show that the heating demand in Nordic regions follows a
strong seasonal pattern, with high requirements during the cold winter months
and minimal demand in summer. In contrast, the domestic hot water demand
remains near constant throughout the year, creating a stable baseline load that
influences the system’s overall performance. The heat pump demonstrates
significant temperature sensitivity. It operates efficiently under mild outdoor
conditions, but as temperatures fall, its COP decreases, leading to higher
electricity usage. The simulation results indicate that COP values range from
about 2.8 in winter to above 5 in summer, confirming the system’s reliance
on ambient temperature. Solar energy availability, however, exhibits the
opposite pattern, with high generation during spring and summer and very
limited output in winter. This mismatch between seasonal supply and demand
remains the main challenge for achieving complete off-grid operation in
Nordic climates.

Battery storage successfully balances short-term fluctuations between day
and night. However, even with a 100 kWh capacity, it cannot sustain long
periods of low sunlight in December and January. The findings indicate that
increasing PV or battery capacity improves the self-sufficiency ratio, but only
up to a certain extent. Beyond this, the benefits decrease gradually because
the system remains constrained by the seasonal energy gap. Simulation results
up to 20 kW PV capacity suggest that total energy independence could
theoretically occur around 56 kW, but such scaling may not be economically
or spatially feasible for typical residential applications. Therefore, an optimal
balance between technical capability, economic viability, and environmental
performance is crucial for sustainable design. The analysis also points out that
improving the thermal insulation and energy efficiency of the building can
significantly reduce heating demand and enhance the system’s ability to reach
higher SSR levels. Moreover, the integration of smart control strategies, such
as adaptive scheduling and predictive energy management, can optimise
operation by aligning heating demand with times of higher solar availability.
These findings underline that off-grid systems perform most effectively when
complemented by energy-efficient building envelopes and intelligent control
systems rather than oversizing generation and storage components.

The study concludes that while an integrated PV—battery—heat pump system
can achieve near self-sufficiency during spring, summer, and autumn, winter
performance remains limited by solar availability. To ensure year-round
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reliability, the inclusion of hybrid solutions such as wind energy, biomass
integration, or limited grid backup can provide the flexibility required to
cover extended periods of low solar input. Future research could focus on
larger or seasonal storage technologies, hybridisation with multiple
renewable sources, and advanced optimisation techniques to improve cost-
effectiveness and operational stability. This study provides a realistic
understanding of how off-grid PV-battery—heat pump systems perform under
real Nordic climatic conditions. It highlights both the opportunities and the
practical challenges of achieving sustainable, low-carbon heating for
residential  buildings. With continued development in renewable
technologies, control systems, and building design, such systems represent a
promising pathway toward energy-efficient, resilient, and climate-friendly
homes of the future.
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