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A B S T R A C T

This article describes implementation of a linear programming (LP) optimization method for distribution of
household appliances, with the goal of minimizing hourly load while considering customer comfort preferences.
The presented method is intended to be used by customers to explore their flexibility potential. Specifically, the
article demonstrates how the method can be used to shift the load to off-peak hours or to be adjusted to the
generation of their own photovoltaic (PV) units. The solution is applied across four categories of residential
consumers, resulting in a reduction of hourly peak load ranging from 30 % to 60 %. For prosumer households,
whose consumption is adjusted to their PV generation, the reduction range is 16 % to 30 %. Furthermore, the
impact of the optimized use of appliances on the operation of a distribution grid is examined in the paper. The
results show improved voltage ranges and voltage profiles, as well as decrease in energy losses in all observed
cases, for households with and without installed PV units.

1. Introduction

To achieve the climate goals outlined in the European Union (EU)
energy strategy [1], supported by the adoption of the key legislation
package. Clean Energy for all Europeans [2] and further expanded with
the European Green Deal [3], it will be necessary to increase the inte-
gration of variable renewable energies in the power systems over the
next few decades. At the same time, it is important to ensure that the
achievement of these goals does not pose a risk to the fundamental
commitment for provision of secure, continuous and affordable elec-
tricity supply for all customers. Despite the pressure caused by the en-
ergy crisis within the past two years, the diversification of electricity
generation and integration of renewable energy sources (RES) are
considered as substantial measures to achieve the climate goals. RES
significance is further emphasized by the implementation of the REPo-
werEU Plan [4], which aims to accelerate the investments in clean en-
ergy and reduce European dependence on fossil fuels. To ensure
sufficient changes on the demand side, which will complement the de-
velopments on the supply side, the European policy framework [2]
already creates favourable conditions that encourage individual and
company level behavioural changes towards energy efficiency and cost
reduction to achieve active participation in the energy transition. Apart
from prioritizing energy efficiency [5], the consumer-centric energy

transition strongly promotes self-consumption and fosters the develop-
ment of energy communities.

The forthcoming changes require a greater degree of flexibility to
ensure the secure operation of power systems. As defined in [6], flexi-
bility refers to the ability of the power system and its assets to tempo-
rarily alter normal operations in response to an external request or
event. Apart from generators, which are traditional assets used to pro-
vide the required system flexibility, the existing European legislative
framework also fosters the use of load and storage. This is further pro-
moted by the establishment and operation of aggregators and suppliers
that are developing innovative business models to engage residential,
small commercial, and industrial customers in delivering services to the
grid, as well as for participating in the electricity markets [7,8]. The
participation of load and storage is also expected in the regional elec-
tricity markets [9] and local flexibility markets [10], which are in
various stages of development across Europe and the USA. The signifi-
cance of demand side management (DSM) programs lies in their ability
to leverage demand side flexibility for various purposes. These programs
allow customers to gain benefits based on changes in their electricity
consumption. DSM programs can be either explicit or implicit. Explicit
DSM programs seek to involve customers to respond to external requests
for changes in consumption and offer financial compensation in return
[11]. Implicit DSM programs are developed to engage customers’
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response through pricing, i.e. they encourage customers to reduce their
electricity consumption during periods of high prices and shift it to
periods of lower prices [11].

1.1. Literature review

The comprehensive study from [12] presents the importance of DSM
and the development of an adequate market design for integration of
new generation sources and promotion of prosumer participation. It also
highlights the challenges of the transition from centralized to decen-
tralized control and increased need for enhancing consumer flexibility.

The research presented in [13], shows that implementation of DSM
programs can contribute to reduction of load in peak hours in all sea-
sons, while the study presented in [14] provides insight on the potential
for load shifting and peak clipping by implementation of DSM strategies.
Furthermore, optimized changes in customer consumption can lead to
cost reductions not just for the consumers, but also for system operators,
as discussed in [15]. Considering DSM in the process of distribution
network planning can alleviate costs for system operators and can be
helpful in dealing with minor network constraint violations [16].
Implementation of DSM improves distribution network investment ef-
ficiency and contributes to unlocking network capacity [17]. The impact
of DSM on distribution system operation is investigated in [18,19],
which focus on potential use of DSM strategies for voltage control as well
as in [20], which investigates the possibilities for congestion reduction.

The participation of residential customers in DSM is crucial for
achieving the above-mentioned benefits. A review study on residential
DSM [21] discusses the characteristics of DSM optimization methods for
residential customers, including LP, which can be applied for load
shifting, peak shaving and direct control. The authors of [22] investigate
the use of advanced management systems which integrate demand
response and aggregation to harness the potential of residential
customer flexibility. However, due to the differences in lifestyles and
habits between households, it is quite challenging to assess customer
flexibility and to develop DSM programs altered to the specific needs
and requirements of various groups of customers. To tackle this chal-
lenge, the authors in [23] analyse the patterns in appliance use by res-
idential customers, while [24] maps the potential of DSM to appliance
use patterns. A step further is done in [25], which presents a novel
approach for identification for groups of customers aiming to develop
personalized DSM services based on socio-demographic data. Using a
customer-satisfaction oriented approach, [26] presents appliance
scheduling algorithms which could be applied for residential DSM
programs.

1.2. Motivation

It is not easy to engage residential customers in DSM programs,
especially if the benefits are not clear to the customers or the programs
require significant investments for new technologies and home auto-
mation. Namely, the implementation of DSM programs requires certain
technical solutions to be in place at the customer side so that the con-
sumption is scheduled or optimized, as described in [27]. These solu-
tions should enable the communication with aggregators and/or
suppliers and allow them to exploit customer’s flexibility [28]. As the
information and communication technology (ICT) sector continues to
develop, it provides more opportunities to implement advanced solu-
tions and control algorithms that enable customers to utilize their flex-
ibility, as presented in [29]. However, these solutions should be robust
and easy to apply, without incurring high investment costs for both
customers and intermediate entities (aggregators/suppliers). Highly
complex solutions can be impediment to large scale deployment of DSM
programs. In fact, due to the more complex technical implementation
requirements, implicit DSM are still not widely used across Europe [30].
The EU policy framework [2], the trend of electricity price increase [31]
and the reduced costs for RES technologies [32] have spiked the interest

of customers to invest in distributed energy resources, especially in PV
plants. The expected benefits [33] and plug-and-use approach make this
technology the first choice of prosumers. Therefore, it is likely that
rooftop PV plants will dominate distributed resource technologies in low
voltage distribution grids and will be enablers of increased customer
flexibility alongside DSM programs.

1.3. Research gaps

The literature review describes the potential benefits from DSM, but
it also highlights the implementation challenges related to the assess-
ment of the flexibility potential of residential customers and harnessing
that potential by development and implementation of adequate DSM
programs. While analysing appliance use patterns [23,24] or customer
clustering [25] can serve as a basis for optimal scheduling and aggre-
gation, it does not address the present practical challenges of DSM
implementation. Observing the DSM development through the Smart
Grid paradigm is essential for developing solutions for the future [34,
35], but it does not tackle the challenges of the period of transition of the
existing grids towards the future Smart Grid. In fact, studies that reflect
the current state of increased number of prosumers in the distribution
grid, limited automation and smart ready technologies at residential
level and low storage penetration are missing in order to address the
present challenges of DSM implementation and the transition to smart
grids. These types of studies are necessary to serve as guidelines for
unlocking customer flexibility potential.

1.4. Contribution

This article presents an approach to facilitate exploitation of
customer flexibility by optimal use of appliances in a household. It can
serve as a transitional solution when advanced smart grid infrastructure
is not present. The solution is based on a straightforward optimization
approach to allow household customers to maximize the benefits of their
home appliance flexibility by shifting their use during the day. The
advantage of the proposed solution is that it is simple for practical
implementation, it can be customized for different DSM programs and
takes into account customers’ comfort preferences. Unlike other solu-
tions, as described in [36] and similarly in [37], it does not depend on
hierarchical control and management of all customers within given area,
but relies on customer preferences and behavioural change decisions.
Considering the expected increase of penetration of rooftop PVs in low
voltage grids, this article also examines the implementation of the so-
lution to maximise the use of shiftable load during the hours with high
PV generation. The advantage of the proposed solution as that it can be
easily adjusted to such and possibly other additional requirements. In
this manner, the realistic situation of households with rooftop PVs is
considered. Finally, the article investigates the effects of the optimized
consumption on the distribution grid by applying the proposed solution
to various typical residential consumers.

1.5. Paper organisation

The remainder of the paper is structured as follows: The second
section outlines the methodology employed in this research, encom-
passing the optimization method, the modelling of consumers (typical
households), and the modelling of PV generation. The third section
provides detailed insights into the results obtained through the appli-
cation of the aforementioned methodology. The fourth section summa-
rizes the conclusions of the paper. The fifth and sixth section include
acknowledgement and references, appropriately.

2. Methodology

This section of the paper describes the optimization and modelling
techniques applied for this study. The first subsection provides an
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overview of the LP optimization technique used to distribute the use of
appliances, given the preferences of the consumers and other con-
straints. The second and third subsections describe load and generation
models applied in this study. Fig. 1 presents a simplified workflow of the
research presented in this paper. It includes a block diagram of the
appliance optimization process and a description of the simulation cases
considered in this study.

2.1. Optimization technique based on linear programming

The optimization is based on a LP method which is used to redis-
tribute the use of shiftable household appliances within a 24-hour
period. The goal is to minimize the objective function while consid-
ering a set of constraints that arise from the operating characteristics and
typical daily use of household appliances. In other words, the constraints
in the LP optimization solution arise from the preferences and habits of
customers regarding their daily comfort levels. These constraints depend
on customer’s willingness to adjust their routines to certain acceptable
extent and receive a compensation for their actions or decrease their
electricity expenses. The objective function, used to minimize the hourly
load L for an observed household is based on the investigations in [38]
and can be formulated as follows:

minL
L,xa,h∈R

, i.e.,
∑

a∈A
xa,h − yh ≤ L,∀h ∈ H (1)

where А is the set of household devices which are considered. The var-
iables in (1) represent the specifics of each device a, where Н is the time
of use of the device a and x is the power of that device in the period h.
The yh component of the sum in (1) refers to the hourly production of a
PV unit and applies only to prosumers, otherwise it equals zero.

To transform customer’s preferences into constraints for the LP so-
lution, the household appliances are divided into three groups. The first
group, denoted as non-shiftable appliances, encompasses appliances
whose usage cannot be shifted due to customer’s preference. The second
group refers to shiftable devices with variable time of use but a fixed
power consumption over time. The third group includes shiftable ap-
pliances which have variable time of use and variable power con-
sumption over a certain time. It is important to note that the
categorization of the appliances may vary between households, as some
residents may be willing to shift the use of certain appliances while
others may not be. Additionally, the number of hours of use of different
appliances may vary between households. The constraints of the
objective function (1) are represented with the Eqs. (2)–(5), similarly as
in [38]. The constraints for the first group of appliances are given in (2),

where la is the total power for each appliance. Eq. (3) refers to the
constraints for the second group, where αa is stand-by power and βais the
maximum power of the shiftable appliances. The hours of use of appli-
ance a are denoted with the vector has,ha(s+1), ...,haf .

1Txa = la, ∀a ∈ A (2)

αa ≤ xa,h ≤ βa,∀h ∈
[
has, ha(s+1),…, haf

]
(3)

1TSt = 1,0 ≤ St ≤ 1, ∀t ∈ T (4)

xt = PT
t St (5)

The constraints for the third group of appliances are introduced by
the Eqs. (4) and (5), where PT

t represents a matrix with all possible
combinations of use of an appliance and st is a vector that contains the
state of each appliance, which can be either on or off.

The Eqs. (1)–(5) are utilized to distribute the use of shiftable
household appliances during off-peak periods while minimizing the
hourly load of a household and considering customer comfort. The
optimization process consists of two steps: first, optimizing the use of the
second group of appliances, which can be used at any time without
specific constraints; second, optimizing the use of the third group of
appliances, which can also be used at any time during the day, but
without interruption for a certain time period. In the second step, all
possible combinations of use of an appliance are considered, and one
solution is randomly selected from the set of combinations that satisfy
the constraints. Another option is to further filter the solution based on
additional customer preferences. Since the focus is on practicality and
simplicity in the solution, the first approach is considered reasonable.
Ultimately, the implementation of this solution should distribute the use
of the appliances within a given period and result in lower peaks in
household load curves. It is noteworthy to observe that the solution
implementation is specific to a household and depends on the residents’
habits. Therefore, the level of reduction of load peaks will also depend
on the customer’s preferences. The sensitivity analyses presented in [39]
show the dependence of the distribution of use of the appliances on
customer comfort constraints.

2.2. Modelling of typical households

Household consumption varies due to the residents’ preferences for
the timing and duration of appliance use, as well as their living and
working habits. To account for some of these differences, the LP opti-
mization solution is applied on four households, assuming they consist
of either, two, three or four members with various daily habits and
various preferences for use of household appliances. Therefore, certain
appliance can be typically used for 2 h in the afternoon in one household
and for 3 h in the morning in another household. As a result, the
appliance use distribution, load peak value, and its occurrence are
different for the observed households. The presented household load
data is indicative, based on information on household appliances from
[40] as well as authors’ experiences on customer habits for a typical
working day. The aim is to create different load curves and apply the
optimization method described in subSection 2.1. For each household
type, the appliances are categorized into three groups. Refrigerators,
freezers, electric stoves and entertainment (TV and other) appliances are
categorized in the first group. Customers consider these appliances as
non-shiftable as they prefer to use them at any period of the day, ac-
cording to their needs and habits. The second group typically comprises
of electric water heaters, air conditioning systems, and electric vehicle
batteries. In this study, the appliances from this group can be shifted in
any period of the day. The third group encompasses washing machines,
dishwashers, and similar devices. Air conditioning systems are assumed
to be used for both cooling and heating, which is common in countries
with a moderate or Mediterranean climate. The study focuses on typical

Fig. 1. Workflow description overview: simplified LP optimization and simu-
lation cases.
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households in the Western Balkans countries, where household appli-
ances typically have lower energy efficiency than those in EU house-
holds, resulting in higher hourly consumption. Moreover, many urban
areas lack district heating systems and natural gas distribution networks,
which also affects consumption and typical load curves.

The first household type, identified as H1, comprises of four mem-
bers who use most of the appliances in the afternoon, with peak load
occurring between 5PM and 7PM. Fig. 2 presents the use of the typical
appliances throughout the day for this type of household. The second
household type, denoted as H2, is also a four-person household, but their
daily schedule differs slightly from household H1. It is assumed that
some occupants of H2 are present in the house during the morning and
early afternoon hours, which results in a shift in typical appliance use
towards the morning hours, with peak at about 9AM, as shown in Fig. 3.
In this household, all appliances are used for a specific duration of time,
except for the electric vehicle battery. The duration of use of some of the
appliances differs between households H1 and H2, reflecting the
different daily habits of their residents.

The third representative household, denoted as H3 represents a
three-member household. It has a similar daily schedule as H1, with high
use of appliances in the afternoon hours. The typical use of appliances in
the household H3 is presented in Fig. 4.

The household H4 is a two-person household assumed to consist of
senior citizens, such as retirees, who typically spend more time at home.
Fig. 5 illustrates the typical appliance usage pattern for this household.

The graphs on Figs. 2–5 are constructed using the described house-
hold and appliance characteristics and show typical hourly consumption
for the considered households. These graphs also show the time and
duration of use of the appliances.

2.3. Modelling of PV generation

For the purpose of the study presented in this article, it is assumed
that some of the customers are prosumers and they have installed
rooftop PV modules. The input data to provide the PV output curve is
obtained using Python open-source package – pvlib [41]. Using this
package, an average production curve was generated for a rooftop PV
system with southward orientation and 6 kW installed capacity. The
hourly production of such PV system is illustrated on Fig. 6.

3. Results

This section presents the results obtained by implementation of the
LP optimization method. To show the applicability of the proposed so-
lution, the first two subsections present its application on households
without PV installation and on prosumer households. The final subsec-
tion presents the effects of customer flexibility on distribution grid
operation. This subsection compares simulation results for three
different cases, as depicted in Fig. 1.

3.1. Optimized hourly use of household appliances

The LP optimization method described in this study is developed
using MATLAB. The input data for the simulation comprises of the time
of use and corresponding power of each household appliance for each of
the households described in subSection 2.2. The objective is to minimize
the load for each hour by redistributing the use of non-essential appli-
ances. Their use is shifted to night-time hours when electricity prices are
typically lower. The optimization method accounts for constraints
related to customer preferences on the time, duration and rate of use of
household appliances.The optimization results for the considered
typical households are presented in Figs. 7–10. It can be observed that
the peak load is significantly reduced (from approximately 30 % to 60 %
for the different types of households) for all four households and the load
redistributed to flatten the household load curve. The applied

Fig. 2. Typical appliance use in household H1.

Fig. 3. Typical appliance use in household H2.

Fig. 4. Typical appliance use in household H3.

Fig. 5. Typical appliance use in household H4.
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optimization method schedules the use of the appliances from the sec-
ond group in the first moment when a specific condition related to
customer preferences is met. Then, it continues to fill the “gaps” in the
load curve, i.e., to distribute the appliances from the third group in the
off-peak hours. This is the reason why peaks in the optimized curves may
occur in the early morning hours and that appliances from the second
group are shifted in those hours. Applying changes in the optimization
constraints may limit the period of the day when certain appliance is
used, as discussed in [39].

3.2. Optimized hourly use of household appliances considering local PV
generation

This section presents the outcomes of implementing the LP technique

in prosumer households. In this case, the objective is two-fold: firstly, to
reduce the hourly load by distributing the use of household appliances
throughout the day while taking residents’ preferences into account.
Secondly, the goal is to use the electricity generated by the households’
PV units to the maximum possible extent. In addition to the inputs
required to optimize the use of household appliances, in this case, the PV
generation for each hour of the day is considered. The graphs on
Figs. 11–14 show the optimized hourly use of the appliances for each
representative household.

It is easy to observe that the household appliances are distributed to
maximise the benefit of the PV units. The peak hours are shifted in
daytime, which is reasonable due to the available local generation from
the PV unit. The peak load is still reduced (from 16 % to 30 % for
different household types), but not as much as in the previous case -
without PV generation. The use of the appliances cannot be completely
adjusted to the PV unit generation due to customer’s comfort con-
straints, as well as the available shiftable appliances.

Fig. 6. PV system generation curve.

Fig. 7. Optimized appliance use in household H1.

Fig. 8. Optimized appliance use in household H2.

Fig. 9. Optimized appliance use in household H3.

Fig. 10. Optimized appliance use in household H4.

Fig. 11. Optimized appliance use in household H1 aligned to PV
unit generation.

K. Bilbiloska et al.
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3.3. Simulation of the optimized hourly load for typical households in a
low voltage distribution grid

To evaluate the impact of the optimized hourly loads on the func-
tioning of a low voltage distribution grid, a test grid based on [42] is
utilized. Fig. 15 presents a simplified diagram of the test grid. The
original load curves from [42] are replaced by the hourly load curves of
the representative households described in this study. A few lines in the
grid are modified to increase (double) their capacity because of the
higher load profiles used in this investigation. These changes are pre-
sented in the Appendix of the paper, in Table A2. A 10/0.4 kV trans-
former with rated power Sn = 0,8 MVA is introduced in the model to
connect the low voltage test grid to a distribution network. The trans-
former has an on-load tap changer which sets the low voltage at the
secondary winding to 0.415 kV. The Neplan software package is used to
model the grid and perform the simulations. For simplicity, a single-line

model is adopted.
The test grid is used to simulate and compare the following cases: (1)

grid operation without optimization of the use of household appliances;
(2) grid operation with applied load optimization and (3) grid operation
with applied load optimization to maximise the local use of PV
generation.

The four representative households are randomly distributed in the
test grid.

Table A1 in the Appendix provides data on the distribution of
household types in the network. Additionally, for the third case it is
assumed that some households have PV generation units. The nodes
with PVs are indicated on Fig. 15. The load input data for the first case
are the load curves described in subSection 2.2 (without optimization),
while the input data for the second case are the optimized curves pre-
sented in subSection 3.1. The input data for the third case are the
optimized curves adjusted to PV unit generation described in subSection
3.2 and the PV generation curves, modelled as presented in subSection
2.3. The latter curves refer to 4 households of each household group,
resulting in 16 out of 54 households to be modelled as prosumers.

For each of the three cases, load flow analyses are performed. It is
assumed that the load and generation data are for the same season,
capturing a typical working day for the four types of households. Several
parameters are observed for a period of 24 h, including the active power
at the connection point to the network, the voltage profiles and the
power losses.

3.3.1. Grid operation without optimization of the use of household
appliances

This case refers to distribution grid operation without optimization,
considering the typical households described in subSection 2.2. This
case aims to describe distribution grid operation when the customers do
not have the opportunity to exercise their flexibility and they have no PV
installations at their households.

The active power at the line between nodes 1 and 2 within the
observed 24-hour period is presented in Fig. 16.

The analysis also includes voltage profiles and voltage ranges within
the low voltage grid under study. Fig. 17 illustrates 24-hour voltage
profiles for multiple nodes in the network. These nodes are selected to
highlight voltage differences between nodes closer to the connection

Fig. 12. Optimized appliance use in household H2 aligned to PV
unit generation.

Fig. 13. Optimized appliance use in household H3 aligned to PV
unit generation.

Fig. 14. Optimized appliance use in household H4 aligned to PV
unit generation.

Fig. 15. A single line diagram of the low voltage test grid, based on [42].

K. Bilbiloska et al.
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point and peripheral nodes. As expected, the furthest nodes, specifically
nodes 77 and 114, exhibit the lowest voltage values in the observed
period. Moreover, the lowest values can be observed during peak hours,
which correspond to the time of day when network loading is the
highest.

Fig. 18 illustrates the voltage value ranges for all nodes in the
network over the observed 24-hour period. The voltages are within the
standard voltage limits prescribed by network operators. The lower
voltage limit is approximately 93 % of the rated voltage.

3.3.2. Grid operation with optimization of the use of household appliances
The second case demonstrates low voltage grid operation when the

LP optimization solution is applied to all households. Similarly to the
previous case, Fig. 19 depicts the active power for the line connecting
nodes 1 and 2 in the observed 24 h period. The optimized appliance
usage across different households accounts for the different active power
profile on that line. The active power is distributed more uniformly
throughout the day. The hourly consumption is higher during the late
evening and early morning hours which is related to the redistribution of
the shiftable appliances. Consequently, those are the periods when the
transfer of active power from the distribution grid to the observed low

voltage grid is higher. The peak, which was previously observed at 5PM,
is significantly reduced and shifted at night hours.

For comparison purposes, Fig. 20 depicts the voltages at the same
nodes as observed in subSection 3.3.1. The voltages at nodes 77 and 114
remain the lowest, but they are slightly higher than those shown in
Fig. 17, i.e. the case without optimization. Based on this, it can be
implied that there is an improvement in the voltage profiles in the
observed network.

Fig. 21 shows the voltage ranges of all the nodes in the network
during the observed 24-hour period. It can be concluded that with
optimized appliance use, the lower voltage limit is approximately 98.5
% of the nominal voltage, which is an improvement over the non-
optimized case.

The analyses further show that the overall power and energy losses
for this case are lower than the case without optimization. The energy
losses in this case are 0.074 MWh compared to 0.1105 MWh for the case
without optimization.

3.3.3. Grid operation with optimization of the use of household appliances
adjusted to PV generation

The third analyzed case shows low voltage grid operation when some
of the customers are prosumers. In this case, the prosumers aim to use
the flexible appliances during the hours of high PV generation, but at the
same time, accounting own comfort constraints. The active power flow
in the line between the nodes 1 and 2 is shown on Fig. 22. The active
power is distributed in a similar manner as in the second case. However,
the transfer of active power from the distribution grid to the observed
low voltage grid is considerably lower due to the PV generation of the 16
prosumers connected to the low voltage grid.

The voltages of the selected nodes are presented on Fig. 23 and the
voltage ranges are presented on Fig. 24. Again, the peripheral nodes
have the lowest voltages in the observed network, but they are higher
than in the previously analysed cases. Apart from the optimization of the
load, this is also due to the active power injections from the PV units.

The diagram shown on Fig. 24, depicting the voltage ranges in this
particular case, verifies the improved voltage profiles. The lower voltage

Fig. 16. Active power P [MW] at the line between nodes 1 and 2 of the
observed distribution grid.

Fig. 17. Voltage profiles [kV], for nodes: 1, 10, 15, 24, 29, 42, 77 and 114.

Fig. 18. Voltage ranges [%] for all of the nodes in the network.

Fig. 19. Active power P [MW] at the line between nodes 1 and 2 of the
observed distribution grid, with optimized appliance use.

Fig. 20. Voltage profiles [kV], for nodes: 1, 10, 15, 24, 29, 42, 77 and 114, with
optimized appliance use.

K. Bilbiloska et al.
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limit is almost equal to the nominal voltage. The energy losses are 0.033
MWh and are lower than in the previous two cases.

In the context of this case, it is interesting to observe the active power
distribution on several lines in the distribution network, i.e., the section
starting at node 15 and endng at nodes 40 and 42, excluding peripheral
lines between the nodes 16 and 37 and nodes 17 and 31 (see Fig. 15).
The power transfer through the lines is observed for the three cases
discussed in this section and one additional case - grid operation without
load optimization, but with connected PV units. The case is added for
comparison purposes, but it also reflects a possible development in the
low voltage grids in near future. For the clarity, the results are organized

in two groups: firstly, the cases without optimization are observed, and
secondly, the cases that include the proposed LP optimization for
household use. On the following graphs the load is represented as pos-
itive power and the generation as negative.

Fig. 25 illustrates the cases without optimization. It is easy to observe
that because of the different patterns in consumption and generation
(Fig. 25, b) a portion of the generated power will be exported to the low
voltage grid. The benefit for the customer will depend on the adopted
model for remuneration. In such case the energy losses in the distribu-
tion grid are 0.0898 MWh and are higher compared to the losses
observed in subSection 3.3.2.

The Fig. 26 illustrates the cases where the use of household appli-
ances is optimized with the described solution. In both cases illustrated
on Fig. 26 the active power on the observed lines is distributed more
evenly. The applied LP solution enables the customers to adjust their
consumption to the PV generation and use their flexibility more effi-
ciently (Fig. 26, b), which results in lower flows in the observed lines and
is associated with lower losses in the low voltage grid. These results also
serve as indication that network upgrades may be postponed for the
future.

4. Conclusion

This paper presents a simple LP optimization method for the distri-
bution of the use of household appliances. The presented solution, which
can be included in DSM programs, is preferred for its simplicity in
implementation and ability to accommodate the diverse needs of con-
sumers. The study also demonstrates that this approach can be tailored
to suit the needs of prosumers, enabling them to coordinate their use of
shiftable appliances with the output of PV systems. Ultimately, this
article confirms that by exercising their flexibility, customers can
contribute to improved distribution grid operation.

The method can be easily implemented in various households and
doesn’t require use of complex equipment, making it adaptable for a
wide range of households. Available ICT and home automation systems
enable customers to easily implement the proposed solution by speci-
fying their preferences and automating the process. This means that
each household will have an optimized curve dependant on the prefer-
ences of its inhabitants and the availability of a generation unit at their

Fig. 21. Voltage ranges [%] for all of the nodes in the network, with optimized
appliance use.

Fig. 22. Active power P [MW] at the line between nodes 1 and 2 of the
observed distribution grid, with optimized appliance use adjusted to
PV generation.

Fig. 23. Voltage profiles [kV], for nodes: 1, 10, 15, 24, 29, 42, 77 and 114, with
optimized appliance use adjusted to PV generation.

Fig. 24. Voltage ranges [%] for all of the nodes in the network, with optimized
appliance use.

Fig. 25. Active power P [MW] observed at six lines over 24 hour period for the
lines between nodes 15–16 (line 16), 16–17 (line 18), 17–18 (line 21), 18–36
(line 22), 36–40 (line 25) & 36–42 (line 26).
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premisses. The optimized use of shiftable household appliances may
cause general trends of increased consumption in the periods of low
prices if customers are aware of these periods.

The analyses on the distribution grid operation presented in this
article are based on four types of households, which are randomly
distributed in the low voltage grid. A more realistic approach would
require considering a higher variety of representative households as well
as considering options with certain diversity in the orientation, installed
capacity and level of penetration of the rooftop PV units. However, the
general observations from the presented analyses are valid and indicate
that engaging customers’ flexibility benefits both customers and grid
operators. The analyses show that the peak hourly consumption of the
four types of households with applied optimization is between 30 % and
60% lower compared to the cases without optimization. When adjusting
the appliance use to the PV output, the peak hourly consumption of the
households is higher compared to the case without prosumers, due to the
objective for more effective use of the PV output. In this case, the
decrease of the peak consumption varies between 16 % and 30 %
compared to the cases without optimization for the observed household

types. In both cases the appliance use is distributed more evenly within
the observed 24-hour period.

The impact of the optimized use of appliances on a low voltage
distribution grid is also examined in the paper. The results reveal that
the optimization leads to improved voltage ranges and voltage profiles,
including for the peripheral nodes of the network. Similar improvements
are observed in the case of prosumers. Furthermore, the results suggest
that network upgrades may be postponed for some time in low voltage
grids where customers are engaged in DSM programs or are prosumers.

Overall, the implementation of the described method offers a two-
fold benefit. Firstly, customers can exercise their flexibility by partici-
pating in DSM programs and potentially reduce their electricity bills, or
they can adapt their appliance usage to their own PV generation. Sec-
ondly, distribution grid operators can benefit from improved voltage
profiles and reduced power and energy losses. The implementation of
such solutions can be facilitated by appropriate regulatory frameworks.
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Appendix

The Table A1 presents the distribution of household types (as defined in subSection 2.2) in the distribution network analysed in this article.

Table A1
Distribution of households by type in relation to nodes of the observed distribution
network.

Household type Nodes (as numbered on Fig. 15)

H1 10,11,33,37,42, 47,54,67,81,87,88,97,102,116
H2 5,12,26,34,45,49,57,64,73,80,95,96,110,115
H3 7,21,29,30,39,46,52,62,66,72,75,83,104,107,112,114
H4 13,25,40,50,60,76,77,93,103,106,113

Table A2 presents the changes in parameters in relation to data from [42].

Fig. 26. Active power P [MW] observed at six lines over 24 hour period for the
lines between nodes 15–16 (line 16), 16–17 (line 18), 17–18 (line 21), 18–36
(line 22), 36–40 (line 25) & 36–42 (line 26), with optimized appliance use.
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Table A2
Changed parameters related to data from [42].

Original data Applied changes

Lines (from node x to node y) R1 X1 R1 X1
1–2, 2–4, 4–8, 8–14, 14–15 0.446 0.071 0.223 0.0355
2–3, 4–6, 8–9 1.15 0.088 0.575 0.044
14–19 0.089 0.0675 0.0445 0.03375
15–28 0.274 0.073 0.137 0.0365
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