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Abstract: This paper presents an analysis of energy use and sector coupling in a local
energy community using a model based on energy cost centres (ECCs), functional units
for decentralised responsibility and optimisation of energy use within defined system
boundaries. The ECC model enables structured identification and optimisation of energy
and material flows in complex industrial and urban settings. It was applied to a case
study involving an energy-intensive steel plant and its integration with the surround-
ing community. The study assessed the potential for renewable electricity production
(7914 MWh annually), green hydrogen generation, battery storage, and the reuse of 11,440
MWh of excess heat. These measures could offset 9598 MWh of grid electricity through
local production and savings, reduce natural gas use by 4,116,850 Nm3, and lower CO2

emissions by 10,984 tonnes per year. The model supports strategic planning by linking
sectoral actions to measurable sustainability indicators. It is adaptable to data availability
and stakeholder engagement, allowing both high-level overviews and detailed analysis
of selected ECCs. Limitations include heterogeneous data sources, uneven stakeholder
participation, and the need for refinement of sub-models. Nonetheless, the approach of-
fers a replicable framework for integrated energy planning and supports the transition to
sustainable, decentralised energy systems.

Keywords: energy community; energy sector coupling; energy cost centre; sustainable
energy projects

1. Introduction
The global energy transition, propelled by the increased adoption of renewable en-

ergy sources (RES), digitalisation, and the decentralisation of energy systems, introduces
new challenges in cost management and system optimisation. In this context, energy
communities have gained prominence, enabling local energy production, sharing, and
consumption, thereby contributing to sustainability and reducing reliance on centralised
energy sources [1,2]. Their role in promoting energy democracy and decentralisation is
crucial [3]. Energy communities hold significant potential for advancing renewable energy
adoption and achieving sustainability goals [4]. Sustainable development necessitates
efficient energy management and continuous environmental stewardship. Achieving ambi-
tious environmental and energy targets requires systematic planning of sustainable energy
infrastructure, integration of energy sectors, and active involvement of local energy commu-
nities. Local authorities must support improved spatial planning and long-term investment
policies for sustainable projects. Moreover, all stakeholders must collaborate in developing
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a portfolio of feasible sustainable projects and leverage their practical experience to propose
regulatory changes that enhance the achievement of environmental and energy goals [5].
Realising these goals requires a systematic approach based on the analysis of the business
environment, development plans, complex modelling, and simulations to determine the
optimal configuration of energy systems. Sector coupling and coordinated infrastructure
investment are central to achieving both environmental and economic viability [6,7].

Recent literature highlights the importance of integrating technological innovation,
community involvement, and cooperative models to advance sustainable energy systems.
A comprehensive review by Gjorgievski et al. [1] discusses trends in energy system mod-
elling, business models, and optimisation objectives within energy communities, while
Auders et al. [4] explore the evolving concept of energy communities in the European
context. These studies underscore the need for multidisciplinary cooperation across nations
and research disciplines. As noted by Mišljenović et al. [8], energy management systems
and appropriate organisational structures for prosumers are essential for the efficient oper-
ation of energy communities. Optimising their performance requires suitable economic
evaluation methods. Bohvalovs et al. [9] propose differential evolutionary optimisation as a
tool for improving cost efficiency. Organisational and economic mechanisms for enhancing
energy cost management in the industrial sector have also been explored [10], providing a
reference framework for analysing the cost structures of energy communities. In the indus-
trial sector, energy cost management is of paramount importance [11–13]. The concept of
energy cost centres (ECCs), which enable decentralised management and analysis of energy
flows within clearly defined system boundaries, facilitates detailed energy cost tracking and
optimisation at various organisational levels [14,15]. Despite their effectiveness in industry,
ECCs have not yet been systematically applied in energy communities or sector coupling.
Their integration could provide a more precise quantification of economic synergies and
support the development of viable business models. Existing modelling approaches used
to evaluate energy communities and sector integration differ significantly in terms of scope,
analytical depth, and stakeholder involvement. Table 1 provides a comparative overview of
selected models drawn from recent literature, highlighting their advantages and limitations
in relation to technical, economic, and governance aspects.

As the table shows, classical approaches such as pinch analysis and linear program-
ming remain valuable for thermodynamic and techno-economic optimisation, but they
often lack the flexibility to address decentralised or multi-actor systems. Conversely, newer
methods such as ECC-based modelling and AI/IoT-enhanced frameworks offer greater
adaptability but face challenges related to data quality, granularity, and stakeholder in-
tegration. This paper builds on the strengths of ECC modelling, adapting it for energy
communities to address key gaps in economic analysis and sectoral interconnection. De-
spite progress in energy community research, several critical questions remain unresolved.
Current evaluation methods often emphasise macroeconomic indicators or investment
costs, while overlooking operational costs and internal cost structures [16]. Lode et al. [17]
further note that economic aspects are frequently neglected in favour of technical and
social factors. Additionally, research on sector coupling tends to focus on physical and
grid-related synergies, with limited attention to economic interactions [18]. Comprehensive
economic analysis is crucial for assessing the long-term sustainability of energy and climate
policy in the EU [19].
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Table 1. Comparison of selected modelling approaches for energy communities and sector coupling.

Modelling
Approach

Scope of
Application

Main
Advantages

Main
Limitations Ref.

Pinch Analysis Industrial energy systems;
heat and energy integration

Identifies thermodynamic
limits; helps minimise
energy waste

Requires detailed process
data; traditionally not
adapted to decentralised or
community systems

[7,15,19]

Differential Evolution
Optimisation

Multi-objective
optimisation of community
energy flows

Good for complex,
non-linear optimisation;
supports hybrid RES and
storage analysis

Requires careful parameter
tuning; computationally
intensive

[9]

Multi-Actor Multi-Criteria
Analysis

Design of pilot energy
communities

Integrates stakeholder
preferences; transparent
decision-making

Subjective weighting of
criteria; limited to early
planning stages

[17]

Energy Cost Centre (ECC)
Modelling

Industrial and local
community cost allocation

Allows decentralised cost
tracking; scalable to
complex systems

Depends on data
availability and
stakeholder cooperation;
modelling depth varies per
ECC

[10,14]

Linear Programming Community-scale energy
system design

Suitable for detailed
techno-economic analysis;
widely used

Assumes linearity; often
lacks flexibility for social or
behavioural factors

[1,6]

Agent-Based Models Socio-technical dynamics
in energy communities

Captures individual
behaviour; suitable for
policy testing

High data and modelling
effort; difficult to validate [3,4]

IoT/AI-enhanced
monitoring and control
models

Real-time energy
management in smart
communities

Enables adaptive control
and predictive
maintenance; supports
sector coupling

Relies on digital
infrastructure and
advanced data analysis
capabilities

[6,18]

This article addresses the following research question: How can the concept of ECCs
contribute to a more precise evaluation and optimisation of cost structures in energy
communities, and how can its integration enhance analysis in the context of energy sector
coupling? The main objective of this article is to assess the applicability of the ECC model
within the context of energy communities and sector coupling, with the aim of improving
cost transparency, financial management, and strategic planning in decentralised energy
systems. Specifically, this article explores:

• Adaptation of the ECC model to the specific cost structures of energy communities;
• Application of ECCs to support integrated analysis across electricity, heating, gas,

hydrogen, and RES;
• Development of a methodological framework to quantify sectoral synergies and assess

economic benefits at the local level.

2. Materials and Methods
At the outset of sustainable energy planning, it is essential to define key processes and

energy conversions to be addressed, along with all relevant sources, sinks, and stakeholders.
This step establishes the system boundaries of the intended project environment. Processes
and flows may be represented using various modelling approaches. In this study, the
ECC structure was adopted (Figure 1), offering a systematic framework for visualising and
optimising energy and material flows.
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Figure 1. Development of a model for energy use analysis based on the ECC structure.

2.1. Presentation of Systems with the Structure of Energy Cost Centres

In production environments, environmental impacts primarily arise from the use of
energy and materials. Where such use is absent or optimised, environmental burdens are
reduced. A production process comprises people, equipment, raw materials, and operating
procedures within environmental constraints. The dynamics of these factors determine
energy efficiency and environmental performance. The process is also a data source for
evaluating efficiency and impacts [14]. Effective energy and environmental management
relies on regular measurements, performance benchmarks, and the allocation of responsi-
bility across the production chain. When energy costs can be quantified directly through
metering, cost responsibility centres—designated ECCs—can be established, enabling
accountability for energy performance and continuous improvement [14].

Process analysis typically involves energy flow diagrams and process flow diagrams.
Energy flow diagrams provide an overview of energy forms, production, and use across the
system. Process flow diagrams trace materials and energy through each stage of production
and highlight opportunities for responsibility allocation. When combined, these diagrams
offer insights into energy demand and provide the basis for defining ECCs. ECCs are
often aligned with control boundaries such as departments or discrete energy systems (e.g.,
boiler rooms or compressor stations). While there are no strict rules for defining ECCs,
several criteria may guide their establishment [14]:

• The process must have a measurable output;
• Energy use or environmental impacts must be metered;
• Measurement costs should not exceed 10%–20% of annual related costs;
• ECCs must align with legal environmental requirements;
• Responsibility must be assignable;
• A standard performance metric should be defined;
• Measurable and realistic improvement targets must be feasible.

The ECC model supports structured analysis and optimisation of energy use. However,
its structure should be tested for sensitivity to variations in seasonal demand, energy prices,
and changes in industrial technologies.

2.2. Model for Energy Use Analysis Based on Energy Cost Centres

Within the defined boundaries of the project, the energy field is integrated into process
flow diagrams, which form the basis for decisions on the establishment of ECCs, the
fundamental elements of the entire sustainable energy project model. At the conceptual
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level, the ECC-based approach falls into the family of integrated process planning or process
synthesis methods [20]. Due to its simplicity and successful use in numerous industrial
applications worldwide, pinch analysis is the most commonly used methodology for
integrated process planning [21,22]. According to [20], an ECC can be any department, part
of a department, or machine that converts large amounts of energy or creates significant
environmental impacts. With the ECC structure, material and energy flows through
the production process under consideration, their basic conversions, and input–output
connections with the environment can be schematically represented. The ECC model
structure is defined by a set of signals determined for each system segment. Modelling and
process integration based on ECCs are often used to improve production control, explore
flexibility, and record current operational conditions [20]. The ECC structure can also be
used to identify environmental impacts from individual parts of the production process
where various energy sources are used. The goal of designing sustainable energy projects
is also to have a positive impact on the economic and social standing of people in the local
community while simultaneously reducing negative environmental impacts. Therefore,
the ECC structure can also include social and sociological impacts of the sustainable energy
project. If, for a given ECC, the input energy is defined as the sum of all incoming energy
carriers (∑ Ein(t1 − t2)), material inflows (∑ M(t1 − t2)), output energy (∑ Eout(t1 − t2)),
and material production outputs (∑ P(t1 − t2)), various performance indicators can be
derived. For example, energy efficiency can be expressed as:

∑ Eint

∑ Pt
or ∑ Eint

∑ Mt
(1)

Environmental protection indicators may be formulated as:

∑ Eoutt

∑ Pt
or ∑ Eoutt

∑ Mt
(2)

Material efficiency is represented as:

∑ Pt

∑ Mt
(3)

Moreover, identifying interactions between ECCs enables the detection of synergies,
such as excess heat reuse, which may enhance overall energy efficiency. The integration of
ECCs into advanced simulation environments has recently gained attention as a critical
method for optimising energy systems. As demonstrated by Sučić et al. [23], simulation
tools based on ECC structures allow for accurate tracking of energy flows and realistic
evaluation of efficiency improvement potential in both existing and planned systems. Their
findings underline that the ECC approach—through detailed breakdowns of consumption
and production, and its integration with control and analytical tools—facilitates the de-
tection and elimination of inefficiencies in complex urban networks. Furthermore, their
study highlights the importance of engaging diverse stakeholders, including building oper-
ators, energy experts, local community representatives, and investors. Such collaboration
enhances transparency and enables tailored adjustments to energy solutions in response
to changing conditions. The results confirm that a multidisciplinary approach combining
ECC-based modelling and simulation provides a robust basis for designing sustainable,
flexible energy systems, which is essential for advancing energy community projects.
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2.3. Case Study: Improving Energy Efficiency, Increasing RES Generation, and Reducing CO2
Emissions in the Local Community in Slovenia

The research was focused on improving energy efficiency, increasing electricity pro-
duction from RES, and reducing emissions in energy-intensive industries in coopera-
tion with the local community. The local community under consideration comprises
21,735 inhabitants (data for 2022). According to the Sustainable Energy and Climate
Action Plan (SECAP) of the local community [24], the total final energy consumption
in 2021 amounted to 1,063,662 MWh. Of this, the industrial and service sectors ac-
counted for 813,765 MWh, households for 114,324 MWh, municipal public buildings
for 8225 MWh, transport (excluding transit traffic) for 126,820 MWh, and public lighting for
528 MWh. Among energy sources, natural gas ranked first in terms of energy quantity with
460,004 MWh, followed by electricity with 397,660 MWh, liquid fuels with 141,792 MWh,
district heating with 38,421 MWh, and woody biomass with 25,786 MWh. The dominant
use of natural gas and 88% of electricity consumption is primarily due to the needs of
the energy-intensive industrial sector. Steel production, one of the most energy-intensive
industrial processes [25], prevails in this sector.

The development of the steel industry is largely influenced by decisions made by
public institutions that regulate new standards and stimulate demand through investment
in public infrastructure and construction [26]. The concept of joint planning of sustainable
energy projects and energy infrastructure was tested through the collaboration between a
major steel producer in Slovenia and the local community in which it operates. The steel
plant and the local district heating operator provided a real-life testing environment and
all the necessary data to validate the proposed concept. Furthermore, the project team
participated in drafting the community’s SECAP. This particular steel plant is among the
most advanced in Europe in terms of energy use and environmental impact. Nonetheless,
even in such large-scale systems, there remains room for improvement. Due to intense
international competition, all steel plants are seeking ways to optimise production processes
and reduce operational costs. According to [27], the steel plant in question has succeeded
in lowering CO2 emissions, reaching only 373 kg of CO2 per tonne of steel products
in 2021. This achievement was made possible through measures aimed at improving
energy efficiency and deploying the best available technologies. However, additional CO2

emission reductions are still feasible through on-site renewable electricity generation, local
green hydrogen production, electricity cost reduction via demand-side management and
improved forecasting, and especially through the reduction of natural gas and electricity
consumption by utilising excess heat from the production process. A portion of this excess
heat could be used in the community’s district heating system. Most residential and
commercial buildings currently use natural gas-fuelled district heating systems for space
heating and domestic hot water preparation.

3. Results
At the beginning of the study, a series of structured interviews was conducted

with representatives of the steelworks, local authorities, network operators, and resi-
dents. The energy analysis encompassed all relevant resources: electricity, natural gas,
heat, and hydrogen.

3.1. Identification of Energy and Material Flows and Representation Using the ECC Structure

Optimisation of production activities can be particularly successful if during the
analysis of the current situation and search for potential improvements, new methodologies
and a broader, perhaps different context are considered than those used previously. The
research objectives were therefore as follows:



Energies 2025, 18, 2688 7 of 22

• To assess the feasibility of producing electricity from RES (solar, hydro potential);
• To explore the possibility of producing green hydrogen;
• To examine the potential for regulating electricity demand;
• To determine whether the proposed concept, supported by data from the district

heating operator, could be used to upgrade the existing district heating system and as
a decision-making tool for the steelworks to enhance their production processes.

A schematic representation of energy and material flows was developed based on
the ECC framework. This depiction of the target system configuration is presented in
Figures 2 and 3. Elements currently absent but proposed as part of the sustainable system
are highlighted (glow).
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Figure 2. Material and energy flows represented using the ECC structure (part one).
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Figure 3. Material and energy flows represented using the ECC structure (part two).

ECCs not directly included in the sustainable project but forming an important part of
the local community (ECC 1 to ECC 5) are marked in light green (Figure 2). These elements
remain relevant to the project, as its outcomes have an indirect impact on them—for
example, by increasing the availability of affordable heat within the district heating system,
enhancing the share of RES, and reducing the community’s carbon footprint. Elements that
were either directly involved in the project or identified as prospective for implementation
within the local community—particularly in the broader area surrounding the steel plant—
are marked in dark green (ECC 6 to ECC 13—Figure 3). The diagram simplifies complex
technological systems, focusing on relevant energy transformations without altering core
industrial processes. Included are RES installations: photovoltaic power plant (PV), small
hydropower plant (SHP), hydrogen production (for internal use and grid injection), and
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demand management via a planned battery storage system. An existing third-party battery
system, though not owned by the steelworks, is also represented due to its influence on
demand and system services. Additionally, material flows and emissions, along with
potential for heat reuse in district heating, are highlighted.

Energy, material, and service flows are systematised in the ECC framework. Input
flows enter through measurement points—covering primary energy sources, materials,
and services—while outputs are linked to end users or emission sinks. The boundary
of the proposed project is delineated with a red dashed line. Each crossing is equipped
with a measurement point, detailed in Table 2, which indicates the type and source of
data, including physical meters (green), calculated points (yellow), planned meters (blue),
projected indirect values (purple), and non-physical service indicators (red).

Table 2. Measurement points of the model for energy usage analysis based on ECC.

MP Description of the Measurement Point (MP)
Parameter

Data Source/
Calculation Responsibility

01 Electricity consumption from the electricity
transmission grid Electricity TSO

02 Provision/use of electricity system services by the TSO Electricity TSO

03 Locally produced hydrogen injected into the gas
transmission network Gas TSO

04 Use of natural gas in the heating stations of the district
heating system Gas TSO

05 Supply of ‘grey’ hydrogen H2 suppliers/project team

06 Energy supply in the form of wood biomass Suppliers/SECAP team

07 Energy supply in the form of gasoline and diesel Suppliers/SECAP team

08 Cooling water flow Steelworks

09 Reduction in CO2 emissions due to new RES and the
use of excess heat SECAP team/project team

10 The overall contribution of the project to achieving the
national RES target SECAP team/project team

11 Electricity consumption in households Electricity TSO

12 Natural gas consumption in households Gas TSO

13 Energy use in the form of heating oil in households Suppliers/SECAP team

14 Energy use in the form of wood biomass in households Suppliers/SECAP team

15 Heat use from district heating systems in households District heating operator

16 CO2 emissions from energy use in households SECAP team/project team

17 Electricity consumption in municipal public buildings Electricity TSO

18 Natural gas consumption in municipal public
buildings Gas TSO

19 Energy use in the form of heating oil in municipal
public buildings Munincipality/SECAP team

20 Energy use in the form of wood biomass in municipal
public buildings SECAP team/project team

21 Heat use from district heating systems in municipal
public buildings District heating operator

22 CO2 emissions from energy use in municipal public
buildings SECAP team/project team

23 Electricity consumption in transport Electricity TSO
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Table 2. Cont.

MP Description of the Measurement Point (MP)
Parameter

Data Source/
Calculation Responsibility

24 Natural gas consumption in transport Suppliers/SECAP team

25 Hydrogen consumption in transport Suppliers/SECAP team

26 Energy use in the form of gasoline and diesel in
transport Suppliers/SECAP team

27 CO2 emissions from energy use in transport SECAP team/project team

28 Electricity generation from existing RES Electricity TSO

29 Contribution of existing sources to achieving the
national RES target SECAP team/project team

30 Reduction in CO2 emissions due to the use of RES SECAP team/project team

31 Electricity use for public lighting Electricity TSO

32 CO2 emissions from electricity use for public lighting SECAP team/project team

33 Electricity consumption and discharge from battery
storage unit 1 Electricity TSO

34 Provision of system services with battery storage unit
1 Electricity TSO

35 Electricity consumption and discharge from battery
storage unit 2 Steelworks

36 Provision of system services with battery storage unit
2 Steelworks

37 Electricity production in the PV Electricity TSO

38 Contribution of the PV power plant to achieving the
national RES target Steelworks/project team

39 Reduction of CO2 emissions due to electricity
production in the PV Steelworks/project team

40 Used cooling water flow for operating an SHP Steelworks

41 Electricity production in the SHP Steelworks

42 Contribution of the SHP to achieving the national RES
target Steelworks/project team

43 Reduction of CO2 emissions due to electricity
production in the SHP Steelworks/project team

44 Electricity consumption for hydrogen production Steelworks

45 Hydrogen production Steelworks

46 Total amount of useful excess heat used Steelworks/project team

47 Utilised excess heat Steelworks/project team

48 Reduction in CO2 emissions due to the use of excess
heat Steelworks/project team

49 Heat discharged into the district heating system Steelworks

50 Heat supply to district heating system District heating operator

51 Natural gas consumption in the DH system District heating operator

52 Electricity consumption in industry and services Electricity TSO

53 Natural gas consumption in industry and services Gas TSO

54 Hydrogen consumption in industry and services Industry/SECAP team

55 Use of system services in industry and services Industry

56 Energy use in the form of heating oil in industry and
services Industry/SECAP team

57 Heat use in industry and services District heating operator

58 Supply of raw materials for steel production Steelworks

59 Quantity of steel products produced Steelworks

60 CO2 emissions from in industry and services SECAP team/project team

61 Generated excess heat in industry and services Industry/project team
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The ECC-based model is supported by a set of analytical expressions that quantify
system-wide energy use, emissions, and renewable integration. Total final energy consump-
tion is defined as:

Etotal = ∑
i∈I

Ei − ∑
j∈J

Ej (4)

where I = {01 , 04, 05, 06, 07, 28, 33, 35, 37, 40, 44, 46} and J = {03 , 10}.
Total CO2 emissions, including reductions from renewables and waste heat, are

given by:
COtotal

2 = ∑
k∈K

Ck − ∑
l∈L

Cl (5)

where K = {16 , 22, 27, 32, 60} and L = {30 , 39, 43, 48}.
Electricity from renewable sources is:

ERES = E29 + E38 + E42and its share is fRES =
ERES
Etotal

(6)

Negative values (marked ‘–’ in figures) represent reductions, particularly in emissions,
and are considered in net calculations. The examples above represent only a subset of pos-
sible indicators that can be readily formulated from the ECC structure. They demonstrate
the model’s applicability for scenario-based analysis of local energy systems, including
assessment of renewable integration, sector coupling, and decarbonisation strategies within
defined community boundaries.

The approach aimed to evaluate the realistic potential of on-site energy production
and optimisation in a large industrial facility. It links RES generation to local consumption,
thereby avoiding unnecessary grid costs. Data analysis included small-scale PV test sites,
dust impact assessments, evaluation of roof areas near transformer stations, and grid ca-
pacity assessments. The methodology supports energy efficiency improvements, advanced
data use from smart metering systems, and the development of tailored business models
for innovative energy services and management.

3.1.1. ECCs Not Directly Included in the Sustainable Project (ECC 1 to ECC 5)

The majority of the population in the studied local community resides in a densely
populated area served by both the electricity grid and an extensive natural gas distribution
network, as well as a district heating system. Additionally, 14% of households—mostly
in rural areas—use woody biomass for heating. Households are represented by ECC 1
in Figure 2. In 2021, household energy consumption was as follows: electricity (MP 11)—
44,753 MWh; natural gas (MP 12)—9991 MWh; heating oil (MP 13)—14,956 MWh; woody
biomass (MP 14)—25,786 MWh; and district heating (MP 15)—18,826 MWh. Considering
the emission factors for 2021 (Table 3), household energy use resulted in 25,004 tonnes of
CO2 emissions (MP 16).

Most municipal public buildings (ECC 2)—schools, kindergartens, hospitals, sports
halls, etc.—are connected to the district heating system, which represented the primary
energy source in 2021 with 5830 MWh (MP 21). To a lesser extent, heating oil (15 MWh,
MP 19), electricity (2367 MWh, MP 17), and natural gas (13 MWh, MP 18) were also used.
Total CO2 emissions from energy consumption in municipal buildings in 2021 amounted
to 1908 tonnes (MP 22). In the transport sector (ECC 3), fossil liquid fuels remained the
dominant energy source in 2021, with total consumption of 126,821 MWh (MP 26). The use
of electricity in transport is gradually increasing, but was limited to just 7 MWh at public
charging stations in 2021 (MP 23). Total CO2 emissions from transport in 2021 amounted
to 33,417 tonnes (MP 27). The local community is predominantly located in a narrow
east–west-oriented Alpine valley, which generally limits its suitability for solar energy
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utilisation. Wind potential is modest and mostly confined to high-altitude areas, which
lack appropriate grid infrastructure for connection. The region is, however, rich in small
watercourses, which has historically led to the development of several SHPs. In 2021, the
total electricity production from RES (ECC 4) reached 9086 MWh (MP 28, MP 29), thereby
reducing CO2 emissions by 3180 tonnes (MP 30). In 2021, public lighting (ECC 5) consumed
528 MWh of electricity (MP 31), resulting in 185 tonnes of CO2 emissions (MP 32).

Table 3. CO2 emission factors by energy carrier for Slovenia (2021).

Energy Carrier CO2 Emission Factor

Electricity 0.350 tonnes CO2/MWh

Natural Gas 0.184 tonnes CO2/MWh; 0.00185215 tonnes
CO2/Nm3

Gasoline 0.249 tonnes CO2/MWh

Diesel 0.267 tonnes CO2/MWh

Heating Oil 0.270 tonnes CO2/MWh

Woody Biomass 0 tonnes CO2/MWh (non-net source of CO2
according to IPCC 1)

1 Intergovernmental Panel on Climate Change.

3.1.2. Demand Management with Battery Energy Storage—ECC 6 and ECC 7

The steelworks under consideration is one of the largest electricity consumers in Slove-
nia, with an annual consumption of 323,442 MWh in 2020. Together with other facilities
in the sector, it forms a single balancing group, which consumed 478,617 MWh that year,
with a measured peak load of 120.4 MW. One of the key tasks for the steelworks’ energy
managers is minimising the cost of imbalances within the balancing group. In addition to
improved forecasting—challenging due to the variability of industrial processes—an effec-
tive strategy is the deployment of battery energy storage systems (BESSs). A BESS owned
by an external partner is already connected to the internal network and is represented as
ECC 6, with electricity exchange measured at MP 33 and system services recorded at MP 34.
The owner could also offer balancing services to the steelworks. The study also simulated
a scenario where the steelworks installs its own BESS, represented as ECC 7. Electricity
exchange with the grid is measured at MP 35, while system services that the steelworks
could either sell on the market or use for internal demand balancing are recorded at MP 36.
To assess the balancing potential, a rule-based simulation model was developed at 15 min
resolution. For each timestep t, the model compares actual and forecast consumption:

∆Et = Ereal
t − E f orecast

t (7)

Battery compensation is limited by available capacity:

Ebat
t = min(max(−Ct,−∆Et), Cmax − Ct) (8)

where Ct is the state of charge at time t and Cmax is the maximum battery capacity. The
battery-corrected deviation is:

|∆Ecorr
t | =

∣∣∣∆Et + ∆Ebat
t

∣∣∣ (9)

with the battery’s state of charge updated as:

Ct+1 = Ct − ∆Ebat
t . (10)
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The simulation used a C-rate of 0.5, 85% charging/discharging efficiency, and a
depth of discharge of 60% (from 20% to 80%). Two battery sizes were tested: 10.8 MWh
and 22.0 MWh. In the base case (no battery), TAPE ranged from 22.9% to 27.0%. The
term TAPE, while not a formal acronym, is used here as an analogy to the historical
‘ticker tape’ that recorded financial transactions throughout the trading day. In this study,
‘TAPE difference’ refers to the relative deviation between the actual and forecast electricity
consumption within each 15 min interval, aggregated monthly. It serves as an indicator of
short-term forecasting accuracy and a basis for quantifying the effectiveness of BESSs. With
a 10.8 MWh battery, deviations were reduced by 23.4%, with TAPE ranging from 17.2% to
21.3%. A larger 22.0 MWh system further reduced deviations by 41.5%, lowering TAPE to
12.8%–17.1%.

An economic analysis evaluated the feasibility of BESS investment. Key assumptions
included EUR 600/kWh CAPEX (capital expenditure), EUR 20/kWh/year OPEX (opera-
tional expenditure), and a 10-year depreciation period. Under a scenario with moderate
imbalance settlement prices (EUR 70/MWh), the 22 MWh BESS could generate net annual
savings of approximately EUR 660,000, yielding a payback period of 9.7 years. If capital
costs fall to EUR 450/kWh, the payback period shortens to 6.5 years. The analysis confirms
that battery storage can significantly reduce system imbalance costs and enhance grid
flexibility. Its economic viability improves with falling battery costs and evolving electricity
market conditions.

3.1.3. Photovoltaic Power Plant—ECC 8

The steelworks is the most suitable site in the local community for a large rooftop PV
installation, with direct access to the 110 kV transmission grid. As shown in Figure 4, its
typical daily electricity consumption can absorb the output of a 10 MW PV system without
requiring grid infrastructure upgrades. Realistically, up to 5 MW can be installed based on
available roof space (ECC 8).

Figure 4. Typical hourly electricity consumption diagram of the steelworks.

Installing PV would enhance the steelworks’ public image and open the door to estab-
lishing a renewable energy community, allowing local stakeholders—including residents,
employees, and small to medium-sized local businesses—to participate in ownership,
consistent with the National Energy and Climate Plan (NECP).
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Industrial Specifics and Empirical Basis for Simulation

Due to the complexity of industrial sites, the choice of installation locations must
consider investment risk, irradiation levels, dust impact, and maintenance needs. To assess
PV performance in this environment, three test systems (each 2 × 280 Wp modules) were
installed on different rooftops. One site included a weather station measuring irradiance
and temperature, enabling validation of the simulation model. A long-term study assessed
dust accumulation over three phases. The test showed up to a 29% reduction in annual yield
if modules are not cleaned, with the cleaned system generating 6460 MWh/year versus
4587 MWh/year without cleaning. The results of the one-year measurements are shown in
Figure 5. Differences in production between the modules can be observed, with temporary
reductions following heavy rainfall, yet a gradual long-term increase in disparity.

Figure 5. Impact of dust particles on electricity production of the test PV system.

Applying these results to the 5 MW system yields annual generation (cleaned) of
6460 MWh (MP 37), increased community RES share (MP 38), and CO2 emission reduction
of 2261 tonnes/year (MP 39). A follow-up study testing nanocoating showed no significant
benefit under local dust conditions.

Economic Feasibility and Sensitivity Analysis of PV Plant

A financial model based on a 5 MW PV plant estimates total investment costs at
EUR 4.69 million. With average annual savings of EUR 828,270 (from avoided electricity
purchases) and assuming no subsidies, the net present value (NPV) over 15 years at a
5% discount rate is EUR 3.91 million. The payback period is under six years. The key
assumptions were: an electricity price of EUR 130/MWh (including grid charges), combined
annual operational, maintenance, and insurance costs of EUR 16/kW, and no investment
support. Sensitivity analysis shows that the investment remains economically viable even
with lower electricity prices (down to EUR 110/MWh) or higher operational costs, although
the payback period would be extended. The first 166 kW system was installed in 2023, and
further investment is under consideration using the validated model.

3.1.4. Small Hydropower Plant—ECC 9

The steel plant requires large quantities of cooling water for its operations. This
plant is situated at the foot of a mountain range rich in water sources. A reservoir has
been constructed on one of the streams, which, together with a pressure pipeline and the
necessary equipment, ensures a stable and continuous supply of cooling water. The spatial
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integration and infrastructure development required for SHPs pose significant challenges;
therefore, the feasibility of installing an SHP within the cooling water supply system was
investigated. The SHP is represented as ECC 9 in Figure 3.

Between the accumulation reservoir with a capacity of 12,000 m3 and the steel plant,
there is a height difference of 50 metres, which is sufficient for the installation of an SHP. A
portion of the water is currently used for technological purposes, while the remaining water
overflows into the nearby riverbed. The powerhouse of the SHP would be positioned above
the first cooling water basin, thereby fully utilising the available hydropower potential.
The maximum water flow is 550 l/s (MP 41). Considering a system efficiency of 0.77, the
theoretical potential amounts to 208 kW. Based on hydrological data, the SHP could operate
for 7000 h per year, generating 1454 MWh of electricity (MP 40). The hydrological calcu-
lations are based on publicly available long-term flow data for the relevant watercourse,
collected between 2012 and 2022 from the official archive of the Slovenian Environment
Agency (ARSO). Electricity production from SHP would increase RES production of the
community (MP 42) and reduce CO2 emissions by 509 tonnes (MP 43).

To strengthen the reliability of the modelled results, a sensitivity analysis was con-
ducted for two typical operating scenarios with flow rates of 0.050 m3/s and 0.550 m3/s.
The analysis examined the influence of ±25% variations for three key input parameters—
turbine efficiency, annual operating hours, and flow rate—on electricity generation. The
results showed that production output is most sensitive to changes in flow rate and turbine
efficiency, while operating hours had a more linear, but still significant impact. These
findings confirm that the estimated electricity production of 1454 MWh per year lies within
a robust range even under moderate parameter uncertainty.

3.1.5. Green Hydrogen Production—ECC 10

The proposed green hydrogen production unit (ECC 10) is intended primarily to
cover internal demand at the steel plant, where approximately 30 tonnes of grey hydrogen
are currently consumed annually as a technical gas. A secondary objective is to inject a
portion of the produced hydrogen into the natural gas grid (monitored at MP 03). The
planned measurements include electricity consumption (MP 44) and hydrogen production
(MP 45). This initiative supports the objectives of Slovenia’s National Energy and Climate
Plan (NECP) [28], which foresees up to 10% renewable gas in the natural gas system by
2030. Due to the site’s location at the interface of electricity and gas infrastructure, the
hydrogen plant could provide added value through sector coupling, flexibility services, or
decarbonisation of local transport.

A techno-economic assessment was carried out for a 660 kW electrolyser operating
4000 h annually, yielding approximately 54 tonnes of hydrogen per year: 32 tonnes for use
as a technical gas and 22 tonnes for injection into the natural gas grid. Electricity demand
for this production would total around 2.64 GWh annually. Sensitivity analyses explored
the effects of varying electricity prices and levels of government support. At current prices
(EUR 100/MWh) and without subsidies, the levelised cost of hydrogen (LCOH) is estimated
at EUR 10.9/kg, making the investment economically challenging. However, if 50% of the
capital cost is covered by subsidies and electricity is procured at EUR 50/MWh, the LCOH
drops to EUR 5.7/kg, indicating significantly improved viability. These calculations were
based on public electricity pricing data and standardised investment assumptions, and
were implemented using structured spreadsheet modelling.

While hydrogen production has not yet been physically implemented, this preliminary
analysis—carried out as part of strategic planning—demonstrates how ECC modelling can
incorporate economic feasibility and scenario-based sensitivity analysis to guide future
investment decisions.
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3.1.6. Reuse of Excess Heat in Energy-Intensive Production and District Heating—ECC 11
to ECC 13

The potential for reusing excess heat from energy-intensive production processes
was assessed for both internal recovery and integration into the district heating system.
From the perspective of district heating operators, alternative upgrades—such as the
replacement of natural gas-based cogeneration units with biomass or heat-pump systems—
were also considered. However, in accordance with the energy efficiency hierarchy defined
in Slovenia’s National Energy and Climate Plan (NECP) [28], the reuse of industrial excess
heat is prioritised wherever it is economically feasible. Sector coupling between industry
and district heating providers is promoted through a set of government incentives, although
under the current policy framework, investments by industry must still be justified by
revenues from heat sales, which remains a notable barrier. A successful domestic example
has already been demonstrated, where industrial excess heat is integrated into district
heating without public subsidies [29].

In the steelworks, various processes generate excess heat (ECC 13, MP 61). This heat
is utilised (MP 47) and stored using dedicated infrastructure (ECC 11), and subsequently
reused within the production process in the form of hot water or steam (MP 57), primarily
to displace electricity and natural gas consumption, thereby reducing CO2 emissions (MP
48). Any surplus heat is supplied to the local district heating network (ECC 12, MP 49),
contributing to a reduction in natural gas usage for municipal heating.

Dynamic Modelling and Scenario Simulation

A comprehensive simulation model was developed in the Matlab environment, in-
corporating 31 first-order delay and dead-time transfer functions, two first-order delay
transfer functions, eight thermal storage units, 33 two-position controllers, 22 measurement
inputs (at 15 min intervals), and 236 adjustable parameters. Simulation scenarios were
selected via a dashboard interface, enabling the inclusion or exclusion of specific sources
and sinks. Several utilisation scenarios were modelled, clearly demonstrating the effect
of different configurations on system efficiency and economic outcomes. To support the
identification of optimal configurations, pinch analysis was applied. This confirmed that
the ECC model provides a suitable structure for incorporating classical thermodynamic
optimisation methods. As such, the ECC framework was shown to be compatible with both
high-level system design and detailed intra- and inter-ECC optimisation. A full technical ac-
count of this modelling approach is available in [30], and only key findings are summarised
here. The simulations indicated that up to 11,440 MWh of excess heat could be recovered
annually, resulting in savings of 1684 MWh of electricity and 817,174 Nm3 of natural gas
within the steelworks. Furthermore, 3,299,676 Nm3 of natural gas could be saved in the
district heating system, corresponding to approximately 68.4% of the community’s annual
heating demand.

Economic Feasibility and Sensitivity Analysis of Excess Heat Reuse

The economic analysis was conducted for three promising reuse configurations. The
most favourable scenario included the full utilisation of all identified industrial sources
and their integration with both urban and suburban district heating networks. The total
investment cost for this configuration was estimated at EUR 22.5 million. Annual energy
savings were projected at EUR 3,562,371, while annual maintenance costs, calculated
at 5% of investment value, amounted to EUR 1,125,000, resulting in net annual savings
of EUR 2,437,371. The analysis was based on a 15-year depreciation period and a 5%
discount rate. Prices were set at EUR 130/MWh for electricity (including grid charges),
EUR 0.60/Nm3 for natural gas, EUR 70/MWh for heat sales, and EUR 80 per tonne for
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CO2. Under these assumptions, NPV was calculated at EUR 2.80 million, with a simple
payback period of 9.2 years. In a variant scenario assuming 50% investment support—
such as from national or EU energy programmes—the required capital investment was
reduced to EUR 11.25 million, while annual savings remained unchanged. This yielded a
shortened payback period of 4.6 years and a significantly higher NPV of EUR 14.05 million.
These results indicate that large-scale integration of industrial excess heat into local heating
systems can represent a viable and cost-effective low-carbon investment, particularly when
supported by appropriate policy mechanisms.

3.2. The Overall Contribution of the Energy Community to Achieving Sustainability Goals

A PV plant with a capacity of 5 MW, when installed in an optimal location with low
dust accumulation or maintained through regular cleaning, would be expected to generate
approximately 6460 MWh of electricity annually. An SHP would contribute an additional
1454 MWh per year under average hydrological conditions. Combined, PV and SHP would
account for 7914 MWh of renewable electricity generation, representing an increase of up
to 87% compared to the local community’s total electricity production in 2021 (9086 MWh).
In addition, an electricity saving of 1684 MWh per year would be realised through the
use of excess heat, resulting in a total annual saving of 9598 MWh. Based on Slovenia’s
electricity mix for the same year, with an emission factor of 0.35 tonnes CO2 per MWh,
this saving would correspond to a reduction of 3359 tonnes of CO2 emissions annually.
The reuse of excess heat within the steel plant would lead to a reduction in natural gas
consumption of 817,174 Nm3, while its utilisation in the district heating system would
result in an additional saving of 3,299,676 Nm3. In total, this represents 4,116,850 Nm3 of
natural gas saved. Using an emission factor of 0.00185215 tonnes CO2 per Nm3, a further
reduction of 7625 tonnes of CO2 emissions per year would be achieved.

Altogether, the planned measures within the energy community would result in an
annual CO2 emissions reduction of 10,984 tonnes. When compared to the total energy-
related CO2 emissions in the community in 2021—25,004 tonnes from households (ECC 1),
1908 tonnes from public buildings (ECC 2), 33,417 tonnes from transport (ECC 3), and
207,833 tonnes from industry (ECC 13)—the realisation of the project would deliver an
overall reduction of approximately 4%.

3.3. Results of the Economic Feasibility Analysis

The ECC structure enabled a modular assessment of the economic viability of each
project segment. By framing the analysis at the level of the entire local community, mutual
interactions among individual ECCs were taken into account, thus supporting integrated
investment planning. For instance, in the case of green hydrogen production, potential
synergies were explored between its use in steel manufacturing, injection into the gas grid,
and the provision of balancing services. The results of the economic analysis for the most
relevant project components are summarised below.

• The provision of system-balancing services through a dedicated battery storage system
(ECC 7), assuming a 10-year operational lifetime, a discount rate of 5%, and standard
maintenance costs, resulted in a net present value (NPV) of EUR 3.84 million. The
corresponding payback period was calculated at 5.7 years.

• The 5 MW photovoltaic system (ECC 8), based on a 15-year investment horizon, a
5% discount rate, and including annual operational, maintenance, and insurance costs,
achieved an NPV of EUR 3.91 million. The payback period was estimated at 6.0 years.

• The small hydropower plant (SHP, ECC 9), with a 30-year economic lifetime and under
average hydrological conditions, yielded an NPV of EUR 2.68 million with a payback
period of 8 years, assuming no investment subsidies and a 5% discount rate.
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• Under current market conditions, green hydrogen production (ECC 10) was not found to
be economically viable, even when assuming 100% investment support. High electricity
prices and limited income from hydrogen sales currently result in a negative NPV.
However, if periods of low or negative electricity prices due to RES surpluses become
more frequent or if additional support schemes are introduced, the investment could
become justified, particularly as a means of providing flexibility services to the grid.

• For the reuse of excess heat (ECC 11 to ECC 13), three implementation scenarios were
evaluated, involving different configurations of internal reuse and district heating
integration. In the most favourable case, assuming full recovery and connection to
both urban and suburban district heating systems, the payback period was 9.2 years
and the NPV reached EUR 2.80 million. With 50% investment support, the payback
period was reduced to 4.6 years and the NPV increased to EUR 14.05 million.

These results confirm that the combined application of ECC-based modelling and
scenario analysis enables effective investment prioritisation, especially when applied to
complex, sector-coupled energy systems at the local community level.

4. Discussion
The aim of this research, which addresses energy use analysis and sector coupling

in the energy community, was to demonstrate through both conceptual framework- and
scenario-based modelling how targeted efforts can foster collaboration among key stake-
holders in the local environment and improve the process of developing viable sustainable
energy projects. The study has provided valuable insights into the effective modelling and
feasibility assessment of complex local energy projects involving multiple energy vectors.

The practical application of the developed energy consumption analysis model based
on the ECC framework has confirmed that effective communication and data accessibility
are critical challenges and key success factors in planning complex energy communities.
These findings are consistent with the conclusions of Billereck et al. [31]. Standardised data
collection protocols and the establishment of reliable data-sharing platforms could mitigate
these challenges and further enhance the model’s replicability and scalability [32].

In the examined case study, key stakeholders recognised the need for coordinated
actions and joint efforts in addressing national energy and climate challenges. The findings
are aligned with those of Fischer et al. [33], who emphasize the importance of involving
different actors in energy efficiency planning. The review of Slovenia’s NECP also high-
lighted the necessity of a holistic approach to long-term energy infrastructure planning and
project optimisation, as confirmed by Ceglia et al. [34].

The results of the proposed approach contribute to increasing the utilisation of RES,
hydrogen production, battery storage systems, and—most notably—the integration of
industrial excess heat within the local community. Despite the model’s success in the
analysed case, challenges remain regarding its replicability, primarily due to the required
precision of input data and the reluctance of some industrial entities to share information.
Future research should prioritise developing automated data-collection and -processing
systems, as well as the integration of advanced digital tools such as artificial intelligence
and machine learning. A more in-depth examination of the role of the Internet of Things
(IoT), artificial intelligence (AI), and machine learning in real-time energy consumption
monitoring is urgently required. These technologies hold the potential to significantly
improve the ECC model’s accuracy and responsiveness, leading to more effective decision-
making in operational environments, in line with the findings of Olabi et al. [32].

A key premise of the ECC model is the concept of ownership over individual cost
centres—not in a legal sense, but in terms of dedicated and competent responsibility for
their operation and continuous improvement. This also extends to efforts in establishing
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ECCs identified as optimal additional components of the energy community. Both in the
modelling phase and during implementation, public engagement has proven essential, fol-
lowing a transparent communication strategy that facilitates social acceptance and ensures
a more equitable distribution of benefits among community members [35]. Furthermore,
educational campaigns should be designed to enhance understanding and support for
energy efficiency measures [36].

The ECC model structure employed in the case study consisted of a macro-level com-
munity assessment (ECC 1 to ECC 5 and ECC 12, ECC 13) alongside a focused evaluation of
units pertinent to the project (ECC 6 to ECC 11, and partly ECC 12 and ECC 13). This con-
figuration enabled a streamlined overview of the entire community while simultaneously
allowing detailed examination of new elements and their impacts. In future analyses, addi-
tional components—as well as novel energy and material vectors—could be incorporated,
thereby adapting the ECC model’s scope to meet evolving evaluative needs. Moreover, this
structure supports the calculation of several notable sustainability indicators.

An additional benefit of the ECC-based approach lies in its compatibility with estab-
lished thermodynamic optimisation methods. In the modelling of excess heat reuse, pinch
analysis was applied to identify optimal source–sink configurations. This demonstrated
that ECCs can effectively serve as a structural foundation for integrating both high-level
planning and detailed thermodynamic optimisation techniques. The ability to couple
the systemic modularity of ECCs with classical methods such as pinch analysis [7,15,19]
substantially enhances the practical applicability of the model, particularly in complex
industrial environments. It also confirms that the ECC framework is not limited to strategic
or conceptual modelling, but can support fine-grained engineering analysis within and
between individual cost centres.

The proposed approach to sustainable energy planning incorporates advanced
community-level energy consumption analysis (covering both energy sources and de-
mand) using sophisticated ECC-based models. The integration of energy sectors, such as
electricity and heat supply, necessitates the development of complex models for analysing
the potential of excess heat recovery, renewable energy deployment, and energy conversion
and energy storage. The study particularly underscores the importance of continuous and
structured collaboration among key stakeholders in the pursuit of sustainable solutions,
the development and testing of tools for improved local infrastructure planning, and the
integration of energy sectors.

A known limitation of the ECC-based model lies in the heterogeneity and occasional in-
completeness of available data across different energy cost centres. While some subsystems
are equipped with detailed monitoring infrastructure, others rely on aggregate statistics or
expert estimates. To mitigate this, the model incorporates proxy values and scenario-based
assumptions to compensate for missing or unreliable data. Although this allows continued
analysis under imperfect conditions, it inevitably introduces uncertainty into the results.
Consequently, transparency in data sourcing and sensitivity testing becomes critical. Future
implementations would benefit from enhanced data granularity and broader deployment
of real-time monitoring systems, particularly in decentralised industrial environments.

Despite the advantages demonstrated by the ECC-based model in supporting inte-
grated energy planning, several limitations emerged during its practical application. First,
the heterogeneity of subsystems within the local community results in uneven data quality.
While certain infrastructure components are equipped with modern monitoring systems,
others rely solely on annual statistical reports. This discrepancy hinders uniform model
granularity and introduces uncertainty in aggregated assessments. Second, the accessibility
and completeness of data across different energy cost centres vary significantly. Some
datasets are publicly available and well structured, while others are fragmented or propri-
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etary. This not only complicates modelling efforts but also limits the replicability of the
approach without local institutional support. Third, stakeholder engagement proved to
be inconsistent. While some actors actively supported strategic planning efforts, many
remained hesitant to engage or share operational data. The success of the model is therefore
strongly dependent on trust-building and communication strategies at the community
level. Finally, due to the model’s modular design, it allows for in-depth analysis of selected
ECCs while maintaining a broader system overview. However, simplifications within
non-prioritised ECCs may obscure their full potential for energy savings or emissions
reduction. These areas warrant further investigation in future research.

5. Conclusions
The feasibility of jointly planning sustainable energy projects between industrial

stakeholders and local communities has been examined through a detailed case study. The
ECC-based model has been shown to enable structured identification and evaluation of
energy flows, as well as to support integrated decision-making at the community level.

Measurable impacts—such as electricity and natural gas savings and CO2 reductions—
have been demonstrated, and the model’s flexibility has allowed for the tailoring of analyti-
cal detail to the quality and availability of data for each ECC.

However, several limitations must be acknowledged. The successful implementation
of the model has been found to depend on the availability of high-resolution data, the
maturity of digital infrastructure, and the willingness of stakeholders to participate in
transparent planning processes. Simplifications required for certain ECCs may limit the
accuracy of aggregate sustainability indicators.

Future work should be directed towards automating data acquisition through IoT
systems, expanding digital tools such as AI and machine learning for real-time monitor-
ing and forecasting, and developing policy instruments to incentivise data sharing and
stakeholder collaboration.

To support broader deployment, the creation of publicly accessible model templates
and a modular knowledge base has been identified as a potential next step. Moreover,
guidance for policymakers and planners on adapting the ECC model to different regulatory
or socio-economic contexts should be developed in future research.
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Abbreviations
The following abbreviations are used in this manuscript:

AI artificial intelligence
ARSO Slovenian Environment Agency
BESS battery energy storage system
CAPEX capital expenditures
CO2 carbon dioxide
ECC energy cost centre
IoT Internet of Things
IPCC Intergovernmental Panel on Climate Change
kg/s kilogram per second
LCOH levelised cost of hydrogen
m3/s cubic metre per second
MP measurement point
MWh megawatt hour
NECP National Energy and Climate Plan
NPV net present value

Nm3
normal cubic metre—the amount of dry gas that occupies a volume of one cubic
meter at a temperature of 273.15 K

OPEX operational expenditure
PV photovoltaic power plant
RES renewable energy sources
SHP small hydropower plant

TAPE
deviation indicator between forecast and actual electricity consumption, named after
historical ticker tape systems used to record market transactions

tonne metric ton = 1000 kg
TSO transmission system operator
Wp watt-peak
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