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A B S T R A C T

Increasing PV penetration in the residential sector has led to supply demand mismatch in PV in the electricity
market, specially during the peak demand hours and peak PV generation hours. Smart grid and smart meters
have opened up avenues for designing data driven methodologies to optimize the generation and consumption
of energy. In this paper, a dynamic load control mechanism is designed which optimizes the operation of
individual appliances (heat pump, electric boiler, battery storage, solar PV and electric car). The optimization
algorithm utilizes rolling horizon approach to consider the real time load control. A case of an individual
house in Helsinki, Finland is considered to test the developed method. The results of dynamic load control
mechanism were compared with operational optimization, wherein dynamic control is not implemented with
different building classification and electricity contracts. From the results, it is observed that the optimization
with a longer duration offers more benefits as compared to real time control mechanism, but does not reflect
a real world scenario. Additionally, consumers having electricity contracts which are variable had the most
savings and provides the highest flexibility to the electricity system.
1. Introduction

The energy outlook of the world is completely changing with the
rapid increase in incorporating renewable energy sources into the
system. This results in a push towards a sustainable energy future to
counter the ever-increasing pollution levels and the drastic climate
change following it. Countries across the globe have pledged to increase
their renewable energy production and limit their emissions in the
upcoming decade with the introduction of the Paris Agreement in
2015 (Paris Agreement, 2015). Though the shift towards renewable
energy resources is helpful to the environment by reducing emissions
arising from energy production, renewable energy production in itself
has some associated drawbacks such as the ability to produce only
during the presence of the said natural resource e.g., solar energy can
be used to provide electricity but only when there is enough solar
irradiance and wind energy can be used only when there is sufficient
wind speeds which could move the wind turbine to generate substantial
amount of electricity.

The total energy consumption within the European Union in 2021
corresponds to nearly 40,000 Terajoules (European Union, 2023c).
Within the energy sector, buildings consume more than 40% of the
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primary energy consumption and within the residential sector, this cor-
responds to around 75% within the European Union (Cao et al., 2016).
Due to such high consumption, there has been significant research
regarding the reduction of energy consumption within the residential
sector (Guo et al., 2018). The rapid spread of advanced smart meter
installations has helped the Distributed Energy Resources (DER) to
be integrated into the electricity networks and thus by providing the
control to consumers over their consumption. This is possible through
the usage of Home Energy Management Systems (HEMS) installed in
residential houses. Demand Response (DR) is one potential solution
which can help reduce the peak consumption and help the grid in times
of need (Sridhar et al., 2022c). With the user-defined comfort settings,
a HEMS can schedule shiftable appliances loads within the residential
households to minimize peak consumption and save money.

In addition to the increased penetration of smart meter installations
within the residential sector, solar Photovoltaic (PV) installation on
rooftops of residential households have been gaining a significant share.
By 2050, the residential PV installations would correspond to 40% of all
solar PV capacity globally (Asmelash and Prakash, 2019). As a result,
the consumers of today would become prosumers in the future. With
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Nomenclature

𝜂𝐵𝐸𝑆𝑆 Charging and discharging efficiency of
BESS

𝜂𝐸𝑉 Charging and discharging efficiency of EV
𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Efficiency of the boiler
𝑄ℎ𝑜𝑢𝑠𝑒
𝑙𝑜𝑠𝑠
𝛥𝑇 Overall heat loss coefficient of the house

𝑄𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛
𝛥𝑇 Ventilation heat loss coefficient of the

house
𝜆𝑒𝑥𝑝𝑜𝑟𝑡𝑡 Price of electricity exported from the house

to the grid at time 𝑡
𝜆𝑖𝑚𝑝𝑜𝑟𝑡𝑡 Price of electricity imported from the grid

to the house at time 𝑡
𝐴𝑏𝑜𝑖𝑙𝑒𝑟 Area of the boiler
𝐴ℎ𝑜𝑢𝑠𝑒 Surface area of the house
𝐶ℎ𝑜𝑢𝑠𝑒 Heat capacity of the house
𝐶ℎ𝑜𝑢𝑠𝑒 Heat capacity of the house
𝑐𝑎𝑖𝑟𝑝 Specific heat of air
𝑐𝑏𝑜𝑖𝑙𝑒𝑟𝑝 Specific heat of water in the boiler
𝐶𝑂𝑃𝐻𝑃

𝑡 Coefficient of performance of the heat
pump at time 𝑡

𝐸𝐻𝑃
𝑡 Electrical power supplied to the heat pump

at time 𝑡
𝑛 Air-change rate in the house
𝑃 𝑏𝑜𝑖𝑙𝑒𝑟 Electric power needed by the boiler to

supply the required thermal power.
𝑃𝐵𝐸𝑆𝑆
𝐶𝐻 Power to charge the BESS at time 𝑡

𝑃𝐸𝑉
𝐶𝐻 Power to charge the EV at time 𝑡

𝑃𝐵𝐸𝑆𝑆
𝐷𝑆 Power to discharge the BESS at time 𝑡

𝑃𝐸𝑉
𝐷𝑆 Power to discharge the EV at time 𝑡

𝑃𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 Maximum power to charge the BESS

𝑃𝐵𝐸𝑆𝑆
𝑚𝑖𝑛 Minimum power to charge the BESS

𝑃 𝑒𝑥𝑝𝑜𝑟𝑡
𝑡 Power exported from the house to the grid

at time 𝑡
𝑃 𝑖𝑚𝑝𝑜𝑟𝑡
𝑡 Power imported from the grid to the house

at time 𝑡
𝑃 𝑙𝑜𝑎𝑑
𝑡 Power of non-shiftable loads in the house-

hold at time 𝑡
𝑄𝑏𝑜𝑖𝑙𝑒𝑟

𝑡 Heat energy from the boiler at time 𝑡
𝑄𝑏𝑜𝑖𝑙𝑒𝑟

𝑙𝑜𝑠𝑠,𝑡 Heat lost by the water in the boiler at time
𝑡

𝑄ℎ𝑜𝑢𝑠𝑒
𝑙𝑜𝑠𝑠,𝑡 Heat lost by the house at time 𝑡

𝑄𝐻𝑃
𝑡 Thermal energy supplied to the heat pump

at time 𝑡
𝑆𝑜𝐶𝐵𝐸𝑆𝑆

𝑡 State of charge of BESS at time 𝑡
𝑆𝑜𝐶𝐸𝑉

𝑡 State of charge of EV at time 𝑡
𝑆𝑜𝐶𝐵𝐸𝑆𝑆

𝑚𝑎𝑥 Maximum state of charge of the BESS
𝑆𝑜𝐶𝐸𝑉

𝑚𝑎𝑥 Maximum state of charge of the BESS
𝑆𝑜𝐶𝐸𝑉

𝑚𝑎𝑥 Maximum state of charge of the EV
𝑆𝑜𝐶𝐵𝐸𝑆𝑆

𝑚𝑖𝑛 Minimum state of charge of the BESS
𝑆𝑜𝐶𝐸𝑉

𝑚𝑖𝑛 Minimum state of charge of the BESS
𝑆𝑜𝐶𝐸𝑉

𝑚𝑖𝑛 Minimum state of charge of the EV
𝑇 ℎ𝑜𝑢𝑠𝑒
𝑏𝑎𝑠𝑒𝑚𝑒𝑛𝑡 Temperature of the basement in the house

where the boiler is situated
𝑇 𝑏𝑜𝑖𝑙𝑒𝑟
𝑚𝑎𝑥 Maximum temperature of water in the

boiler
𝑇 ℎ𝑜𝑢𝑠𝑒
𝑚𝑎𝑥 Maximum temperature of the house

𝑇 𝑏𝑜𝑖𝑙𝑒𝑟
𝑚𝑖𝑛 Minimum temperature of water in the

boiler
𝑇 ℎ𝑜𝑢𝑠𝑒
𝑚𝑖𝑛 Minimum temperature of the house
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𝑇 ℎ𝑜𝑢𝑠𝑒
𝑟𝑎𝑚𝑝 Ramping temperature of the house

𝑇 𝑏𝑜𝑖𝑙𝑒𝑟
𝑠𝑢𝑝𝑝𝑙𝑦 Temperature of water supplied to the boiler

𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡
𝑡 Ambient temperature at time 𝑡

𝑇 𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 Temperature of water in the boiler at time 𝑡

𝑇 ℎ𝑜𝑢𝑠𝑒
𝑡 Temperature of the house at time 𝑡

𝑈 𝑏𝑜𝑖𝑙𝑒𝑟 Thermal transmittance of the boiler
𝑈ℎ𝑜𝑢𝑠𝑒 Thermal transmittance of the house
𝑉 ℎ𝑜𝑢𝑠𝑒 Volume of the house
𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝐶𝐻,𝑡 Volume of water supplied to the boiler at

time 𝑡
𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝐷𝑆,𝑡 Volume of water discharged from the boiler

at time 𝑡
𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝑚𝑎𝑥 Maximum volume of water in the boiler

𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝑠𝑡𝑎𝑟𝑡 Volume of water in the boiler in the stating

𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 Volume of water in the boiler at time 𝑡

𝜌𝑎𝑖𝑟 Density of air

the increasing retail electricity costs and the decreasing costs of solar
PV (Kavlak et al., 2018), grid parity with commercial electricity would
be a reality in Europe. On top of this, PV feed-in tariffs have lost their
appeal, resulting in consumers choosing to self-consume the produced
electricity from their rooftop PV panels, which helps in reducing lo-
cal voltage swings (Castillo-Cagigal et al., 2011). In addition to the
rooftop PV installations in the residential sector, there has been a sharp
increase in Electric Vehicle (EV) fleet globally. Within the European
Union, there have been nearly 2.85 million of EV fleet in the end
of 2021 (ACEA, 2023). The electrification of the transportation sector
resulted in increased electricity consumption in the evenings and thus
by changing the demand curve with daytime being the lowest demand
in the day while mornings and evenings being the high peak hours. This
has caused a discrepancy between the PV generation and residential
electricity demand (Muenzel et al., 2015).

With the addition of solar PV in the HEMS, consumers have more
flexibility to save the energy produced from the PV in a local Battery
Energy Storage System (BESS) if available and use it during peak
hours resulting in self-consumption and additionally helps in reducing
electricity consumption costs. The addition of the BESS addresses the
disparity in the PV production and electricity consumption in the
households by saving the electricity in the BESS and using it during
the times of need. With the addition of BESS in the solar-PV setup,
measures like feed-in tariffs, green certifications, and net metering
are still required to make such a system profitable (De Boeck et al.,
2016). Due to this, shifting the residential loads in homes is one of
the ways to extract the maximum potential of BESS to enhance the
self-consumption of locally generated electricity through PV panels.
Based on the above statements, it can be observed that HEMS can be
utilized with rooftop-PV panels and BESS, EV and other shiftable loads
in a residential home which can help in reducing the power peaks and
shift loads to save electricity buying costs from the electricity supplier
through demand response and self-consumption of locally produced
electricity.

Hence, in this study, a HEMS was developed to be tested on a
residential household to utilize the shiftable loads and optimize the
electricity consumption. The objective of this study was to maximize
the savings on electricity cost by extracting the maximum potential of
the flexible loads and energy storage with dynamic optimization to sim-
ulate a real-time operation of the installed HEMS in a typical residential
household. Within this study, a typical residential household has been
considered with an installed rooftop PV panels, BESS, air-sourced heat
pump and boiler for hot water demands. Based on the consumer
comfort levels, we analyze the effect of the usage of HEMS on increased
savings from the flexibilities in the demand. The study employs a
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rolling horizon optimization to keep the control strategies of different
shiftable loads operating within limits and electricity prices for the
upcoming day. The results from this study highlights the different
control strategies used within a typical residential household employing
HEMS and the potential reductions in electricity costs. Additionally, the
study also highlights the impact on self-consumption through the usage
of HEMS and the differences through various optimization horizons.

The rest of the paper is organized as follows: Section 2 discusses
the existing literature, which is then followed by Section 3 explains
the methodology used in this study, considering the different shiftable
loads and their respective mathematical equations. Section 4 provides
the results obtained in this paper, and the interpretation of the re-
sults and the corresponding implications are explained in Section 5.
Finally, Section 6 provides the conclusion of this paper.

2. Literature review

The usage of DR in a residential home is not a recent notion, and it
has been used widely used in research and some pilot projects across
the world. Due to the presence of several studies regarding the control
strategies for home energy systems, Rinaldi et al. classified the studies
broadly into two different aspects: studies using specific simulation
software programs to accurately predict the energy models and the
other one where studies use mathematical modeling to analyze and
capture the underlying physics of the system (Renaldi et al., 2017).
The common traditional simulation programs that use domain specific
packages include IDA ICE, Modelica, EnergyPlus and TRNSYS which
provide comprehensive results with stochastic information provided to
the models (Langer and Volling, 2020). These traditional simulation
programs are highly accurate and versatile but cannot be incorporated
to work with other forms of systems such as the case of HEMS having
heating, EV, PV and BESS systems attached to which a proper control
strategy needs to be applied.

In comparison to these, the mathematical models use reduced com-
plexity, which provides a generic but accurate model for analysis. There
have been significant literature on HEMS used for DR in residential
sectors using different mathematical models. Mixed integer linear pro-
gramming (MILP) is one such mathematical modeling that is relatively
fast and converges quickly and works as one of the ideal algorithms for
HEMS (Langer and Volling, 2020).

Based on existing literature, several previous research focus on
optimizing the loads of HEMS for a short interval of time. Bruni et al.
has studied the effect of shiftable loads in a residential home having
rooftop PV panels, fuel-cell energy storage and BESS. The research was
tested on a weekly interval for a representative summer and winter
week loads in the United States of America (Bruni et al., 2015). Wu
and Xia presented a study of using HEMS for DR for a residential
building with a diesel generator, rooftop PV panels and BESS. The study
analyzed the changes in the electricity consumption of the household
using Time of Use tariff programs for a typical summer and a typical
winter day (Wu and Xia, 2015). Fernandes et al. has used to schedule
different appliances in a residential home using a HEMS during a DR
event (Fernandes et al., 2014). The study employs DR in a residential
home based on different shiftable loads in a residential household, and
the simulation was shown for a couple of hours during which the DR
event occurs. Brahman et al. has used cooling, heating power systems,
renewable energy sources, and BESS and thermal energy storage within
a residential household (Brahman et al., 2015). The results from this
study show the scheduling of the different household appliances based
on price reduction for a typical day. Dinh and Kim studied a HEMS in
a residential household having rooftop PV panels, BESS, and shiftable
household loads to be used for DR for energy savings and reduction
in peak power while considering consumer’s comfort levels (Dinh and
Kim, 2021). The study uses different consumer comfort levels and a
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multi-objective optimization problem to analyze the simulation results
for one typical day. Iwafune et al. have studied a home energy man-
agement system in a residential household comprising air-conditioning
units, electric water heater and floor and space heating in different
types of house types such as apartments and detached houses within
Japan (Iwafune et al., 2017). The study compares the results by using
HEMS for energy savings only during one winter month in two different
years. Shakeri et al. has employed an HEMS on a residential building
having shiftable appliance loads, rooftop PV and BESS (Shakeri et al.,
2017). The results from the study show that the HEMS helps in reducing
peaks while not compromising on user comfort levels while simulating
the model for a typical winter day in a Time of Use tariff scheme.
Wu et al. has developed a HEMS for a residential household having
access to a plug-in electric vehicle for DR to reduce electricity costs
from buying from the grid while using dynamic price tariffs (Wu et al.,
2016). The results from this paper show the savings potential in a
household based on different parameters of the EV such as kilometers
run throughout the day, minimum requirement of state of charge of the
EV during different times, and the available times of the EV for a typical
day. Abdalla et al. has employed a HEMS in a residential household
considering rooftop PV with BESS and EV for DR for electricity cost
reduction (Abdalla et al., 2023). The simulation uses a typical summer
and winter months to extract the numerical results. Killian et al. has
employed scheduling of household appliances such as heating, freezer,
PV panels with BESS, and dishwasher in a residential household (Killian
et al., 2018). The study employs the simulation for a typical week and
considers occupant’s comfort level in the simulation. In comparison to
the existing literature, this paper uses the simulation of the HEMS for
a full year in an hourly resolution. The existing studies typically used
the simulation for a day or a week, which fails to capture the intraday
and seasonal variation of PV panel productions, which would affect the
results significantly. The intraday variation of the PV production due to
cloud coverage is significant in any location, and the seasonal variation
is pronounced in locations with four distinctive seasons. Additionally,
a full year simulation would not be affected by the initial state of the
system, such as the initial state of charge of the BESS.

In terms of pilot project studies, Obinna et al. studied two differ-
ent pilots of smart home energy management in two cities, one in
the Netherlands and another in the United States of America respec-
tively (Obinna et al., 2017). The pilot used rooftop PV, EV, smart
thermostats and heat pumps in the HEMS to be shiftable loads. The
results from this pilot showed that consumers were willing to shift loads
if the shift automatically occurred with information relayed to the con-
sumer beforehand. Tuomela et al. analyzed the consumer consumption
data before and after the installation of HEMS (Tuomela et al., 2021).
The study analyzed the smart meter data of 10 Finnish households in
northern Finland during the winter months of 2018. The HEMS was
used to shift only the heating loads of the households having a hot
water boiler and an air sourced heat pump in the residential households
based on the consumer’s level of comfort. The results from this study
showed that even when consumers preferred comfort to electricity
savings, there was a significant reduction in peak powers and the
overall residential loads were reduced when compared to the system
without any HEMS with magnitude of changes varying within different
households. Vanthournout et al. analyzed a demand response pilot
project in Belgium comprising 240 residential households using dish-
washers, tumble dryers, and domestic hot water buffers (Vanthournout
et al., 2015). The study used the Belgian day–night tariff structure
to employ the shiftable appliances in demand response and analyzed
the effect of the DR in different months with different participating
families.

The existing literature underscores a significant focus on imple-
menting HEMS for DR and self-consumption in residential settings.
However, much of this research tends to concentrate on shorter time
intervals, overlooking dynamic load scheduling. While previous studies
acknowledge the value of annual simulations in capturing intraday

and seasonal variations in household heating loads and PV production,
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Fig. 1. Home energy flow.
they often remain sensitive to initial conditions. For instance, Salpakari
and Lund’s work in a Finnish household integrates HEMS with rooftop
PV panels, an EV, BESS, and a ground-source heat pump for heat-
ing (Salpakari and Lund, 2016). Although they utilize rolling horizon
optimization for load scheduling, their focus is primarily on time-of-
use pricing, neglecting other pricing mechanisms. Additionally, their
emphasis on ground-source heat pumps, despite their lesser prevalence
in European residential contexts compared to air-source heat pumps,
limits the generalizability of their findings (Menegazzo et al., 2022).
Moreover, their study only considers a single building type. In light of
these gaps, this study makes the following contributions:

• Develops an optimized scheduling of flexible household loads
using MILP while the scheduling horizon is for one full year,
thereby implementing rolling horizon optimization which is used
to dynamically schedule the loads based on load changes

• The optimization model encompasses diverse building types and
electricity pricing options, reflecting variations in heating de-
mand and contract terms.

The results from this study quantify the realized savings achievable
through HEMS adoption under different conditions, aiding consumers
in decision-making regarding DR participation. Additionally, these find-
ings hold significance for electricity suppliers, aggregators, and policy-
makers, facilitating the identification of residential consumers ripe for
DR enrollment and contributing to the transition towards a sustainable
energy future.

In order to address the contributions of this paper, a residential
household in Helsinki, Finland is considered. Finland is one of the
leaders in the world for sustainable energy production and has set
ambitious targets for the upcoming years, making residential DR essen-
tial to analyze. Furthermore, there have been several previous studies
performed regarding consumer willingness to enroll in DR (Ruokamo
et al., 2019; Sridhar et al., 2023). Additionally, the electricity suppliers
in Finland provide a various range of choices which would be essential
in determining the variation in savings through the usage of HEMS. As
a result, it serves as a good example to study the HEMS for Helsinki,
Finland.
5966
3. Methodology

In this section, different household appliances and their flexibility
are explained along with the different electricity contracts available to
choose. In addition the building thermodynamic properties which will
be used to analyze the heating loads and the different scenarios which
were selected in this paper to analyze the results are discussed.

3.1. Residential house data

To address the gaps in literature, an HEMS was developed to run
on a residential household situated in Helsinki, Finland. The house
considered for simulation is a residential-detached house in the area
of Helsinki, Finland, having 4 occupants. The house has a 100 m2

floor area with wall areas corresponding to 360 m2 and windows
corresponding to 20 m2. The non-shiftable loads of the household,
which correspond to the usage of lights, appliances, and devices, are
adopted from Narayanadhas (2022). A schematic of all the shiftable
loads available within the residential household can be viewed in Fig. 1.
The non-shiftable loads of the residential household can be observed in
Fig. 2.

3.1.1. Photovoltaic panels with battery energy storage system
With the rapid increase in rooftop PV installations in the world, this

paper assumes a 5 kW PV panels installed in the rooftops attached to
a 20 kWh BESS in the residential home. The PV profile was generated
using PV GIS developed by Suri et al. (2008). Crystalline silicone panels
were selected along with a 5 kW electricity peak was used to generate
the profile and this can be observed in Fig. 3 for a typical year.

3.1.2. Electric vehicles
The household is equipped with an EV and a charging station. The

average daily traveled kilometers for passenger cars in Finland is 50
km (Lahtinen, 2019) which corresponds to 10 kWh/day required to
charge the EV (Sridhar et al., 2022c). Currently, the size of an EV
battery can vary from 15 kWh to more than 100 kWh based on the
size of the EV and the power capability. In this paper, the EV car is
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Fig. 2. Non-shiftable loads in the household.

Fig. 3. PV generation.

assumed to have a battery capacity of 65 kWh, and the charging and
discharging power is limited to 3.6 kWh/h based on a single phase 16 A
EV charger. The EV is expected to be available to charge during 17:00
to 09:00 and not available during the rest of the times during weekdays.
For the weekends, the EV is available to charge from 22:00 to 09:00.
Currently, there is no electricity sold from the vehicle back to the grid
in the analysis.

3.1.3. Heat pump
The household is equipped with an air-sourced heat pump, which

can be used to regulate the indoor temperatures within the household.
The internal temperature gains from occupants have been neglected in
this study due to its minimal impact on the temperature. The indoor
temperature has been set to have a lower bound of 19 ◦C and a higher
bound of 23 ◦C to ensure user comfort within the household based on
the study made by Narayanadhas (2022).

3.1.4. Hot water demand
The hot water profile used in this paper was obtained from an

open source hot water profile generator: DHWcalc with user defined
conditions (Jordan and Vajen, 2005). With the maximum daily wa-
ter consumption in apartments in Finland being 70 L/person/Day,
this study assumes the same for a residential household as the us-
age of hot water domestically would be similar irrespective of the
household (Ahmed et al., 2015). The hot water demand of a typical
household can be observed in Fig. 4. The hot water demand is to be
fulfilled by the boiler, which is stored in the basement of the house.
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Fig. 4. Hot water demand obtained from DHWcalc for Finland (Jordan and Vajen,
2005).

Fig. 5. Electricity contract prices for a typical winter week in Finland provided by
Helen Ltd. (Helen Oy, 2023b).

3.2. Electricity contracts

Three different electricity price contracts/retail tariff rates have
been included in this study to check the difference in savings for
different contracts. The cost of electricity contracts are divided into
electricity production and distribution costs. The different electricity
contracts available in Helsinki, Finland provided by the electricity
supplier Helen (Helen Oy, 2023b) are shown in Table 1.

The variation of the prices for a typical winter week in Finland can
be observed in Fig. 5.

The costs associated to electricity distribution for a residential
consumer within Helsinki is shown in Table 2 (Helen Sähköverkko,
2023a).

For selling the electricity from the home to the grid, Helen Ltd. buys
the produced electricity based on spot prices along with a difference of
their commission. Currently, the commission charged by Helen to buy
electricity is 0.3 c/kWh, irrespective of the type of electricity contract
the consumer has made with the supplier.

3.3. House thermal properties

Based on the different standards of building types within Finland,
five different building types have been considered in this study to
analyze the results from HEMS simulation based on the Finnish building
standards (Laitinen et al., 2014). The associated heat loss coefficient
for the different buildings is calculated using Eq. (12). The heat loss
through the building property is obtained through the product of
thermal transmittance and area of the building. The thermal trans-
mittance is obtained from Laitinen et al. (2014). The ventilation heat
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Table 1
Electricity contracts/retail rates in Finland provided by Helen Ltd. Helen Oy (2023b).

Type of contract Description Value

Fixed This type of contract has a fixed cost per until of
consumed electricity for 12 months

15.46 c/kWh

Time of Day This type of contract has one fixed price between
07:00–22:00 and a different fixed price between
22:00–07:00

18.24 c/kWh (07:00–22:00), 12.67 c/kWh (22:00–07:00)

Exchange price This type of contract has a varying price based on
spot market with an additional commission
charged by the electricity supplier

(Spot price + 0.38 c/kWh) * 1.24 {To include VAT}
Table 2
Electricity distribution charges from Helen Ltd. Helen Sähköverkko (2023a).

Type of costs Description Value

Fixed
distribution costs

This is a type of cost which is fixed for all residential
consumers registered with Helen as their electricity
distribution supplier.

4.07 c/kWh

Taxes This type of cost is incurred for all residential
consumers irrespective of their electricity distribution
supplier

2.794 c/kWh

Total costs Sum of fixed distribution costs and taxes 6.864 c/kWh
Table 3
Building classification considered in the study.

Building
classification

Building description Heat loss coefficient
based on building
properties (W/K)

Ventilation heat loss
coefficient (W/K)

Overall heat loss
coefficient (W/K)

A Building built before 1960 425.4 33.825 459.225
B Building built between 1960–1979 311.2 33.825 345.025
C Building built between 1980–2000 222.8 37.95 260.75
D Building built between 2000–2010 187 33 220
E Building built after 2010 and fulfilling

Finnish building code 2012 Part D5
126.2 41.25 167.45
Table 4
Scenario formulation.

Building type Tariff type Scenario

A
Fixed price A1
Time of Day A2
Exchange price A3

B
Fixed price B1
Time of Day B2
Exchange price B3

C
Fixed price C1
Time of Day C2
Exchange price C3

D
Fixed price D1
Time of Day D2
Exchange price D3

E
Fixed price E1
Time of Day E2
Exchange price E3

loss coefficient is obtained from Eq. (13) where the air-flow rate for
different buildings is obtained from Laitinen et al. (2014). The overall
heat loss coefficient is the sum of heat loss coefficients by building
property and ventilation and can be viewed in Table 3.

3.4. Scenarios

Based on the different thermal properties of the household and the
electricity contracts, 15 different scenarios have been formulated to be
analyzed in this paper. The different scenarios are shown in Table 4.

In order to extract numerical results, this paper uses the day-ahead
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prices of Finland (since Finland has one price area for day-ahead prices)
and uses the year 2019 for analysis. The reason to choose 2019 was
based on eliminating other recent years due to several reasons: 2022
being the year when a huge share of nuclear power got activated in
Finland, changing the whole energy landscape of Finland; 2021 was
the year of Russian invasion on Ukraine forcing the energy crisis and
causing very high prices; 2020 being the year of coronavirus out-
break forcing industries and commercial sector to reduce the operating
capacity and thus by affecting the prices.

3.5. Optimization model

The optimization model is designed considering thermal comfort
and thermal losses of the residential building. In addition, technical
characteristics of boiler like supply temperature, thermal transmit-
tance, area of boiler, heat capacity and efficiency were considered.
Similarly, for heat pump, room temperature, density, heat capacity
of air, thermal transmittance is considered in the constraints of the
model. A residential building’s home energy management system with
a one-hour temporal resolution is designed. The system consists of a
rooftop PV system, a BESS coupled to the PV system, an air-source heat
pump, an electric boiler, and a station for charging electric vehicles.
The structure is wired into the grid so that extra electricity can be
purchased, and extra electricity may be sold. It is anticipated that the
model’s architecture will be flexible to changes in both the generation
of PV electricity and the ambient temperature.

Due to the linear programs being convex in nature and are com-
putationally not expensive and reach convergence faster than other
non-linear programs, the HEMS uses linear programming to repre-
sent the system (Sridhar et al., 2022a). The Optimization model was
modeled as a Mixed-Integer Linear Program (MILP) having various
parameters, decision variables, constraints and objective function.
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Table 5
BESS parameters.

Parameter Description Value

𝜂𝐵𝐸𝑆𝑆 Battery charging/discharging efficiency 0.92
𝑆𝑂𝐶𝐵𝐸𝑆𝑆

𝑚𝑖𝑛 Minimum state of charge of the BESS 1.6 kWh
𝑆𝑂𝐶𝐵𝐸𝑆𝑆

𝑚𝑎𝑥 Maximum state of charge of the BESS 8 kWh
𝑃 𝐵𝐸𝑆𝑆
𝑚𝑖𝑛 Minimum power to charge/discharge the BESS 0 kW

𝑃 𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 Maximum power to charge/discharge the BESS 4 kW

Table 6
EV parameters.

Parameter Description Value

𝜂𝐸𝑉 Battery charging/discharging efficiency 0.92
𝑆𝑂𝐶𝐸𝑉

𝑚𝑖𝑛 Minimum state of charge of the EV 10 kWh
𝑆𝑂𝐶𝐸𝑉

𝑚𝑎𝑥 Maximum state of charge of the EV 50 kWh
𝑃 𝐸𝑉
𝑚𝑖𝑛 Minimum power to charge/discharge the EV 0 kW

𝑃 𝐸𝑉
𝑚𝑎𝑥 Maximum power to charge/discharge the EV 3.6 kW

Table 7
Heating parameters.

Parameter Description Value

𝑇 ℎ𝑜𝑢𝑠𝑒
𝑚𝑖𝑛 Minimum indoor temperature of the house 19 ◦C

𝑇 ℎ𝑜𝑢𝑠𝑒
𝑚𝑎𝑥 Maximum indoor temperature of the house 23 ◦C

𝑇 ℎ𝑜𝑢𝑠𝑒
𝑟𝑎𝑚𝑝 Ramping indoor temperature limit for the house 2 ◦C

𝐴ℎ𝑜𝑢𝑠𝑒 Surface area of all the walls in the house 300 m2

𝑉 ℎ𝑜𝑢𝑠𝑒 Volume the house 250 m3

ℎℎ𝑜𝑢𝑠𝑒 Height of the house 2.5 m
𝜌𝑎𝑖𝑟 Density of air 1.007 kJ/kg ◦C

𝑐𝑎𝑖𝑟𝑝 Heat capacity of air 1.2 kg/m3

𝑈ℎ𝑜𝑢𝑠𝑒 Overall thermal transmittance of the house –
𝑛 Air change rate –

Table 8
Boiler parameters.

Parameter Description Value

𝑇 𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 Temperature of water in the boiler 60 ◦C

𝑇 𝑏𝑜𝑖𝑙𝑒𝑟
𝑠𝑢𝑝𝑝𝑙𝑦 Temperature of water supplied to the boiler 9 ◦C

𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝑠𝑡𝑎𝑟𝑡 Volume of water in the boiler at start 40 L

𝐴𝑏𝑜𝑖𝑙𝑒𝑟 Area of the boiler 2.39 m2

𝑈 𝑏𝑜𝑖𝑙𝑒𝑟 Overall thermal transmittance of the boiler 0.36 W/m2◦C

𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝑚𝑎𝑥 Maximum volume of water in the boiler 400 L

𝑐𝑏𝑜𝑖𝑙𝑒𝑟𝑝 Heat capacity of water 4.2 kJ/kg◦C

𝜂𝑏𝑜𝑖𝑙𝑒𝑟 Efficiency of the boiler 0.95
𝑇 ℎ𝑜𝑢𝑠𝑒
𝑏𝑎𝑠𝑒𝑚𝑒𝑛𝑡 Temperature of basement of house 18 ◦C

3.5.1. Parameters
Parameters are the variables within the model which stay constant

throughout the optimization horizon and are never affected by any
decisions made by the model. The parameters for the Battery Energy
Storage System (BESS) are listed in Table 5. The parameters for the
Electric Vehicle (EV) are detailed in Table 6. The parameters for
household space heating are provided in Table 7. The parameters for
hot water demand, using a boiler, are shown in Table 8.

3.5.2. Decision variables
Decision variables are the variables within the model which are

subjected to vary and are selected by the model based on the objective
function. The decision variables for the Battery Energy Storage System
(BESS) are presented in Table 9. The decision variables for the Electric
Vehicle (EV) are listed in Table 10. The decision variables for space
heating are detailed in Table 11. The decision variables for hot water
heating using the electric boiler are shown in Table 12.
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Table 9
BESS decision variables.

Decision variables Description

𝑆𝑂𝐶𝐵𝐸𝑆𝑆
𝑡 State of charge of BESS at time 𝑡

𝑃 𝐵𝐸𝑆𝑆
𝐶𝐻,𝑡 Power supplied to charge the BESS at time 𝑡

𝑃 𝐵𝐸𝑆𝑆
𝐷𝑆,𝑡 Power supplied to discharge the BESS at time 𝑡

Table 10
EV decision variables.

Decision variables Description

𝑆𝑂𝐶𝐸𝑉
𝑡 State of charge of EV at time 𝑡

𝑃 𝐸𝑉
𝐶𝐻 Power supplied to charge the EV at time 𝑡

𝑃 𝐸𝑉
𝐷𝑆 Power supplied to discharge the EVat time 𝑡

Table 11
Space heating decision variables.

Decision variables Description

𝑇 ℎ𝑜𝑢𝑠𝑒
𝑡 Indoor temperature of the house at time 𝑡

𝑄ℎ𝑜𝑢𝑠𝑒
𝑙𝑜𝑠𝑠,𝑡 The heat lost by the house at time 𝑡

𝑃𝐻𝑃
𝑡 Electrical power supplied to the heat pump at time 𝑡

𝑄𝐻𝑃
𝑡 Thermal energy supplied by the heat pump at time 𝑡

Table 12
Boiler decision variables.

Decision variables Description

𝑇 𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 Temperature of the water in the boiler at time 𝑡

𝑄𝑏𝑜𝑖𝑙𝑒𝑟
𝑙𝑜𝑠𝑠,𝑡 The heat lost by the boiler at time 𝑡

𝑃 𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 Electrical power supplied to the boiler at time 𝑡

𝑄𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 Thermal energy supplied by the boiler at time 𝑡

𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 Volume of water in the boiler at time 𝑡

𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝐶𝐻 Volume of water supplied to the boiler at time 𝑡

𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝐷𝑆 Volume of water discharged from the boiler at time 𝑡

3.5.3. Constraints
Constraints are the equations which limit the decision variables and

act as a boundary layer for decision variables. They are essential to
mimic the actual physics of the system and help the system converge
to the best result.

The following BESS constraints are used in this study:

𝑆𝑜𝐶𝐵𝐸𝑆𝑆
𝑡 = 𝑆𝑜𝐶𝐵𝐸𝑆𝑆

𝑡−1 + (𝑃𝐵𝐸𝑆𝑆
𝐶𝐻,𝑡 ∗ 𝜂𝐵𝐸𝑆𝑆 ) − (𝑃𝐵𝐸𝑆𝑆

𝐷𝑆,𝑡 ∕𝜂𝐵𝐸𝑆𝑆 ) (1)

The state of charge of the BESS is defined by the state of charge of
he BESS in the previous hour, along with the potential charging and
ischarging happening in the current hour.

𝑜𝐶𝐵𝐸𝑆𝑆
𝑚𝑖𝑛 ≤ 𝑆𝑜𝐶𝐵𝐸𝑆𝑆

𝑡 ≤ 𝑆𝑜𝐶𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 (2)

The state of charge of the BESS should never go below the lower
limit and never go higher than the upper limit.

𝑃𝐵𝐸𝑆𝑆
𝑚𝑖𝑛 ≤ 𝑃𝐵𝐸𝑆𝑆

𝐶𝐻,𝑡 ≤ 𝑃𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 (3)

𝐵𝐸𝑆𝑆
𝑚𝑖𝑛 ≤ 𝑃𝐵𝐸𝑆𝑆

𝐷𝑆,𝑡 ≤ 𝑃𝐵𝐸𝑆𝑆
𝑚𝑎𝑥 (4)

he charging and discharging of the BESS should not be higher than
he maximum power possible to charge and discharge the BESS, and
ot lower than the minimum power possible to charge and discharge
he BESS.

Similar to the BESS constraints, the following EV constraints are
sed in this study:

𝐸𝑉 𝐸𝑉 𝐸𝑉 𝐸𝑉 𝐸𝑉 𝐸𝑉
𝑜𝐶𝑡 = 𝑆𝑜𝐶𝑡−1 + (𝑃𝐶𝐻 ∗ 𝜂 ) − (𝑃𝐷𝑆 ∗ 𝜂 ) (5)
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The state of charge of the EV is defined by the state of charge of the EV
in the previous hour along with the potential charging and discharging
happening in the current hour.

𝑆𝑜𝐶𝐸𝑉
𝑚𝑖𝑛 ≤ 𝑆𝑜𝐶𝐸𝑉

𝑡 ≤ 𝑆𝑜𝐶𝐸𝑉
𝑚𝑎𝑥 (6)

he state of charge of the EV should never go below the lower limit
nd never go higher than the upper limit.
𝐸𝑉
𝑚𝑖𝑛 ≤ 𝑃𝐸𝑉

𝐶𝐻,𝑡 ≤ 𝑃𝐸𝑉
𝑚𝑎𝑥 (7)

𝐸𝑉
𝑚𝑖𝑛 ≤ 𝑃𝐸𝑉

𝐷𝑆 ≤ 𝑃𝐸𝑉
𝑚𝑎𝑥 (8)

he charging and discharging of the EV should not be higher than the
aximum power possible to charge and discharge the EV, and not be

ower than the minimum power possible to charge and discharge the
V.

The constraints which help to mimic the physical reality of working
f a heat pump is obtained from Ryan (2020) and it is as follows:
ℎ𝑜𝑢𝑠𝑒
𝑚𝑖𝑛 ≤ 𝑇 ℎ𝑜𝑢𝑠𝑒

𝑡 ≤ 𝑇 ℎ𝑜𝑢𝑠𝑒
𝑚𝑎𝑥 (9)

he temperature of the house should be within the accepted tempera-
ure limit based on user comfort levels.

(𝑇 ℎ𝑜𝑢𝑠𝑒
𝑟𝑎𝑚𝑝 ) ≤ (𝑇 ℎ𝑜𝑢𝑠𝑒

𝑡 − 𝑇 ℎ𝑜𝑢𝑠𝑒
𝑡−1 ) ≤ 𝑇 ℎ𝑜𝑢𝑠𝑒

𝑟𝑎𝑚𝑝 (10)

The changes in indoor temperature should not be more than 1 ◦C
ased on user comfort.
ℎ𝑜𝑢𝑠𝑒 = 𝑉 ℎ𝑜𝑢𝑠𝑒 ∗ 𝜌𝑎𝑖𝑟 ∗ 𝑐𝑎𝑖𝑟𝑝 (11)

he heat capacity of the house is defined as the product of volume of
he house, density of air and the specific heat of air.

𝑄ℎ𝑜𝑢𝑠𝑒
𝑙𝑜𝑠𝑠
𝛥𝑇

= 𝑈ℎ𝑜𝑢𝑠𝑒 ∗ 𝐴ℎ𝑜𝑢𝑠𝑒 +
𝑄𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛

𝛥𝑇
(12)

The ratio of heat loss coefficient of the house is defined as the sum of
eat loss coefficient of the house due to ventilation and due to building
hermodynamic property, i.e., the product of thermal transmittance of
he house and surface area of the house.
𝑄𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛

𝛥𝑇
= 0.33 ∗ 𝑛 ∗ 𝑉 ℎ𝑜𝑢𝑠𝑒 (13)

The ratio of heat loss of the house due to ventilation to the change
in temperature is defined as the product of 0.33, air-change rate in the
house and the volume of the house.

𝑄ℎ𝑜𝑢𝑠𝑒
𝑙𝑜𝑠𝑠,𝑡 = (𝑇 ℎ𝑜𝑢𝑠𝑒

𝑡 − 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡
𝑡 ) ∗

𝑄ℎ𝑜𝑢𝑠𝑒
𝑙𝑜𝑠𝑠
𝛥𝑇

(14)

he heat lost by the house in a specific time is provided by the
roduct of the difference between indoor temperature and the ambient
emperature and the ratio of heat loss of the house to the change in
emperature defined in Eq. (12).

ℎ𝑜𝑢𝑠𝑒
𝑡 = 𝑇 ℎ𝑜𝑢𝑠𝑒

𝑡−1 −
𝑄ℎ𝑜𝑢𝑠𝑒

𝑙𝑜𝑠𝑠,𝑡

𝐶ℎ𝑜𝑢𝑠𝑒 +
𝑄𝐻𝑃

𝑡

𝐶ℎ𝑜𝑢𝑠𝑒 (15)

The indoor temperature of the house at the current time is provided by
the indoor temperature of the house in the previous hour and the ratio
of heat lost by the house to the heat capacity of the house and the ratio
of heat provided by the heat pump to the heat capacity of the house.

𝑃𝐻𝑃
𝑡 =

𝑄𝐻𝑃
𝑡

𝐶𝑂𝑃𝐻𝑃
𝑡

(16)

he electrical power supplied to the heat pump is defined as the ratio
f thermal energy supplied by the heat pump to the coefficient of
erformance of the heat pump.

𝑂𝑃𝐻𝑃
𝑡 = 3.25 + 0.0875 ∗ 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑡 (17)

he coefficient of performance of the heat pump is defined as a function
f the ambient temperature provided by Quintel (2023d).
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The constraints associated to the hot water boiler are as follows:
𝑏𝑜𝑖𝑙𝑒𝑟
𝑚𝑖𝑛 ≤ 𝑇 𝑏𝑜𝑖𝑙𝑒𝑟

𝑡 ≤ 𝑇 𝑏𝑜𝑖𝑙𝑒𝑟
𝑚𝑎𝑥 (18)

The temperature of water within the boiler should be within the
inimum and the maximum limits allowed as per Table 8.
𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 = 𝑉 𝑏𝑜𝑖𝑙𝑒𝑟

𝑠𝑡𝑎𝑟𝑡 + 𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝐶𝐻,𝑡 − 𝑉 𝑏𝑜𝑖𝑙𝑒𝑟

𝐷𝑆,𝑡 (19)

The volume of water in the boiler is defined as the sum of volume
of water in the boiler in the beginning and the volume added to the
boiler and the difference of the volume discharge from the boiler which
corresponds to the hot water demand as observed in Fig. 4.

𝑄𝑏𝑜𝑖𝑙𝑒𝑟
𝑙𝑜𝑠𝑠,𝑡 = 𝑈 𝑏𝑜𝑖𝑙𝑒𝑟 ∗ 𝐴𝑏𝑜𝑖𝑙𝑒𝑟 ∗

𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝑡

𝑉 𝑏𝑜𝑖𝑙𝑒𝑟
𝑚𝑎𝑥

∗ (𝑇 𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 − 𝑇 ℎ𝑜𝑢𝑠𝑒

𝑏𝑎𝑠𝑒𝑚𝑒𝑛𝑡) (20)

The heat lost by the water in the boiler can be defined as the product
of thermal transmittance of the boiler, area of the boiler, ratio of water
in the boiler and the difference in temperature between outside and
inside the boiler.

𝑄𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 = 𝑉 𝑏𝑜𝑖𝑙𝑒𝑟

𝐶𝐻 ∗ 𝑐𝑏𝑜𝑖𝑙𝑒𝑟𝑝 ∗ (𝑇 𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 − 𝑇 𝑏𝑜𝑖𝑙𝑒𝑟

𝑠𝑢𝑝𝑝𝑙𝑦) +𝑄𝑏𝑜𝑖𝑙𝑒𝑟
𝑙𝑜𝑠𝑠,𝑡 (21)

The heat energy needed by the boiler can be defined as the product
of volume of water entering the boiler, the specific heat of water in
the boiler, the difference in change in temperature of the boiler and
the boiler losses needs to be added to this to compensate for the
thermodynamic losses.

𝑃 𝑏𝑜𝑖𝑙𝑒𝑟
𝑡 = 𝑄𝑏𝑜𝑖𝑙𝑒𝑟

𝑡 ∕𝜂𝑏𝑜𝑖𝑙𝑒𝑟 (22)

The electrical power supplied to the boiler is defined as the ratio of
the thermal energy supplied by the boiler to the efficiency of the boiler.
The energy flow constraints for the HEMS are as follows:

𝑃𝐻𝑃
𝑡 +𝑃 𝑒𝑥𝑝𝑜𝑟𝑡

𝑡 +𝑃 𝑙𝑜𝑎𝑑
𝑡 +𝑃 𝑏𝑜𝑖𝑙𝑒𝑟

𝑡 +𝑃 𝐸𝑉
𝐶𝐻,𝑡+𝑃 𝐵𝐸𝑆𝑆

𝐶𝐻,𝑡 = 𝑃 𝑖𝑚𝑝𝑜𝑟𝑡
𝑡 +𝑃 𝑃𝑉

𝑡 +𝑃 𝐸𝑉
𝐷𝑆,𝑡+𝑃 𝐵𝐸𝑆𝑆

𝐷𝑆,𝑡

(23)

The sum of overall power supplied to the heat pump, exported to
he grid, load, boiler, charging EV and BESS should be equal to the sum
f power imported from the grid, energy obtained from PV panels and
he discharging power of EV and BESS.

.5.4. Objective function
The objective function is the equation in the model with which

s set to be optimized based on the constraints, parameters, and the
ecision variables. The objective of the HEMS is to minimize the overall
lectricity costs and is calculated as shown below

in
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∑

𝑡=1
𝑃 𝑖𝑚𝑝𝑜𝑟𝑡
𝑡 ∗ 𝜆𝑖𝑚𝑝𝑜𝑟𝑡𝑡 − 𝑃 𝑒𝑥𝑝𝑜𝑟𝑡

𝑡 ∗ 𝜆𝑒𝑥𝑝𝑜𝑟𝑡𝑡 (24)

.6. Rolling horizon optimization

In the context of a Home Energy Management System (HEMS),
olling horizon optimization emerges as a strategic computational ap-
roach to efficiently allocate and manage energy resources over time.
ather than attempting to optimize the entire energy consumption plan

or an extended period, the rolling horizon method divides the planning
orizon into shorter intervals. This can be observed in Fig. 6.

Within each interval, the HEMS leverages optimization algorithms
o determine the most optimal energy consumption strategy based on
urrent data, such as electricity prices, household demand, and re-
ewable energy availability. This short-term plan is then implemented,
nd the optimization process is repeated as the system progresses.
his iterative approach allows the HEMS to adapt dynamically to
luctuations in energy prices, variations in user behavior, and changes
n renewable energy production, ensuring a responsive and adaptive
nergy management strategy that aligns with the evolving needs and
onditions within a home environment. The working of the overall

EMS can be observed in Fig. 7.
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Fig. 6. Working of rolling horizon.
Fig. 7. Working of the HEMS with rolling horizon optimization.
4. Results

In order to assess the working of the HEMS on the residential
household, one specific building type is used with different electricity
tariff structures. The results for using building type ‘C’ using fixed price
contracts can be observed in Figs. 8 and 9.
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In Fig. 8, it can be observed that there have been a significant grid
imports coming to the residential household and there have been no
export to the grid. Additionally, it can be seen that the heat pump
loads are more or less constant throughout the day as there is no price
volatility to shift the loads in lower hours to increase savings. The EV
charging also happens in the evening times when the EV is available to
charge.
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Fig. 8. Typical winter weekday — fixed tariffs.
Fig. 9. Typical summer day — fixed tariffs.
Similar to the winter weekday, Fig. 8 shows the working of the
HEMS in fixed price tariffs in a typical summer weekday. In contrast
to the winter months, the heat pump is not activated here due to
the high ambient temperature and the EV has been charging in the
available times. In both Figs. 8 and 9, there has been no export to the
grid due to the low export costs and the high import costs, which are
fixed throughout the day. Due to this, there have been very minimal
flexibility possible in this system with the usage of HEMS.
5972
The results for using building type ‘C’ using time of day contracts
can be observed in Figs. 10 and 11.

In Fig. 10, the working of HEMS can be clearly seen. With the
changes in electricity prices during different times of the day, the HEMS
shifts the loads to try to reduce the cost of electricity imported from the
grid. This can be seen by the usage of the BESS to charge during low
price hours. Similar to this, the EV is charged accordingly in the low
price hours.
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Fig. 10. Typical winter weekday — time of day tariffs.
Fig. 11. Typical summer weekday — time of day tariffs.
The operation of the HEMS in the household during a typical
summer workday can be observed in Fig. 11. Similar to the previous
cases, there is no heat pump load during the day and the EV and
BESS are charged during the low price hours to increase the savings
in electricity bills.
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The results for using building type ‘C’ using exchange price contracts
can be observed in Figs. 12 and 13.

Further, the working of HEMS in the residential household in a
winter day using exchange price tariffs can be observed in Fig. 12. For
the time of day tariffs, the HEMS charges the EV during the low price
hours, which occur during early morning hours in the day. There is no



Energy Reports 11 (2024) 5963–5977A. Sridhar et al.
Fig. 12. Typical winter weekday — exchange price tariffs.
Fig. 13. Typical summer weekday — exchange price tariffs.
charging of the BESS, as the difference in prices throughout the day
is not enough to cover for the charging and discharging losses for the
BESS.

The working of HEMS in the residential building in a typical sum-
mer day can be observed in Fig. 13. Similar to the previous cases,
5974
the EV charges when there are low prices, which occurs during early
morning hours and there is no heat pump loads in the summer. But
unlike the previous cases, there is the charging of the BESS in this case
due to the price volatility being higher than the efficiency losses due
to charge and discharge from the BESS.
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Table 13
Results for different scenarios and electricity contracts.

Scenario Annual cost of electricity (e/annum) Self consumption (%)

Annual optimization Real-time rolling
horizon optimization

Annual optimization Real-time rolling
horizon optimization

A1 3883.49 3887.18 99.9 99.3
A2 3625.16 3627.80 99.7 99.1
A3 3274.88 3295.15 99.3 98.9
B1 3338.55 3342.32 99.9 99.2
B2 3077.50 3080.28 99.7 99.1
B3 2792.11 2812.61 99.3 98.9
C1 2942.95 2947.28 99.8 99.2
C2 2682.03 2684.93 99.7 99
C3 2442.24 2463.00 99.3 98.7
D1 2754.71 2759.14 99.8 99.2
D2 2494.51 2497.52 99.7 99
D3 2275.76 2296.55 99.3 98.8
E1 2515.33 2519.98 99.8 99.1
E2 2256.84 2259.93 99.7 99.2
E3 2064.21 2085.19 99.3 98.7
The results from using the different building classification types and
ifferent electricity savings can be observed in Table 13. From the
able, it is evident that the effect of different building types is directly
ffecting the annual costs of electricity. The building type A corre-
ponds to very old buildings which does not have thermal insulation
ithin the household. As a result, the heating losses are higher, thus
y increasing the heat pump consumption throughout the year. As the
hermal insulation is increased for the other building types, the annual
osts are lower when compared to building type A. Similarly, building
ype B has a higher cost than C, D and E, and type C has higher costs
han types D and E. Compared to all the building types, building type E
ad the lowest annual costs. In terms of different electricity contracts,
he fixed price contract had the highest annual costs and the exchange
rice contracts had the lowest annual costs. This is explained by the
act that there is more volatility of prices in exchange price contracts,
aking the HEMS to optimize flexible loads to reduce the electricity

osts. The time of day prices has a similar annual costs as exchange
rice contracts but still lower. In terms of self-consumption, the values
re always close to 99% due to the fact that there is almost close to zero
xcess electricity which can be sold back to the grid to gain sufficient
rofits. Within the different electricity contracts, the self consumption
or fixed price contracts is higher than the rest, which is then followed
y time of day contracts. This can be attributed to the low volatility
n the prices among these contracts, making the self consumption a
ore viable option than selling it back to the grid due to low selling
rices.

Through the usage of real-time rolling horizon optimization, the
ptimization algorithm is updated based on real-time operational feed-
ack, thus by providing results that are close to real world. The differ-
nce in annual costs among different building types based on annual
ptimization and rolling horizon is that as the building insulation level
ncreases (as we move from A to E), the energy requirements for heating
he living space decreases, which results in increase of the differences
n annual costs. This is attributed to the fact that the required energy by
he household is lower, making the utilization of PV generation to meet
ther loads of the household and to store in BESS. This is also validated
y checking the self-consumption value for different buildings. As the
nsulation increases, the self consumption decreases, increasing excess
V production after meeting the load requirements. Additionally, the
ncrease in volatility of the prices adds more savings to the household.
s a result, the usage of real-time rolling horizon for buildings with
xchange price contracts shows a higher saving potential compared to
ther types of electricity contracts.
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5. Discussion

Based on the above results, the paper provides five key insights
which would be essential for electricity suppliers, residential con-
sumers, aggregators, policy-makers and researchers:

First, the rare usage of BESS for arbitrage or self-consumption can
be clearly seen in the household. The BESS in the residential household
had a charging/discharging efficiency of 92%. As a result, for arbitrage
if the price spread is not more than 15% (round trip charging and
discharging efficiency = 92*92/1000), the BESS would not be exten-
sively utilized in the HEMS. In case of self-consumption, only when
there is excess PV generation after meeting the load, will be stored in
the BESS, which is minimal in the considered use case. Considering the
different electricity tariffs, the BESS would be ideal mainly for time of
day tariffs throughout the year, which guarantees a constant change in
price over a day. Using this tariff type would utilize the BESS to its full
capacity, which can help in energy savings, but can also lead to faster
degradation of the BESS. Due to the uncertain future and the lack of
accurately predicting the future prices, it is only logical to utilize the
BESS as and when there is enough volatility in the prices to justify the
charging and discharging of the BESS. The utilization of BESS in fixed
price is not possible due to no volatility, and the utilization in exchange
price tariff is only profitable when there is sufficient volatility in the
day-ahead prices.

Second, the impact of different housing classification on the annual
energy costs is evident. With Helsinki, Finland being in a sub-arctic
temperature zone, heating corresponds to a major energy share. The
possibility of having residential consumers flexible with their heating
consumption in itself would help augment the electricity savings. The
consumers having a higher insulation level has a lower annual costs
than consumers living in older buildings with lower insulation levels.
The consumers in newer buildings also have a lower self consumption
share from PV as their heating loads are lower, making the PV to be
utilized elsewhere needed.

Third, the impact of having different electricity tariffs can have a
direct correlation in the annual energy savings. It is evident from the
fact that the usage of fixed tariff structure would have the least annual
savings, which is the maximum electricity cost. This tariff structure did
not capitalize on the presence of BESS in the household, which acts as a
huge flexibility asset. This is due as the cost of energy loss in the BESS
is higher than the spreads available between the variation of electricity
prices. Considering this, the time of day contracts and exchange price

contracts utilizes the BESS only when the price spread is higher and the
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fixed price contracts never utilizes the BESS. Within the two variable
price contracts, exchange price contracts have a higher utilization of
BESS, making it ideal for consumers to choose to maximize their annual
savings.

Fourth, the current schemes for exporting electricity back to the grid
is not profitable. The current export prices in Finland are based on the
day-ahead prices and a small commission back to the energy supplier.
In this current contract type, the possibility of selling electricity back to
the supplier is not profitable and as a result, the majority of the renew-
able generation is typically saved in the BESS and is later utilized for the
building’s consumption. This is evident from the high self-consumption
values shown in Table 13.

Fifth, the effect of rolling horizon optimization can be clearly ob-
served in the changes in result like annual cost of electricity compared
to the simulation results from the annual optimization of residential
building. In the rolling horizon optimization, the availability of range of
data for the model is limited to the optimization horizon, which limits
the model to plan in long term with limitations in decision-making.
While in the annual optimization, the model has access to the data of
the whole year to make the best decision. This results in the rolling
horizon optimization model to have a lower savings/ higher electricity
costs, making this approach as close as to real-world operation.

In addition to the above-mentioned points, there are some limitation
in this study which needs to be acknowledged to support the results
and insights from this paper. In this study, the initial costs of all the
appliances are not considered. Currently, the installations of rooftop
PV panels are significantly increasing and costs of BESS have been
decreasing over the previous years. In addition to this, the majority
of analysis in this study employs only G2V (grid to electric vehicle)
and not V2G (electric vehicle to grid). As a result, the energy savings
would be higher than what was observed in this study. Currently due to
technical difficulties and a lack of clear pricing strategy for the same,
it has been omitted in this study. Finally, the study uses data from
2019 for day-ahead prices where the price volatility is less pronounced,
thereby reducing the savings through the usage of exchange price
contracts. The increasing penetration of renewable energy will lead to
increased volatility, which enhances overall annual savings through the
use of HEMS (Sridhar et al., 2022a). Hence, the results from this paper
provides a baseline to understand the savings through exchange price
contract, which will more likely be increased in the future.

6. Conclusion

The increasing renewable energy generation due to the rapid in-
crease of rooftop PV installations have made an average consumer of
today, a prosumer in the future. With the rapid increase of renewable
production in the energy system the volatility in the electricity price has
increased leading to the need for flexibility an utmost importance for
a stable functioning of the energy system. Within this study, the usage
of HEMS for different building types and electricity contracts available
within Finland has been analyzed. Five different building classifications
and three different electricity contracts have been used to simulate the
usage of HEMS for a residential household situated in Helsinki, Finland.
The annual costs are directly correlated to the buildings’ insulation
level and the electricity contract. The newer buildings had a higher
savings in comparison with the older buildings, and exchange price
contracts proved to be the best in extracting the flexibility of the
household. On top of this, a real-time rolling horizon optimization was
performed to represent the performance of HEMS in real world sce-
nario. Using this, the HEMS gets updated based on real-time operational
feedback and this changes the annual costs incurred to the consumer.
The consumers with exchange price contracts experienced the highest
savings in comparison to other electricity contracts, and the overall
costs were lower than what was obtained for annual optimization.
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The results from this study shows that consumers with exchange price
contracts and having a good building insulation has the lowest annual
costs, making them ideal prosumers for the future.
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