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The study explores emerging trends and strategies in electricity consumption optimisation
for educational, commercial, and industrial facilities, focusing on the integration of digital
technologies, smart metering, and tariff-driven energy management systems. In response to
rising energy costs, environmental policy constraints, and the growing need for operational
sustainability, these facility types are increasingly investing in tailored energy efficiency solu-
tions. It identifies distinct patterns in consumption behaviour and optimisation tactics across
facility categories, highlighting that educational institutions often rely on behavioural inter-
ventions and scheduling-based load management. At the same time, commercial buildings pri-
oritise building automation systems and demand response participation. In contrast, industrial
facilities adopt process-level optimisation, load shifting, and renewable integration to reduce
peak demand and stabilise operational costs.

A multi-method approach has been applied, combining energy consumption case stud-
ies, time-of-use data analysis, and stakeholder interviews. The results reveal that data-driven
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electricity consumption tracking, combined with dynamic pricing awareness and customised
load control strategies, significantly reduces energy waste and improves economic perfor-
mance. Additionally, the adoption of energy management systems, when linked to real-time
consumption data and production cycles, leads to enhanced energy autonomy, particularly

in industrial facilities. The study emphasises the importance of cross-sectoral learning, stan-
dardised performance benchmarking, and the role of digital infrastructure in enabling adaptive
energy consumption practices. It concludes that future optimisation efforts must align not only
with cost reduction but also with broader goals of energy resilience and decarbonisation. These

findings contribute to the understanding of sector-specific optimisation pathways and inform
the development of integrated electricity consumption strategies that support both operational

efficiency and policy compliance.

Keywords: Commercial buildings, efficiency, energy, optimisation, public buildings,

renewable, sustainability.

1. INTRODUCTION

In the European Union (EU), analysing
and recommending actions on electricity
consumption trends within regions aligns
with broader EU goals of sustainability,
energy efficiency, and reduced greenhouse
gas (GHG) emissions. The EU’s Green
Deal [1] and the Fit for 55 Package [2]
target climate neutrality by mid-century,
emphasising the optimisation of energy use
across the sectors. A significant reduction in
carbon dioxide (CO,) emissions has been
observed in the EU countries and the UK
from 2005 to 2020 and from 2019 to 2020 —
38.69 % and 21.15 %, respectively [3], [4].

To reduce CO, emissions, achieve the
EU decarbonisation targets, and optimise
the proportion of electricity produced,
attempts are often made to combine renew-
able energy sources (RES) with electricity
storage applications and green and low-car-
bon hydrogen technologies [5]-[8].

The EU electricity demand saw a reduc-
tion of 3.4 % in 2023, with expectations of
further changes as electrified technologies
became more widespread. This includes
the electrification of the transport sector,
increased use of electric heating solutions
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like heat pumps, and the broader adoption of
electric vehicles. Between 2000 and 2020,
the EU achieved significant reductions in
primary and final energy consumption,
largely influenced by EU energy efficiency
policies and a shift towards RES. These
efforts are part of a broader aim to meet the
EU 2030 targets for energy efficiency and
renewable energy (RE) consumption [9].
The EU also liberalises its electric-
ity market to enhance competition, reduce
prices, and improve energy security. This
includes measures to monitor and possibly
reduce the market share of dominant elec-
tricity generators within Member States to
encourage a more competitive and diverse
energy market [10]. Looking towards 2050,
the EU envisions a significant increase in
electricity demand, driven by the national
hydrogen strategies, the electrification of
various sectors, and the rise of electromobil-
ity. The share of renewable energies in elec-
tricity generation is projected to reach 74 %
by 2050, with wind and solar power making
up the largest share. The long-term vision
includes a drastic reduction in generation
capacity from dispatchable thermal power



plants, highlighting a future where the EU’s
electricity generation is largely character-
ised by fluctuating renewable energies and
a minimal role for fossil fuels [11].

Recent  geopolitical  developments
have accelerated the EU’s efforts to reduce
dependency on fossil fuel imports. This has
led to increased commitments to RE expan-
sion and re-evaluating planned investments
in fossil fuel-based power generation.
Countries heavily reliant on imported fossil
fuels are leading the way in adopting ambi-
tious RE policies [12], [13].

Although the electricity marketin Latvia
is liberalised, electricity users can choose a
specific service provider depending on the
financial attractiveness of their offers. The
Latvian electricity market is a part of the
Nord Pool energy exchange, which ensures
competition and flexible price formation
depending on demand and supply. The day-
ahead market determines the trading of
electricity, where the price is set every day
for each hour for the next 24-hour period.
The capacity market is a long-term market
where transactions related to the availabil-
ity and supply of capacity can be made. The
futures market is characterised by contracts
for the supply of electricity in the future,
which allow participants to hedge against
price fluctuations. In Latvia and other Baltic
countries, electricity prices are determined
by the overall market price, which may vary
from hour to hour. At the national scale, the
Latvian electricity market is monitored and
regulated by the Public Utilities Commis-
sion, the institution responsible for setting
up tariffs for energy transmission and distri-
bution services.

The actual electricity price fluctuations
depend on various factors. As seen in data
reported by the Latvian electricity transmis-
sion operator “Augstsprieguma tikls”, in
2024, a decrease in the average electricity
price in Latvia reached 87.43 EUR/MWh,
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7 % less compared to 2023. The increased
electricity production from RES and the
decrease in natural gas prices determined
the price decrease. The lowest monthly
price level in 2024 was identified in April
— 60.23 EUR/MWh, while the highest —
117.22 EUR/MWh — was reached in Janu-
ary. Due to the increase in the proportion
of energy generated by solar power plants
on sunny days between 9:00 and 18:00, the
electricity price was up to 75 % lower than
during the rest of the day. The number of
hours of negative electricity prices in Lat-
via reached 184 hours, which was caused
by the high volume of electricity production
from RES when demand was low [14].

In Latvia, electricity consumption plan-
ning and broader energy policy are shaped
by several strategic documents to foster a
sustainable, competitive, and climate-neu-
tral economy. The National Energy and Cli-
mate Plan for 2021-2030 outlines Latvia’s
long-term energy sector objectives. This
plan prioritises enhancing energy security,
promoting the use of negative emission
technologies in electricity generation, sup-
porting economically viable energy pro-
duction, and encouraging self-consumption
of energy [15], [16]. In addition, Latvia’s
energy policy emphasises the reduction of
CO, emissions. It integrates various initia-
tives, such as training programs for energy
efficiency, demand-side management, and
promoting RE, which are central to achiev-
ing the country’s decarbonisation and
energy transition targets [17], [18].

Latvia’s energy profile reflects a strong
commitment to reducing GHG emissions,
aiming to achieve a 65 % reduction from
1990 levels by 2030 and reaching net zero
emissions by 2050. The country’s electricity
generation is primarily dominated by RES,
with bioenergy and hydropower accounting
for approximately three-quarters of domes-
tic production. However, sectors such as



transport and buildings continue to be major
energy consumers, heavily reliant on out-
dated infrastructure [19], [20]. Addressing
inefficiencies and promoting fuel switch-
ing in these sectors are essential for further
reducing energy consumption and GHG
emissions.

The hydro-dominated electricity sys-
tem of Latvia provides a robust foundation
for using clean electricity to decarbonise
other sectors of the economy. Additionally,
the shift towards clean energy is crucial
for enhancing energy security and reduc-
ing energy costs, particularly in reducing
dependency on fossil fuel imports [21].
Latvia’s energy consumption trends and
approach to energy efficiency and RE inte-
gration demonstrate a clear commitment to
a sustainable energy future. The country’s
energy consumption per capita remains
approximately 40 % below the EU aver-
age, with electricity consumption declining
by 4 %, reaching 6.7 TWh in recent years.
This transformation of Latvia’s energy mix,
supported by substantial RE consumption,
positions the country to meet its climate and
energy goals [17].

The integration of RES is a priority not
only for large-scale facilities but also for
smaller-scale installations [22], [23]. Fur-
thermore, the deployment of smart elec-
tricity meters, which began over four years
ago, plays a crucial role in monitoring and
analysing the electricity supply network’s
parameters, supporting the efficient man-
agement of energy consumption at the end-
user level [24].

Over 220 million building units, about
85 % of the EU’s total, were built before
2001, and up to 95 % of these are expected
to still be in use by 2050. This highlights the
need to prioritise the renovation of existing
buildings.

Most of these buildings are energy-inef-
ficient, often relying on outdated fossil-fuel-
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based systems and wasteful technologies.
As a result, energy poverty continues to
affect millions of Europeans. The building
sector accounts for roughly 40 % of the
EU’s total energy consumption and 36 %
of its energy-related greenhouse gas emis-
sions, making it a key target for decarboni-
sation and sustainable transformation.

All the examined sectors — industry,
educational institutions, and commercial
buildings — represent key players in the
overall final electricity consumption bal-
ance of the EU. Their collective electricity
demand significantly influences the EU’s
energy use patterns, making them critical
targets for energy efficiency measures and
sustainable development policies.

In 2022, the industrial sector was one
of the largest energy consumers in the
EU, accounting for 25.1 % of the EU’s
final energy consumption. Within the sec-
tor itself, electricity and natural gas played
a dominant role, representing 33.3 % and
31.2 %, respectively, of its total final energy
use. Combined, these two sources formed
the core of industrial energy supply, high-
lighting the sector’s strong dependence on
both electricity and fossil fuels to sustain
manufacturing processes and daily opera-
tions [25].

Energy use is essential in the industry
sector, not only for powering core industrial
processes such as manufacturing, refining,
and material transformation, but also for
non-process-related purposes, including
space heating, cooling, ventilation, lighting,
and the operation of auxiliary equipment.
These non-process energy needs, while
often overlooked, contribute significantly to
overall energy demand and offer important
opportunities for efficiency improvements
and emissions reductions [26].

Despite data inconsistencies and the
various challenges faced by the EU Mem-
ber States in integrating RES into the indus-



trial sector and pursuing climate neutrality
targets, progress is nevertheless evident.
The share of RES in industry is gradually
increasing across the EU, and projections
suggest that this trend will continue in the
coming years. Countries such as Germany,
Bulgaria, and Luxembourg are already
showing significant advances, while pol-
icy frameworks, financial instruments, and
energy efficiency measures serve as key
enablers in accelerating this transformation
[27]. The EU’s non-residential buildings
represent approximately 25 % of the total
building stock. These buildings account
for about 13.6 % of the EU’s final energy
consumption, equivalent to approximately
146.9 Mtoe. This category includes a wide
range of building types such as offices,
schools, hospitals, and retail spaces. Energy
consumption varies significantly across
sub-sectors: for commercial buildings, it
typically ranges from 200 to 335 kWh/m?
annually. The primary energy demand in
non-residential buildings is driven by heat-
ing systems (more than 60 %) and lighting
(more than 10 %), with ventilation, cool-
ing, and equipment use also playing a sig-
nificant role depending on the building type
and usage patterns.

In recent years, schools across Europe
have increasingly installed on-site RE sys-
tems, illustrating the role educational insti-
tutions can play in the energy transition.
These projects typically involve PV panels,
biomass boilers, geothermal systems, and
combinations thereof. By empowering stu-
dents, reducing costs, and lowering emis-
sions, these initiatives foster sustainability
literacy and contribute to municipal energy
strategies.

In the United Kingdom, the govern-
ment’s £ 200 million GB Energy scheme
has allocated £ 80 million to installing solar
panels on school rooftops in England, aim-
ing to cut energy bills and improve energy
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security [28]. Community energy organ-
1sations, such as the Low Carbon Hub in
Oxfordshire, have funded installations in
schools through local cooperative models,
enabling them to buy their green electric-
ity at a discount, reducing operational costs
[29].

In Germany, solar energy is wellinte-
grated in schools, like the Schule am Park
in Berlin, which incorporates solar PV and
geothermal heating systems. These installa-
tions serve dual purposes: lowering carbon
emissions and providing educational tools for
students to understand energy dynamics [30].

Spain and Portugal have implemented
cross-border programs like ClimACT and
EU4Schools, funding PV installations and
energy-efficiency upgrades [31]. In Alba-
nia, solar panels installed in vocational and
high schools are projected to meet 90 % of
annual energy needs, cutting around 12 tons
of CO: per year [32]. In BrodPosavina
County (Croatia) and Tuzla (Bosnia), solar
PV and biomass boilers in seven schools cut
energy use by 7 % and CO: emissions by
853 tons annually [33].

The green school movement in Copen-
hagen International School, Denmark, uti-
lises PV facades and educational integra-
tion. These systems are often part of broader
municipal partnerships, such as the E.ON-
Coventry collaboration, which includes
school decarbonisation [34]. Similarly,
Malta’s St. Nicholas College underwent a
deep retrofit and installed PV, achieving a
“positive energy” status [35].

The Netherlands, Sweden, Austria, and
Switzerland similarly feature schools with
rooftop PV, with notable examples like the
International School of Amsterdam and
Vienna International School. These projects
are often supported by EU structural funds
[36]. RE systems in the selected schools
across the EU and UK are summarised in
Table 1.



Table 1. RE Systems in the Selected Schools across the EU and UK (based on [28]-[36])

. Energy savings/ Educational Funding
Country/region Technology generation benefit mechanism
. . . Government +
509 -
o soaby | Syins20 00t | Dt s e | oty coon
24 p Y funding
+ + . - . o
PV + storage Enhanced efficiency Studer}t engage Cityutility
UK (2) drones + EV/battery . ment in energy ;
via drones . partnership
systems audits
Curriculum Municipal +
Germany PV + geothermal CO: reduction integration in p
school budgets
class labs
Multi-school ..
Spain / Portugal PV reductions, bill Training modgles Interreg .ERDF
. across countries funding
savings
. 1,042,200 kWh Energy camp,
+
Croatia PV bg?lle(;rsnass generated, €89k innovation Interreg IPA funding
savings outcomes
. . Visual and archi- . .
Denmark PV facades Major reduf:tlons tectural teaching Municipal/national
(not quantified) renewable grants
elements
Zerocarbon Zero emissions Building as
Malta renovation + PV achieved a living lab ERDF funds

On-site school renewables across the
EU create a compelling synergy of energy
efficiency, cost reduction, and educational
impact (Table 1). While technical imple-
mentation varies, from PV systems to inte-
grated bioclimatic design, common enablers
remain EU funding, municipal leadership,
and curricular integration. When combined
with smart behaviour-change programs,
these installations not only save energy
and costs but also underpin a transforma-
tive model where schools become living
testbeds for sustainability in the European
energy transition.

In Latvia, according to Cabinet of Min-
isters Regulation No. 383, the primary
energy consumption threshold for build-
ings, including public buildings (schools,
etc.), is <45-150 kWh/m?/year [37].

Latvia’s ambition to have cities like
Riga and Liepaja among the first 100 cli-
mate-neutral cities [38] by 2030 aligns
with the European Green Deal’s objectives.
Liepaja has set a goal to reduce CO, emis-
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sions by 80 % by 2030 compared to 2006. In
the industrial sector, energy efficiency and
the transition to RES in industrial processes
have been set as a priority. In the municipal
sector, which concerns educational facilities
as well, a transition to the wider use of RES
in electricity and heating is on its way. Most
industrial and municipal buildings, as well
as buildings belonging to the port authority
of Liepaja, were built several decades ago.
They are energy inefficient, and industrial
buildings are additionally characterised by
outdated equipment and high electricity
consumption [39], [40].

Riga’s commitment by 2030, as set by
the Sustainable Energy and Climate Action
Plan 2030 (SECAP), has set goals to reduce
CO, emissions by 70 % compared to 1990,
as well as by 30 % compared to 2019. Key
driving points of the plan are increasing
the energy efficiency of public places and
municipal buildings, as well as the integra-
tion of RES [41].

In Riga, in sectors such as ports, munic-



ipal buildings, schools, and the indus-
trial segment, there are significant energy
efficiency problems related to outdated
infrastructure and technologies. Several
energy audits have been conducted in Riga
recently, including one conducted by the
Riga Energy Agency on 120 public build-
ings. It has been found that many Latvian
schools and public buildings have outdated
ventilation and heating systems, which not
only reduce comfort in the premises but
also cause unnecessary energy losses [42].
After an energy audit by Riga Municipal-
ity, it was determined that a large part of the
municipality’s buildings still have Soviet-
era heating systems, which means that they
are not balanced — one part of the building
can be overheated. At the same time, the
other is cool, and it is also not possible to
set the temperature in the rooms. There are
still 40 and 50-year-old luminaires with
inefficient bulbs [43].

However, this study is not focused on
the capital — it addresses electricity con-
sumption trends across educational, indus-
trial, and commercial facilities in a Latvian
municipality — City A, located on the west-
ern seashore of the country. It is the larg-
est city in the Courland region and the third
largest in the country after the capital Riga
and Daugavpils.

The goal of the study is to analyse elec-
tricity consumption patterns across edu-
cational, commercial, and industrial sec-
tors in City A, with a focus on identifying
seasonal trends, energy inefficiencies, and
sector-specific optimisation opportunities.
The study also aims to evaluate the poten-
tial benefits of integrating RE technologies,
particularly PV systems, within each sector
to support Latvia’s and the EU’s broader
climate and energy goals.

The hypothesis of the study is that
electricity consumption patterns in educa-
tional, commercial, and industrial sectors
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demonstrate seasonal variability and con-

tain significant inefficiencies that can be

addressed through targeted technological
interventions, such as solar PV integration
and energy-efficient equipment upgrades,
resulting in improved energy performance
and reduced carbon footprint.

From the hypothesis, the following
research questions are derived:

*  What are the main seasonal trends and
variability in electricity consumption
across the three sectors?

*  Which sector exhibits the highest poten-
tial for energy savings through RE inte-
gration and efficiency measures?

*  What economic and environmental ben-
efits can be derived from adopting PV
and other optimisation technologies?

* How do pricing structures and elec-
tricity market dynamics influence the
cost-efficiency of RES in the Latvian
context?

*  What are the key barriers and driv-
ers for implementing energy efficiency
measures in each sector?

Scientific novelty of the study is that
it provides a multi-sectoral, data-driven
comparison of electricity consumption pat-
terns and evaluates them in the context of
RE integration and energy efficiency strat-
egies. It introduces a quantitative frame-
work combining consumption analysis,
economic modelling (LCOE, NPV), and
policy context, highlighting how sector-
specific dynamics affect the feasibility and
efficiency of RE deployment. The cross-
comparison between educational, commer-
cial, and industrial entities with sectoral
specificity is relatively underexplored in the
Latvian context.

The study is limited by the incomplete
dataset for the final months of 2023, restrict-
ing full-year comparative analysis. There is
also a lack of hourly-level data, consumer



behavioural metrics, and detailed technical
building characteristics, which constrain
the precision of energy consumption mod-
elling. Additionally, the economic evalua-

2. MATERIALS AND METHODS

tions are based on average parameters and
do not account for individual building-spe-
cific constraints or behavioural patterns.

The present section systematically eval-
uates electricity consumption optimisation
strategies in educational, commercial, and
industrial facilities. The methodological
framework combines quantitative data anal-
ysis, case study investigation, and literature
synthesis to derive patterns and operational
insights that inform demand-side manage-
ment approaches. The research focuses on
three main facility types due to their dis-
tinct energy use profiles, operational hours,
equipment diversity, and interaction with
regulatory and market-based energy sig-
nals.

The study began with the identification
and classification of representative facili-
ties across the three sectors: higher edu-
cation campuses and secondary schools
for the educational category, retail centres
and office complexes for the commercial
sector, and manufacturing plants and food
processing units for the industrial category.
A purposive sampling strategy was used to
select a group of facilities covering all three
sectors. These facilities were chosen based
on data availability, diversity of energy sys-
tems, and willingness to participate in the
research.

Energy consumption data was collected
over 24 months (January 2022 to Decem-
ber 2023) to account for seasonal variation,
operational cycles, and potential changes
in occupancy and production patterns
due to external factors such as the post-
COVID recovery and inflationary energy
pricing. The datasets included hourly and
daily electricity load profiles, peak and
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off-peak usage, building management
records, equipment-level submetering, and
energy bills. Supplementary data such as
heating, ventilation, and air conditioning
(HVAC) usage patterns, lighting schedules,
and operational hours were also obtained
through facility audits and interviews with
energy managers.

To assess optimisation potential, the
study utilised a baseline-normalised com-
parison using a combination of energy
intensity indicators. These included kWh/
m? for commercial and educational build-
ings, and kWh/unit of output for industrial
sites. Facility-specific key performance
indicators were also established based on
production volume, occupancy rates, or
usage schedules.

Qualitative data were gathered through
semi-structured interviews with facility
managers, energy consultants, and opera-
tions staff. These interviews were coded
and analysed using thematic content analy-
sis to identify organisational, behavioural,
and technological barriers to optimisation,
such as lack of awareness, budget limita-
tions, and technological lock-in.

The study also applied a multi-criteria
decision analysis framework to rank opti-
misation strategies according to techni-
cal feasibility, financial viability, and ease
of implementation. The analytic hierarchy
process method was used to weigh criteria
based on expert feedback. All collected data
and modelling outputs were synthesised to
formulate sector-specific recommendations
that align with EU energy efficiency direc-



tives, decarbonisation targets, and national
energy performance strategies.

This integrated methodology ensures a
robust and replicable approach to identify-

3. RESULTS

ing electricity optimisation trends across
diverse facility types, providing both stra-
tegic and operational guidance for future
energy management interventions.

A combination of structural, opera-
tional, and external factors shapes energy
consumption in educational, commercial,
and industrial facilities. Understanding the
dynamics of energy use in each facility type
allows for the identification of optimisation
strategies that are both technically feasible
and economically rational.

In educational facilities, energy demand
is strongly influenced by climatic zone,
occupancy schedules, seasonal variation,
building envelope characteristics, and
the type and intensity of equipment used,
such as lighting, ventilation, and informa-
tion technology infrastructure [44]. HVAC
systems typically account for a significant
portion of energy usage due to comfort
requirements and inflexible daily occu-
pancy patterns.

Commercial buildings exhibit high vari-
ability in energy use due to diverse end-use
profiles. Factors such as building design,
automation systems, business operating
hours, and customer footfall patterns signif-
icantly impact energy intensity [45]. More-
over, commercial facilities often have high
internal heat gains from lighting and elec-
tronic equipment, which in turn increase
cooling loads. Building automation systems
and energy management strategies play a
critical role in monitoring and controlling
these loads efficiently.

In industrial settings, energy consump-
tion is predominantly process-driven, with
electricity and thermal energy being used to
power machinery, perform chemical trans-
formations, and maintain environmental

25

conditions for sensitive manufacturing pro-
cesses. The nature of the industrial process,
production scale, load factor variability, and
the integration of waste heat recovery sys-
tems all determine the total energy profile.
In sectors such as food processing, chemi-
cals, or metalworking, energy intensity can
be particularly high due to temperature and
process continuity requirements.

To optimise energy consumption in
educational buildings, dynamic occupancy-
based control systems, daylight harvesting,
and improved insulation are widely rec-
ommended. Moreover, aligning academic
schedules with peak RE availability could
offer systemic benefits. In commercial
buildings, retrofitting with energy-efficient
lighting like LED, demand-controlled ven-
tilation, and smart thermostats offers imme-
diate gains. Integration of PV systems and
battery storage further reduces grid depen-
dence and smoothens peak demand [46].

Industrial facilities benefit most from
process-level audits, heat integration tech-
niques, motor efficiency upgrades, and
digitalisation through Industrial Internet of
Things platforms. Predictive maintenance
and real-time process analytics allow com-
panies to adjust loads dynamically, reduc-
ing energy waste.

The three sectors also present distinct
characteristics in terms of energy use pro-
files and pose specific challenges for inte-
grating RE sources into their operations.
Understanding these differences is essential
for developing targeted energy efficiency
measures and decarbonisation strategies.



Educational facilities, such as schools and
universities, typically exhibit moderate
energy intensity levels. Their energy con-
sumption is primarily driven by HVAC sys-
tems, lighting, IT infrastructure, and labo-
ratory equipment [47]-[49]. These facilities
often operate on a fixed schedule (8-10
hours per day, five days a week), with sig-
nificant seasonal variation corresponding to
academic calendars. Peak loads generally
occur during morning hours, aligning with
class activities and administrative func-
tions. Energy use per square meter tends
to be lower than that of industrial settings.
Still, it can vary depending on the presence
of high-energy facilities such as research
labs or indoor sports centres.

In contrast, commercial facilities,
including office buildings, retail centres,
and hospitality venues, show a higher and
more diverse range of energy demands.
HVAC systems, lighting, elevators, and
plug loads for electronics dominate their
consumption. Unlike educational buildings,
commercial operations are less affected
by seasonal shutdowns and often maintain
extended or continuous operating hours.
These facilities place greater emphasis on
occupant comfort, environmental control,
and lighting aesthetics, which increase
overall energy intensity. Moreover, com-
mercial buildings tend to be more adapt-
able to smart energy management systems
and load-shedding technologies, creating
favourable conditions for RE integration
and demand response programs [50].

Industrial facilities, by far, exhibit the
highest energy intensity, mainly due to
process-related consumption. Manufac-
turing plants, foundries, chemical refiner-
ies, and logistics centres rely heavily on
mechanical drives, compressed air systems,
heat processes, and continuous production
lines. Their energy use is less variable but
significantly more robust, with electricity
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and thermal energy playing critical roles.
The nature of industrial operations often
necessitates a baseload energy supply, pos-
ing a challenge for intermittent renewable
sources such as solar and wind. Addition-
ally, these facilities are more sensitive to
energy quality and reliability, especially
where uninterrupted processes and equip-
ment integrity are paramount [51].

While the energy consumption profiles
vary, the adoption of RE systems in each
sector faces shared and sector-specific bar-
riers. In educational settings, budgetary
constraints, limited technical expertise, and
policy inertia can delay the implementation
of photovoltaic systems or geothermal heat-
ing. However, such facilities also present
an excellent opportunity for solar energy
deployment due to their extensive roof
space and predictable load curves. Further-
more, educational institutions can act as liv-
ing laboratories for sustainability, fostering
awareness and innovation among students
and faculty.

Commercial facilities, although gener-
ally more financially capable, face chal-
lenges related to space availability, split
incentives between building owners and
tenants, and aesthetic concerns. Neverthe-
less, advancements in building-integrated
PV, energy storage systems, and dynamic
pricing schemes have created favourable
conditions for renewable deployment.
These buildings are increasingly equipped
with energy monitoring and automation
systems, making them suitable candidates
for smart-grid interactions and hybrid
renewable integration.

Industrial sectors confront the most
complex integration challenges. High
energy demands, continuous operations,
and stringent power quality requirements
limit the share of intermittent renewables
that can be absorbed without extensive stor-
age or backup systems. Additionally, retro-



fitting older industrial plants with renew-
able systems may require substantial capital
investment and infrastructure adaptation.
Nevertheless, sectors with significant ther-
mal demand can benefit from solar thermal
collectors, biomass boilers, or waste heat
recovery systems, while large factory roof-

tops are ideal for high-capacity solar arrays.
Moreover, industrial clusters offer syner-
gies for shared renewable installations and
microgrid configurations [52]. Examples of
energy use and RES integration challenges
in educational, commercial, and industrial
sectors are listed in Table 2.

Table 2. Energy Use and RES Integration Challenges (based on [46]—[52])

Criterion

Sector

Educational Facilities

Commercial Facilities

Industrial Facilities

Primary energy loads | HVAC, lighting, IT, labs

HVAC, lighting, plug loads,
elevators

Process energy, motors,
heat, compressed air

Operational schedule Fixed (academic calendar),

Extended or continuous

Continuous or shift-based

~8-10 h/day

Energy intensity g - ]
(kWh/m?/year) 150-300 200-500 400-3000
Peak load period Morning/early afternoon | Y21 by function; often Continuous or peak-

midday

aligned with shifts

Key integration
barrier

Budget constraints, limited
policy incentives

Space limitations, owner-
ship complexities

Baseload requirements,
retrofit difficulty

High (PV on roofs, geother-

Renewable potential mal heat pumps)

Moderate to high (BIPV,
storage integration)

Site-dependent (solar
thermal, biomass)

Flexibility for load

shifting Moderate

High (smart systems fea-
sible)

Low without storage or
demand response

3.1. Data Analysis in Educational Institutions

Electricity consumption in nine schools
(Schools A-I) of City A was analysed. Their
yearly working schedules characterise a high
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seasonality, which is directly correlated with
the electricity consumption scatterplot pat-
tern for 2022 as depicted in Fig. 1.
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Fig. 1. Electricity consumption data in schools, 2022.
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The data points to a substantial drop in
electricity consumption during the summer
months, correlating with the school vaca-
tion period when educational activities are
suspended, and only minimal electricity is

required for basic functions. Concurrently,
this period aligns with the peak potential
for solar energy generation due to Latvia’s
higher solar radiation levels, as shown in
Table 3.

Table 3. Solar Irradiation Level and Average Monthly Temperature in Central Latvia

o1 | 02 | 03 [ 04 [ 05 06| 07 [ 08 ] 00 10 11 [ 12
Solar

irradiation | 12.1 | 28.6 | 79.1 | 120 | 1703 | 2063 | 192 | 146.5| 87 | 43.4 | 154 | 9.1
(KWh/m?)

(l;ec")‘pemt“re 47 | 43 | <06 | 51 | 114 | 154 | 169 | 162 | 119 | 72 | 21 | 23

Table 3 demonstrates the correlation
between monthly solar irradiation intensity
(kWh/m?) and average ambient temperature
for Central Latvia. It indicates that the larg-
est irradiation intensity corresponds to sum-
mer vacations throughout June, July, and
August. Out of regular school months, only

7
p.

Ventspils

|

28°E /
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JRiga
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Jurmala

Liepaja “Jelgava

56°N,

A

Daily totals:

Long term average of DNI, period 1994-2018

2.4 2.6 2.8 3.0

Yearly totals: 876 949 1022 1095

months of September, April, and July show
monthly solar irradiation intensity surpass-
ing the benchmark of 100 kWh/m?. For the
Western part of Latvia, taking data from
Fig. 2 as a reference, the direct normal solar
irradiation level could be estimated at least
10-15% higher.
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Source: Global Solar Atlas 2.0

Solar resource data: Solargis
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Fig. 2. Direct normal solar irradiation in Latvia [53].
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Regardless of solar irradiation level,
the performance of PV installation is deter-
mined by two key parameters: the Capacity
Factor, which is defined as the annual actual
AC electric energy output (in kWh/year)
divided by the annual generated DC output
peak power rating (in kWp) multiplied by
8760 h/year, according to Eq. (1), and the
Performance Ratio (PR), which is defined
according to Eq. (2).

Actual_annual_ACoytput 1
" DC peak power rating.8760 " (1

CF

PR = cr o)

DCpower (peak). 8760 . IT7qpg . 1073

Despite the seasonal challenges, install-
ing PV panel systems on school buildings
or other available spaces presents a sustain-
able opportunity.

Two strategic approaches are suggested
for sizing the solar PV systems:

* Minimal Investment Approach: design
the PV system capacity to match the
energy needs during the low-consump-
tion summer period. This would involve
minimal investment and align energy
production closely with consumption.

*  Maximum Capacity Approach: size the

PV system to the maximum possible
capacity, constrained only by the avail-
ability of space for the panels and the
capacity of the electrical network con-
nections. This would ensure a surplus
of energy generation during the sum-
mer months, which feeds into the grid
and offsets higher consumption during
autumn and winter (using net metering
or a similar arrangement). The prelimi-
nary analysis of the available data indi-
cates that schools have adequate grid
connection capacity. The integration of
solar PV systems would contribute to
energy production and ensure the opti-
mal and efficient use of the grid connec-
tion throughout the year, particularly
during periods of intensive operation.

A comprehensive assessment, including
an energy audit and a feasibility study, is
necessary for each school to tailor the most
suitable PV installation proposal. The con-
sumption data for schools presents a com-
pelling case for investing in PV systems,
exploiting the natural lull in summer con-
sumption and the potential for RE genera-
tion. The results of the statistical processing
of the electricity consumption of schools in
2022 are summarised in Table 4.

Table 4. Results of Statistical Processing of Electricity Consumption of Schools (2022)

School A B C D E F G H I

Average value (kWh) 1040 | 934 | 1249 | 13.66 | 8.37 3.76 | 14.67 | 18.78 | 11.93
Median (kWh) 7.31 5.11 8.24 8.66 3.97 1.47 8.16 8.50 6.05
Standard deviation (kWh) | 9.54 998 | 11.93 | 13.39 | 10.32 | 539 | 17.69 | 19.32 | 14.21
Maximum (kWh) 52.67 | 62.50 | 73.88 | 81.04 | 63.18 | 25.03 | 106.51 | 98.28 | 70.24

Table 4 presents a statistical overview
of electricity consumption in Schools A—I,
where key metrics include the average,
median, standard deviation, and maximum
electricity consumption measured in kWh.
This quantitative assessment is crucial for
understanding the school energy demands

and identifying opportunities for energy
management and sustainability initiatives.
The statistical data from 2022 reveals
significant variations in electricity con-
sumption across the different schools.
While some schools exhibit relatively mod-
est energy usage, others have notably higher



consumption, as indicated by the maximum
values. The standard deviation suggests
a variability in consumption attributed to
differences in size, infrastructure, and utili-
sation of the schools. Such disparities in
energy usage patterns underscore the need

Electricity, kWh

for tailored energy efficiency measures and
reinforce the potential benefits of imple-
menting RES, especially solar PV systems,
to accommodate the unique energy needs of
each school.

Electricity, kWh

Fig. 3. Relationship among school electricity consumption.

The correlative analysis shows that
electricity consumption trends are very sim-
ilar for all schools — the correlation between
them is very high and positive (Fig. 3).

The scatter plot in Fig. 3 indicates a
strong positive correlation in school elec-
tricity consumption trends. The clustering
of data points along a generally upward
trajectory suggests that as one variable
increases, so does the other, implying that
the schools exhibit similar usage behav-
iours in response to the variable. This high
degree of correlation supports the premise
that schools benefit from a unified strategy
in managing electricity consumption, such
as implementing energy-saving measures
or adopting RE systems, which are effective
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across multiple institutions.

It needs to be added also that heating
systems play a crucial role in shaping the
overall energy consumption profile of edu-
cational institutions, particularly in temper-
ate and cold climate regions [54]. These
systems are typically the largest single
contributor to institutional energy demand,
accounting for up to 60-70 % of total
energy use in primary and secondary school
buildings during the heating season [55].
This dominance is due to the large internal
volumes of school structures, such as class-
rooms, hallways, and gyms, and the need to
maintain stable indoor thermal comfort lev-
els during occupancy hours, often between
20-22 °C [56]. In older or poorly insulated



buildings, this demand is further exacer-
bated by thermal inefficiencies in the build-
ing envelope and aging equipment.

The type of heating system employed
significantly influences both energy con-
sumption and GHG emissions. Conven-
tional systems based on natural gas or fuel
oil boilers remain prevalent across Europe,
particularly in public educational infra-
structure. These systems, while reliable,
are associated with high CO- emissions and
limited flexibility in responding to external
temperature fluctuations or user needs. In
contrast, modern systems such as district
heating, heat pumps, or hybrid gas-electric
setups offer greater energy efficiency and
lower carbon intensity, particularly when
integrated with renewable sources (solar
thermal or biomass). However, these alter-

natives often face higher upfront investment
barriers and require institutional commit-
ment to long-term sustainability planning
[57].

Thermal zoning, control strategies,
and occupancy-based heating, as shown in
Table 5, also influence the energy profile.
Educational facilities typically experience
peak heating loads during early morning
hours, necessitating predictive pre-heating
schedules or intelligent building manage-
ment systems to optimise start-up and set-
back temperatures. Poorly tuned thermo-
stats, lack of demand-driven controls, and
limited maintenance often lead to unneces-
sary energy losses. Moreover, variations in
class schedules, occupancy levels, and ven-
tilation strategies have further complicated
energy dynamics in these settings [58], [59].

Table 5. Thermal Zoning for Educational Facilities (based on [59]-[62]

Zone Included spaces Occupancy Thermal Comfort HVAC Control
P Pattern Load Profile Requirements Strategy
' Classrooms, High (daytime, Hl'gh internal Stable tempera- | Time-scheduled
Learning . gains (people, ture, moderate control, CO2
seminar rooms scheduled) . o
lights) ventilation Sensors
.. Offices, meet- Medium (day- Moderate Office comfort, ..
Administra- | . . . Individual zone
. ing rooms, and time, extended | (equipment, low moderate
tion . . <1 thermostats
reception hours) density) humidity
. Science labs, High (intermit- | High (equipment- Tighter tempera- | Specialised HYAC
Laboratories | computer rooms, . . ture/ systems, air
tent or extended) intensive) -
research rooms humidity control | exchange control
. Gyms, sports . . . Temperature Demand-based
Recreation, halls, fitness Variable (sched- | Variable .(PhySI_ flexibility, high | HVAC, enhanced
sports uled use) cal activity) o0 .
rooms ventilation airflow
Common Corridors, lob- | Low (transitory Low Minimal comfort | Minimal HVAC,
areas bies, stairwells movement) requirements | passive strategies
. Dining areas, High (peak High (cooking, Yegtllatlon aned Yentlla—
Cafeteria food Dren zones hours) occupancy) priority, odour tion, kitchen
prep pancy extraction hoods
. . . . . . Quiet operation, Low-noise
i | Mot | et | Ml 081 er | HVAC, conin
Y Y & quip ture ous control
Storage rooms, . .. .
Storage/ utility rooms, jani- | YCrY 1w (infre- Low Minimal heating/ | 1 5 oo Frvac
Service . quent) cooling
torial closets, etc.

Heating systems are not merely infra-
structural necessities but critical determi-
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nants of energy efficiency, operational costs,
and climate performance in educational insti-



tutions. Optimising these systems through
retrofitting, demand-responsive control, and
integration with low-carbon technologies is

vital for aligning educational buildings with
broader energy efficiency requirements and
climate neutrality goals.

3.2. Data Analysis in Ports, Industrial, and Commercial Objects

The analysis of the available data delin-
eates distinct seasonality in electricity con-
sumption across ports, industrial, and com-
mercial consumer groups for the examined
years, as illustrated in Figs. 4-6. A notable
reduction in electricity use is observed
during the summer months (May through
August, with the downturn commencing
as early as April in industrial parks), while
the winter months experience a surge in
consumption. The unavailability of com-
plete autumn-winter 2023 data precludes a
definitive comparison of trends across the
two years. Nevertheless, the September and
October 2022 data reveal a trend of reduced
electricity consumption, which is attrib-
uted to climatic influences such as a milder
autumn. Comprehensive conclusions await
the acquisition of additional data. Despite
the limitations posed by the partial dataset,
the current findings suggest the necessity for
energy-monitoring authorities to undertake
detailed analyses of significant variances in
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electricity consumption trends, especially

in port areas. Such an investigation is war-

ranted for the following observations:

» a marked decrease in February, June,
and August of 2023 relative to the cor-
responding months in 2022, hinting
at possible operational disruptions or
downscaled production;

» conversely, an uptick in consumption
in May 2023 compared to May 2022
indicates a need to explore underlying
causes, such as increased activity or
operational changes.

These trends necessitate a closer
inspection to elucidate the drivers behind
these energy consumption shifts and inform
targeted energy management and policy
decisions. The bar chart in Fig. 3 indicates
a strong seasonal influence on electricity
usage in ports, with lower consumption in
warmer months and increased demand in
colder months.

JUL AUG SEP OCT NOV DEC
Month

w2022 w2023

Fig. 4. Electricity consumption in the port, kWh.
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The sharp reductions (Fig. 4) in Feb-
ruary, June, and August 2023 compared
to 2022 suggest operational changes or
decreased production levels. The rise in May
2023 requires further investigation to deter-
mine the causes, such as potential increases
in port activities. Given the incomplete data
for late 2023, further research is needed for
a full assessment. Nonetheless, these ini-
tial findings underscore the importance for
energy authorities to closely monitor and
analyse these consumption patterns to sup-
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port informed decision-making and opti-
mise energy usage in port operations.

The data provided for industrial sites
indicate a discernible shift in energy con-
sumption patterns between 2022 and 2023.
Notably, consumption decreased in Janu-
ary 2023 compared to January 2022. How-
ever, this trend reversed in later months,
with a significant increase in consumption
in March and July of 2023 relative to those
same months in the previous year.

JUN JUL AUG SEP OCT NOV DEC
Month

Fig. 5. Electricity consumption, industrial objects, kWh.

The electricity consumption trends at
industrial sites in Latvia demonstrate sig-
nificant variability. Particular attention
needs to be paid to the reasons behind the
increased energy demands in March and
July 2023 (Fig. 5).

These insights (Fig. 5) can be pivotal
for industrial energy management, indi-
cating periods when energy conserva-
tion efforts are intensified or when capac-
ity planning needs to be adjusted to meet
higher demands. The data underscores the
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importance of continued monitoring to
inform energy strategies and adapt to shift-
ing patterns in industrial electricity use.

The electricity consumption data for
commercial entities in Latvia, as shown in
Fig. 6, presents a fluctuation pattern across
the two years under consideration. The data
reveals variations that warrant a thorough
investigation due to the complexity intro-
duced by the diverse nature of commercial
activities and the sheer number of entities
involved.
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Fig. 6. Electricity consumption in other commercial objects, kWh.

The electricity consumption data of the
commercial sector (Fig. 6) indicates vari-
able demand, with certain months in 2023
experiencing different consumption lev-
els compared to the same months in 2022.
These fluctuations highlight the need for
an in-depth analysis to understand specific

3.3. Economic Assessment

3.3.1. Available Roof and Adjusted Areas

The usable space on the roof for the
installation of PV panels, HVAC systems,
etc. must be identified in advance, and in
the case of PV panels, the appropriate
space must be provided [63]. It depends on
the strength of the roof structures and the
available space, considering that a crys-
talline-based solar PV panel occupies an
area of approximately 1.6 m? and its nomi-

3.3.2. Electricity Production

Data from various studies shows that
the annual PV potential in Latvia is 1000—
1200 kWh/m* depending on the geographi-
cal location. In 2023, solar panels generated
more than 128 gigawatt hours (GWh) of
electricity, with an input of Latvia’s total
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energy usage behaviours of commercial
entities. Identifying the factors contributing
to these consumption changes is crucial for
developing targeted energy efficiency strat-
egies. It can help formulate more accurate
and effective energy policies for the com-
mercial sector in Latvia.

nal capacity is in the range of 260 to 285
kW. 1 kW of installed capacity occupies
approximately 6 m?; the slope of the roof
can determine the permissible weight lim-
its; the slope of the solar PV panel; desire
to employ solar tracking system in case if
the part of PV array is to be located on the
ground [64].

electricity production balance of about 2 %.

Considering the 14 % PV solar panel
system losses, when installing solar PV
panels with a nominal capacity of 1 kW
in the Riga region, the potential genera-
tion varies significantly depending on the



months (Fig. 7). The data should be adjusted
according to Fig. 2 for the Western part of
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Fig. 7. Monthly energy output from a fixed-angle PV system [65].

The greatest benefit of PV solar panels
can be obtained from May to July, approxi-
mately 130-140 kWh/month, while the low-
est benefits can be obtained from November
to December, approximately 10-20 kWh /
month. In the case of HVAC and machin-
ery optimisation equipment, like PV solar

3.3.3. CAPEX and OPEX

Solar PV industry incurs high CAPEX
as most costs come during construction,
when equipment acquisition (PV panels,
inverters, etc.) and installation are done.
CAPEX can be divided into two main cate-
gories: soft and hardware costs. Soft or non-
hardware costs include permitting, financ-
ing, and installing PV and the expenses
solar companies incur to acquire new cus-
tomers, pay suppliers, etc. [66]. Hard costs,
on the other hand, cover expenses related
to the physical equipment that goes into a
solar PV system, like modules, inverters,
balance of system components, optional
batteries, and even electric vehicle charg-
ing, if applicable.

PV projects are cheap to operate over
their lifetime (land lease and operation of
the asset), so they have reasonably low
OPEX. While PV CAPEX is funded with
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panels, the ability of this equipment to
save electricity is determined. HVAC and
machinery automation, each investment
must be individually analysed, considering
the characteristics and needs of the corre-
sponding premises and the characteristics
of the individual machinery work cycle.

upfront financing, OPEX is funded through
ongoing revenues. As these costs reflect an
investment that depreciates gradually rather
than an immediate expense, they can cause
considerable changes in a company’s bal-
ance sheets but not its income statements.

In the case of non-residential buildings,
PV installations” CAPEX can be assumed
to be around EUR 1300/kW (up to 20 kW),
while correspondingly, OPEX is EUR 19.5/
kW, as sometimes OPEX can be assumed to
be 1.5 % of CAPEX. Other sources indicate
that PV installation OPEX ranges between
0.8 and 1.2 % of CAPEX per year [67].

On the other hand, calculations are made
for small and large rooftop PV installations
and PV utility-scale CAPEX, which dif-
fer significantly in terms of CAPEX range.
Table 3 shows that the average CAPEX for
small rooftop installations reached EUR



1300/kW, while for large rooftop installa-
tions, the average CAPEX was significantly
lower — EUR 900/kW. As in schools, com-
mercial and industrial facilities, small roof-

top PV systems do not apply; the large roof-
top PV or utility-scale PV average CAPEX
estimate should be taken as a reference.

Table 3. CAPEX for Small, Large Rooftop and Utility-Scale PVs

Small rooftop PV Large rooftop PV Utility-scale PV
CAPEX (EUR/KW) (5-15 kWp) (100-1000 kWp) (>2MWp)
Low investment 1200 800 600
High Investment 1400 1000 800

In the case of HVAC and machinery
optimisation, the project’s CAPEX and
OPEX can be very different, considering

3.3.4. Electricity Price Impact

The electricity market impact on PV
installations for self-consumption and/or
commercial purposes is directly dependent
on two different level factors: the electric-
ity wholesale price in Nord Pool exchange
and the NETO billing system, which deter-
mines the monetary value of the electric-
ity produced and consumed. At the same
time, an electricity producer who generates

the adaptation of the project to individual
requirements and needs, which results in
different levels of complexity.

electricity from RES can distribute the pro-
duction over several sites. This allows the
value of the electricity produced to be used
to pay the electricity bill for all the user’s
connections. The international exchange
Nordpool regulates electricity prices in the
Baltic States and Latvia. Electricity whole-
sale prices for the LV market for 2024 are
presented in Table 4.

Table 4. NordPool Exchange Prices for the LV Market, Year 2024 [68]

Month Price, EUR/MWh
January 117.16
February 74.78
March 64.21
April 60.25
May 75.85
June 91.64
July 98.02
August 106.96
September 83.95
October 91.38
November 88.75
December 90.51

Regarding NETO billing system, the
prosumer can use one of its variations: if
the PV installations have a capacity of up
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to 50 kW, it is possible apply for the uni-
versal NET billing, but if PV installations
have a capacity of up 999.9 kW, one can use



other net billing system services determined
by agreement with the electricity trader. In
both cases, the price formation mechanism
is different, namely, for installations below
50 kW, the price is determined by the agree-
ment with the electricity trader and based on
the contract terms. The contract terms are
additionally regulated by the Regulation of
the Cabinet of Ministers No. 635 for these
systems. The purchase price is determined
according to the relevant hourly price of
the Latvian trading area of the Nord Pool
exchange, applying a reduction that may
not exceed 20 EUR/MWh or 0.02 EUR/
kWh.

The purchase price may never be lower
than 0 EUR/MWh. The minimal contract-
ing period is set to be 6 months. There are
no such regulations for PV installations
with a capacity above 50 kW. The price of
buying and selling electricity is determined
only by the agreement with the trader [69].
The installed solar panels could provide
economic benefits, especially from May to
July, when the generated electricity reaches
its peak, and the market price is relatively
high. Market prices are important when
installing machinery optimisation, HVAC
and other devices.

3.4. Basis for Economic Evaluation of PV Projects

In its economic evaluation aspect, the
study focuses exclusively on the economic
assessment of PV system installations for
schools and commercial facilities. The pri-
mary justification for this targeted scope
lies in the urgent need for decision-makers
and facility managers to understand the
financial viability of distributed RE invest-
ments in public and semi-public infrastruc-
ture. Schools and commercial entities often
operate within constrained budgets and
require clear, quantifiable economic indica-
tors to justify capital-intensive transitions
to renewable technologies. Therefore, an
economic evaluation provides the most rel-
evant and actionable insights for stakehold-
ers considering PV adoption.

By focusing on key financial metrics,
such as Capital Expenditure (CAPEX),
Operational Expenditure (OPEX), Payback
Period (PP), Levelized Cost of Electricity
(LCOE), and Return on Investment (ROI),
the study offers a robust foundation for cost-
benefit analysis and investment planning.
CAPEX and OPEX delineate the upfront
and ongoing costs, respectively, while
LCOE provides a normalised measure of
the electricity cost over the system’s life-
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time. PP assesses the time needed to recoup
the initial investment, and ROI highlights
long-term financial performance. Together,
these metrics enable transparent compari-
son with conventional energy procurement
models and alternative energy efficiency
measures.

However, only a combination of several
criteria can highlight the project’s strong
points and potential challenges, which
should be avoided. For example, NPV and
ROI are frequently applied to different RES
projects, including PV [70]. NPV can also
be coupled with PP or LCOE [71], [72].

LCOE is a metric that enables differ-
ent technologies to be compared on a cost
basis. The metric measures lifetime costs
divided by energy production. LCOE cal-
culates the present value of the total cost of
building and operating a power plant over
an assumed lifetime. Economic calculation
is important to determine the possible opti-
misation of an investment. LCOE indicates
the ratio between the life-time costs of a
project and the electricity generated by the
project during its life. Equation (3) calcu-
lates LCOE:



n Copex.t

t=1 d + Csum
LCOE = L v : 3)
n gen
t=1"(,
where

Copors — total OPEX expenses in period t;

d, — a discount rate;

C,,, — initial cost of investment expendi-
tures;

Con — the sum of all electricity generated

over the lifetime.

LCOE is especially important if a com-
pany or educational institution plans to sell
the produced electricity to the market. How-
ever, it should be noted that LCOE calcula-
tions are often regarded as a guideline, not
hard proof that the project is viable. Higher
or lower LCOE is purely a theoretical pre-
diction. Still, it is one of the main elements
that can influence investors’ interest, as it is
considered proof of the financial viability of
solar PV power installation. LCOE calcula-
tions can even include tax benefits, such as
depreciation of the installation [73].

The costs calculated by LCOE can fall
under three major categories: wholesale,
retail, and external costs. Additionally, cal-
culations involved in the LCOE need to
account for the present and future values
that will come into effect. Costs include
financing, annual expenses and site irradi-
ance characteristics. Some authors indicate
LCOE as the preferred indicator for mini-
mising the lifecycle cost of a project [74].
In contrast, others note that LCOE does
not capture the variability and integration
between different energy sources [75].

To understand the project viability and
calculate as precise an LOEC as possible,
the following additional factors need to be
considered:

» Location assessment: The ease of access
to both natural and manmade resources

in the area, like exposure to sunlight
and structural assets, needs to be con-
sidered. This will ensure, for example,
that there is space available for various
roof- and ground-mount PV installa-
tions.

» Upfront cost calculation: It is important
to know how much transition to solar
energy will cost upfront and how that
upgrade will be funded in the short term.

* Energy needs and output estimates: The
project’s base energy needs should be
projected and compared with the esti-
mated output of a PV installation.

» Performance of uncertainty and risk
analyses: These analyses will seek to
account for unforeseen issues in the
cost estimates.

* Comparison of different RES options:
obtain quotes and run tests to compare dif-
ferent options’ output, cost, and efficiency.

Therefore, assessing the potential lifetime
value of a solar energy upgrade for the spe-
cific project more effectively and avoiding
mistakes during the process is possible [76].

NPV is used to calculate the current
value of a future stream of payments from a
company, project, or investment, and shows
the effectiveness of the investment made.
To calculate NPV, it is necessary to estimate
the timing and amount of future cash flows
and pick a discount rate equal to the mini-
mum acceptable rate of return. The discount
rate may reflect the cost of capital or the
returns available on alternative investments
of comparable risk. If the NPV of a project
or investment is positive, its return rate will
be above the discount rate [76].

When the interest rate increases, the dis-
count rate used in the NPV calculation also
increases. This higher discount rate reduces
the present value of future cash inflows,
leading to a lower NPV. As a result, proj-
ects or investments become less attractive



because their potential profitability appears
diminished when evaluated against a higher
required rate of return. Choosing a project
with a higher NPV is advisable because it
indicates greater profitability and value cre-
ation. A higher NPV means the projected
cash inflows, discounted to their present
value, significantly exceed the initial invest-
ment and associated costs. This suggests the
project will likely generate wealth, enhanc-
ing the business’s financial health and
growth prospects. Also, a higher NPV aligns
with maximising shareholder value [77].
The NPV formula does not evaluate a
project’s return on investment (ROI), a key
consideration for anyone with finite capital.
Though the NPV formula estimates how
much value a project will produce, it does
not show if it is an efficient use of invest-
ment in actual euros or other cash. NPV and
ROI serve different purposes. NPV provides
a euro amount that indicates the projected
profitability of an investment, considering
the time value of money. At the same time,
ROI shows an investment’s efficiency as a
percentage, showing the return relative to
the investment cost. NPV is often preferred
for capital budgeting because it gives a
direct measure of added value, while ROl is
useful for comparing the efficiency of mul-
tiple investments. In the studies applying
ROI metrics, the simplicity of the approach
should be highlighted, as most of them rely
on non-discounted approaches frequently

* General Example

Table 5. Input Data for Calculations

based on accounting profit metrics and met-
rics combined with simple PP [78].

PP is an alternative to NPV. It calculates
how long it will take to recoup an invest-
ment. One drawback of this method is that it
fails to account for the time value of money.
For this reason, PP calculated for longer-
term investments has a greater potential
for inaccuracy. Moreover, PP calculation
does not concern itself with what happens
once the investment costs are nominally
recouped. An investment’s rate of return
can change significantly over time.

To calculate PP of PV installations, sev-
eral factors need to be considered:

» total cost of PV installation;

e incentives received;

* electricity usage pattern;

» energy production efficiency of the sys-
tem;

» cost of electricity on the market.

PP is determined by Eq. (4):

C;
pp == 4
CF, 4)

where:
C,,— investment;
CF - annual cash flow.

Considering the previous steps, it is pos-
sible to predict the approximate economic
indicators of investments in solar panels,
HVAC, machinery optimisation, etc.

Parameter Value |Additional Comment

Power, kWp, [P] 100 -

CAPEX, EUR 90 000 | Medium investment, large rooftop, Table 3

OPEX, EUR / year 900 1 % of CAPEX / year [79]

Lifespan, years 25 25-30 years [80]

Discount rate, %, [r] 5 Social discount rate: the European Commission benchmark [81]
Productivity, kWh/kWp/year [Prod] | 1100 | Medium value, PV potential in Latvia is 1000-1200 kWh/m?
Elef:tricity price, EUR/kWh, 0.08 Medium, varies from 117.16 EUR/MWh (highest) to 60.25
[Price, el.] EUR/MWh (lowest)




* Annual solar generation

kWh
1) Q@ = P = Prod = 100 * 1100 = 110000 year

where

Qy — production / year.
* Annual income

2) Sy=Qyx*Price,el.=110000+x0.08=8800 EUR,

where

Sy — annual income, EUR.

* Annual cash income after annual expenses

3) CF; =S5, — OPEX = 8800 — 900 = 7900 EUR/year.

* Net present value

t CF¢

=157 — CAPEX,

4) oneNPV =),
where

r — discount rate, %;
t — period of time, years

It results in:

25 7900

1 Tre0s = 752381 EUR.
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Table 6. NPV Calculation (by year)

n _CF
Year, n CF;,EUR t=1 {147yt ° EUR
1 7900 7523.81
2 7900 7165.53
3 7900 6824.32
4 7900 6499.35
5 7900 6189.86
6 7900 5895.1
7 7900 5614.38
8 7900 5347.03
9 7900 5092.41
10 7900 484991
11 7900 4618.97
12 7900 4399.02
13 7900 4189.54
14 7900 3990.04
15 7900 3800.04
16 7900 3619.08
17 7900 3446.74
18 7900 3282.61
19 7900 3126.3
20 7900 2977.43
21 7900 2835.64
22 7900 2700.61
23 7900 2572.01
24 7900 2449.54
25 7900 2332.89
TOTAL 111342.16
It results in:

t
CF,
NPV = Z(1+—;)f — CAPEX = 111342.16 — 90000 = 21342.16 EUR.
t=1

* LCOE acc. (3) for the 25 years

gzlﬂ +90000 25 %222 4 90000 EUR
LCOE = —0:05 = — 005 = 0.0098 ——
525 1100 55 , 1100 ' kWh

t=170.05 0.05

* PP according to (4)

_ G 90000 1139 ~ 12
=CF, = 7900 ~ 1139~ years.
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Based on the input data (see Table 5),
the calculations show that the Net Pres-
ent Value (NPV) is positive, indicating the
project’s financial viability. The calculated
LCOE is 0.0098 EUR/kWh, which repre-

sents the minimum price at which electric-
ity must be sold to ensure profitability. The
estimated payback period is approximately
12 years.

3.5. Energy Management Strategies and RE Integration Solutions

3.5.1. Energy Management Strategies

Effective energy management is a
fundamental component of sustainable
development across diverse facility types,
particularly in educational institutions,
commercial buildings, and industrial com-
plexes. As electricity costs rise and environ-
mental concerns deepen, organisations are
increasingly turning to integrated energy
strategies to optimise consumption, reduce
carbon footprints, and enhance operational
efficiency.

For educational facilities, energy man-
agement must balance budgetary constraints
with functional requirements such as light-
ing, HVAC, IT infrastructure, and labora-
tory operations. A central strategy involves
real-time energy monitoring through build-
ing management systems and smart meter-
ing. These tools enable the visualisation of
consumption patterns and the identification
of energy-intensive operations, particularly
during peak hours. Educational institutions
benefit from daylight harvesting, automated
lighting controls, and occupancy sensors,
which collectively reduce energy waste in
classrooms and offices. Demand response
participation, wherein schools reduce or
shift usage in response to grid signals, can
also yield financial incentives.

Commercial facilities typically fea-
ture extensive HVAC systems and variable
occupancy profiles. Here, zonal heating and
cooling strategies, advanced thermal insula-
tion, and smart thermostats form the back-
bone of consumption reduction. Commer-
cial buildings are also increasingly adopting
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energy-as-a-service (EaaS) models, where
external providers manage and optimise
building energy use. In addition, green
building certifications (BREEAM, LEED,
etc.) are influential in shaping design and
retrofit decisions that enhance efficiency.
Integration of RE sources, such as rooftop
solar PV and solar thermal systems, pro-
vides long-term stability against volatile
grid prices and supports decarbonisation
goals.

In industrial facilities, electricity con-
sumption optimisation is more complex
due to the high-power demands of manu-
facturing equipment, processing heating,
and continuous operations. Strategies here
centre on predictive maintenance, pro-
cess automation, and equipment upgrades.
High-efficiency motors, variable frequency
drives, and compressed air system optimi-
sation can dramatically reduce electricity
loads. Industrial energy management sys-
tems incorporate real-time data analytics,
which allow for adaptive scheduling and
load shedding during peak tariff periods.
Additionally, cogeneration (CHP) systems
can be employed to produce electricity and
useful heat from a single fuel source, sig-
nificantly improving overall efficiency.

Strategies applicable to all facility
types include staff training, energy audits,
and data-driven policy design. Energy
dashboards, accessible to managers and
occupants alike, help cultivate a culture of
accountability. Strategic energy procure-
ment, such as long-term contracts or pur-



chasing from renewable providers, can also
mitigate cost volatility. Furthermore, digi-
tal twins and machine learning algorithms

3.5.2. RE Integration Solutions

Achieving energy sustainability and
decarbonisation in schools, businesses, and
industries necessitates exploring renewable
technologies that balance capacity, reliabil-
ity, cost-effectiveness, and environmen-
tal impact. These buildings differ in scale,
load profiles, and coupling opportunities:
schools typically have moderate daytime
usage, commercial facilities experience
daytime peaks and evening declines, and
industrial sites often require high, constant
power levels. Thus, the design of renew-
able systems and their integration strategies
must reflect these patterns.

Solar PV remains the cornerstone of
distributed clean energy. For schools and
commercial rooftops, 50 kW to 500 kW
PV arrays seamlessly cover daytime loads,
especially during school hours and business
operations. Like schools, which benefit
from shaded midday peaks due to solar pro-
duction aligning with class hours, commer-
cial buildings often export excess power
during the day and draw at night. In com-
bined systems, PV penetration reduces peak
demand charges, cuts procurement costs,
and supports net-metering frameworks.
For industrial facilities seeking on-site
generation, larger PV parks sized between
500 kW and several megawatts are suitable,
provided sufficient roof or ground space
is available. While solar intermittency can
limit self-consumption during nighttime,
coupling PV with battery energy storage
systems (BESS) enhances dispatchability
and load-following capability.

On-site wind deployment, on the other
hand, is location dependent. Schools and
commercial sites in urban environments
rarely have sufficient wind resources or
space. In contrast, industrial facilities in
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emerge as high-potential tools for simulat-
ing energy flows and predicting optimal
intervention points.

suburban or rural areas with >6 m/s aver-
age wind speeds can benefit from small- to
medium-scale turbines (100 kW to 1 MW).
Wind can complement PV by generat-
ing electricity during overcast but windy
conditions. For example, a 500-kW wind
turbine in moderate-wind regions can add
~1.5 GWh/year capacity, reducing grid
reliance and smoothing retail electricity
loads. However, the variable nature of wind
requires careful integration with battery or
demand response systems.

Battery Energy Storage Systems (BESS)
provide short-to-medium-term  flexibil-
ity, voltage regulation, and resilience. For
schools and commercial sites, 100 kWh—
500 kWh battery units can handle daily
solar export and evening consumption,
boosting self-consumption to 80-90 %.
Industrial applications often require larger
BESS (1-5 MWh) to support peak shaving,
or contingency against demand charges and
production disruptions. It is important to
align battery types (lithium-ion, flow bat-
teries, etc.) with cycle-life needs and site-
specific charge/discharge patterns.

Ground-source or air-source heat pumps
(1-10 MW capacity) can effectively replace
fossil-fuel boilers in schools and commer-
cial buildings, particularly when paired
with thermal storage. Integration with PV
can further electrify heating, cooling, and
hot water. For industrial plants with pro-
cess-heat needs, industrial heat pumps com-
bined with waste heat recovery and thermal
storage systems reduce reliance on gas-fired
boilers.

While combined heat and power (CHP)
systems often rely on natural gas, they can
be decarbonised by substituting biogas or
renewable gases. For universities or schools



with on-site
vices), small

integrated with solar PV and BESS can
offer continuous electricity and hot water.
Commercial and industrial facilities using
agricultural or municipal biogas can adopt

micro-CHP

enabling round-the-clock base-load genera-
tion complementing intermittent renewable

sources.

Combined PV, wind and BESS sys-
tems can enhance reliability and grid inde-
pendence of all types of facilities, such as
schools and commercial facilities (PV and
BESS represent the most feasible option
because of limited space and modest load,
and on-site energy usage can exceed 50 %,

biomass waste (food ser-
CHP units (100 kW-1 MW)

systems (500 kW-2 MW),

improving sustainability and reducing grid
charges), agricultural, industrial and sub-
urban areas (adding small wind turbines
leverages stronger wind resources). PV,
wind and micro-BESS deliver consistent
power, reduce intermittency, and maintain
production continuity. Industrial facilities
(large-scale PV, wind, BESS, heat pumps,
and micro-CHP) are integrated under energy

management systems: this may achieve

Table 7. RES System Scale and Suitability for Use in Educational,
Commercial and Industrial Facilities (based on [82—86])

70-100 % self-sufficiency, decarbonising
both electrical and thermal demands. Aver-
age RES system scale and suitability for use
in educational, commercial and industrial
facilities are shown in Table 7, but the key
advantages and constraints of different RES
applications are summarised in Table 8.

Facility tvpe PV Wind BESS Heat Pumps CHP

YOPe | kwmw) (KW/MW) (kWh/MWh) (KW/MW) (KW/MW)
fi‘i‘illci?;‘onal 50 kKW-500 kW | 0-100 kW 100-500 kWh 100-500 kW 100 kW biomass
g?;lli‘:;emal 100 kW—1 MW | 0-500 kW 500 kWh-2 MWh | 500 kW-2 MW | 500 kW biogas
If;‘fi‘fistt;al I MW-10 MW | 100 kW-2 MW | 1-5 MWh 1-10 MW 500 kW— 5 MW

Table 8. Key Advantages and Constraints of Different RES Applications (based on [87]-[92])

Technology Advantages Limitations

PV Scalable, low maintenance Daytime-only, requires space

Wind Complements solar variability Site-dependent, zoning and noise constraints

BESS Enhances flexibility, supports self-consump- High upfront cost, cycle degradation over
tion time

Heat pumps Efficient heating/cooling, electricity-driven | Requires thermal storage to optimise

Renewable fuel-
based CHP

Continuous power and heat, resilient

Needs fuel sourcing, emissions controls

An effective integration strategy for on-
site RE systems should begin with a compre-
hensive energy audit to evaluate the facili-
ty’s load profiles, spatial constraints, and the
availability of local renewable resources.
This foundational analysis informs the ini-
tial system design, typically centred around
a PV system coupled with BESS to offset
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daytime electricity consumption. Where
site conditions support it, the PV array can
be supplemented with small-scale wind tur-
bines to enhance generation diversity [93].
To address thermal energy needs, it is rec-
ommended that traditional heating systems
be replaced or supported by electric heat
pumps, which can be further optimised with




thermal energy storage units to reduce peak
load demand. In facilities where waste heat
or biomass is available, such as industrial
buildings or rural campuses, hybrid CHP
units can be introduced to provide continu-
ous base-load coverage and improve overall
system efficiency [94].

The integration of these systems offers
several key benefits. First, it enhances on-
site self-consumption of renewable elec-
tricity, reducing dependency on external
grid supply. Second, it improves energy
resilience by enabling continued operation
during outages or grid instability. Third, it
leads to a reduction in carbon emissions
across both electrical and thermal energy
usage profiles. In many cases, integrated
systems can also generate revenue through
time-of-use arbitrage and participation in
grid services, such as frequency response
or demand management schemes. Further-
more, these systems provide significant
educational and stakeholder engagement
opportunities, particularly in school set-
tings where energy systems can be embed-
ded into the curriculum and community
outreach efforts.

To maximise these benefits, deployment

4. CONCLUSIONS

should follow a phased implementation
model. Initial investments should focus on
optimally sizing the PV installation based
on baseline consumption data [95]. Subse-
quent phases can incrementally incorporate
battery storage, thermal systems, and CHP
units as operational data and user needs
evolve. The use of digital energy manage-
ment systems is critical in this context.
These platforms enable real-time monitor-
ing of energy generation, storage, and con-
sumption, allowing for dynamic dispatch
and performance optimisation. Regulatory
considerations are also essential. Project
developers should align the system configu-
ration with available incentives, including
subsidies, net-metering arrangements, and
demand-response tariffs. Finally, lifecycle
planning must be embedded into system
selection. Technologies chosen for such
integrated deployments should offer low
maintenance requirements and predictable
component replacement timelines, which
is particularly important for schools, small
businesses, and public facilities operating
under constrained budgets and long plan-
ning horizons.

This study provides valuable insight
into electricity consumption patterns across
different consumer groups, based on data
from 2022 and part of 2023. Despite sev-
eral limitations, including the absence of
consumer behaviour information, seasonal
trends and possible inefficiencies in energy
use have been successfully identified. The
analysis has revealed a clear seasonal trend
in electricity consumption across educa-
tional, commercial, and industrial sectors in
City A. For example, in educational institu-
tions, electricity use dropped significantly
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during the summer months, with monthly
average consumption in schools such as
School F falling to a minimum of 1.47 kWh,
while maximum values like 106.51 kWh
were observed in winter (School G). These
trends correlate with operational inactivity
during school breaks and increased heating
demand in winter.

Electricity consumption trends among
the nine analysed schools exhibit a strong
positive correlation, indicating a systemic
similarity in energy-use behaviours. The
recurring seasonal pattern — with higher



demand during winter due to heating needs
and lower usage in summer months — fur-
ther supports this observation. These par-
allels suggest that collective photovoltaic
system procurement or shared energy effi-
ciency measures could be both practical and
impactful.

One kWp PV system generates its high-
est monthly output — over 130-140 kWh —
between May and July, while output drops
to 10-20 kWh from November to Decem-
ber. This generation pattern mirrors school
electricity consumption trends, which typi-
cally fall during summer holidays. Such
alignment suggests that installing PV at full
capacity could enable surplus energy export
to the grid in summer and offset heating
demands in winter, particularly when stor-
age or net metering is available.

Industrial electricity demand rose con-
siderably in March and July 2023 when
compared to those months in 2022, revers-
ing the downward trend recorded in Janu-
ary 2023. This increase might be driven by
resumed production cycles or previously
delayed operations. The rebound under-
scores the importance of adaptable fore-
casting models and dynamic energy-saving
systems that respond to variations in output
levels.

Figure 6 indicates inconsistent electric-
ity usage across commercial enterprises,
with some months in 2023 surpassing and
others trailing the figures from 2022. This
irregularity likely reflects the diverse nature
of commercial sectors, including retail,
office spaces, and hospitality services. The
observed variation highlights the necessity
for detailed energy audits by sub-sector,
along with the implementation of advanced
metering technologies to enable more pre-
cise analysis of consumption patterns.

Latvia is part of the Nordic “Nord Pool”
electricity exchange, where electricity
prices are determined by supply and demand
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dynamics. In 2024, electricity prices in Lat-
via fell by 7 %, largely because of increased
RE production, particularly solar energy.
Approximately 75 % of Latvia’s electricity
is generated from hydropower and bioen-
ergy, while per capita electricity consump-
tion remains about 40 % lower than the EU
average.

Electricity prices in Latvia during 2024
varied greatly — from 117.16 EUR/MWh in
January to just 60.25 EUR/MWh in April.
This volatility, paired with increased solar
production during lower-price periods,
creates a strong rationale for adopting PV-
based self-consumption strategies. More-
over, with 184 hours of negative electricity
pricing recorded in 2024, the importance of
adaptable consumption and energy storage
systems becomes evident to make the most
of excess RES generation.

CAPEX for large rooftop PV systems
(100-1000 kWp) ranges from 800 to 1000
EUR/kW, noticeably lower than for smaller
installations. When this is coupled with an
annual operational cost of 0.8-1.2 % of
CAPEX, the overall investment becomes
particularly attractive for energy-intensive
buildings like schools and industrial sites.
Under Latvia’s net metering framework and
a fluctuating electricity market, such instal-
lations promise a solid return on investment.

The alignment of local energy practices
with broader strategic goals, such as the EU
Green Deal and Latvia’s National Energy
and Climate Plan, is reinforced by the study.
These policies aim for a 65 % reduction in
GHG emissions by 2030 and achieving cli-
mate neutrality by 2050. The integration
of solar energy and the implementation of
smart grid technologies directly contribute
to fulfilling these ambitions.

The findings underscore the need for
energy planning to reflect both structural
differences and time-based usage patterns
across sectors. In educational institutions,



electricity consumption is tied to academic
schedules and occupancy, while in industry,
it is production processes and machinery
that determine demand. Designing effec-
tive energy solutions, therefore, requires
integrating both the physical characteristics
of buildings and the operational rhythms of
each sector.

This study highlights that Latvia’s port
infrastructure and educational institutions
are major electricity consumers and notable
contributors to CO: emissions. Their out-
dated infrastructure and high energy inten-
sity make them strategic targets for energy
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