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Abstract

This report assesses the influence on the operational and investment decisions of five representative Energy
Community typologies (in Germany and Spain) of a variety of external factors, namely energy taxes, levies
and tariff schemes. In particular, four schemes were tested: No Charges, Time-of-Use (TOU), Subscription
Bandwidth and Peak power. The study indicates that none of the evaluated tariff structures poses significant
barriers to Energy communities’ future expansion. As long as investment and operational costs are
competitive against electricity prices, communities will have incentives to form and invest in the energy
assets that better fit their demand and geographical conditions. The TOU tariff, however, could lead to
overinvestments in batteries under certain pricing conditions. The introduction of power-based charges, e.g.
Bandwidth and Peak power, avoids this pitfall even in future scenarios with high price differentials. The
Bandwidth tariff also offers an opportunity to adapt Use-of-Network charges to a future system with high
prosumers participation as it ensures higher grid cost recovery. Another interesting alternative is the
Portuguese regulation in which partial charges are always applied to self-consumption. Considering the
impacts of self-generation while still recognizing its benefits is relevant as the study shows that self-
consumption is the largest economic benefit in the short-term, but energy arbitrage and electricity sales will
become relevant incomes for future Energy communities.
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Executive summary

Policy context

As part of the European Commission’s ambitious Greenhouse Gas (GHG) emissions reduction targets, the
Clean Energy for all European Package introduced the concept of Renewable Energy Communities and Citizen
Energy Communities. Several Energy communities across Europe have been created and support the energy
transition efforts towards greater utilization of renewable energy sources, decarbonisation of the energy
system and energy democratisation (e.g, energy poverty, energy justice) with significant social elements
associated with them. Since there is a great variety of already existing energy community projects, it is
becoming increasingly important to analyse different use cases and understand which best practices to follow
for new implementations and policies. The differences between the legislative framework, the user
engagement practices, and the potential revenue streams represent a valuable resource for defining the
needed boundary conditions for the implementation of energy community projects at a national and European
level.

Considering the novelty and complexities of these participating structures, it is important to assess the impact
of a variety of factors on the energy communities’ operational and investment decisions that will influence
their further deployment and penetration. This varies depending on, for instance, the community typology, the
geographic location (e.g. weather and legislative framework) and trends for several factors including the
technology’s performance and costs, and available energy prices. One major element is the legislative and
regulatory framework, including energy taxes, tariffs and levies that are placed upon the energy generated
and used. Within the above context, the JRC contracted R2M and IREC to assess the impact of policy and
regulatory instruments (e.g. network tariffs and energy taxes) on the expected operational and investment
decisions made by different Energy community types. MODECO stands out for being one of the initiatives
contributing to the development of technical tools that support better understanding the implications of
Energy communities in the energy future of Europe.

Work scope

The scope of this work is to analyse how investment and operational decisions within Energy communities are
affected by different tariff structures through the evaluation of four scenarios. These tariff scenarios are
formed by considering a dynamic price obtained from a Unit Commitment and Economic Dispatch (UCED)
reflecting a future energy transition scenario and different Use-of-Network charges (i.e., No Charges, Time-
Of-Use [TOU], Bandwidth subscription, Peak power based) during a 16-year period (2025-2040). Taxes are
also applied except in the No Charges case, which is only used for comparative purposes. Additionally, we
explore the sensitivity to the TOU tariff structure by using an annual flat rate instead of the dynamic prices,
and a Power Purchase Agreement (PPA) for industrial users; as well as different discount rates.

In particular, we consider five Energy community archetypes (i.e. Business park, Industrial polygon, Rural Town,
Urban District, Virtual community) in two European regions (i.e., Germany and Spain). The number and type of
members considered for each archetype is defined based on existing European Energy communities and the
archetype intrinsic characteristics. Electricity, natural gas and heat are present in all archetypes, while we only
consider biomass for the Rural town and green hydrogen for industrial users. The potential investments
considered are combined heat and power, hydrogen electrolyser, hydrogen storage tank, solar
photovoltaics (ground-mounted and on rooftop), wind turbines, batteries and vehicle-to-grid
charging points. The use of Heat pumps and non-smart electric vehicle chargers are also considered for the
community energy modelling but not as part of the investment decisions. Depending on the archetypes’
characteristics some energy assets are disregarded as a viable investment option (e.g. wind turbines on land-
restricted areas). Based on existing data regarding national conditions for renewable asset financing in
European countries, we considered different Weighted Average Cost of Capital values for Germany and Spain.

We assumed that each community acts as a single economic entity with one interconnection point with the
external energy markets. For the Virtual community, the Portuguese regulation for virtual self-consumption
happening at the same or different voltage levels, the only of its kind so far in Europe, is used as an
inspiration to define the applicable rules to this archetype. Under these rules, partial Use-of-Network charges
are applied to self-consumption by the Virtual community, the only in which members are not within
geographical proximity. In the rest of archetypes, self-consuming implies avoiding taxes and Use-of-Network
payments. The considered dynamic energy prices scenarios are based on the results obtained from the
wholesale market module. We consider selling prices to be always equal to the regional marginal price while
electricity purchased costs depend on the applicable tariff structure scenario.
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To assess how Energy communities would invest and operate under such conditions, we executed three
optimization models, namely the UCED, the investment and the operational models. The investment
and operational models are specifically designed for MODECO and suited to Energy community applications,
while the UCED model corresponds to an existing model adapted using an external Energy System Evolution
Scenario (ESES) as reference. The Distributed Energy scenario from ENTSO-ES’ Ten Year Network
Development Plan 2022, which considers a high future usage of wind and solar technologies and the
dismantling of all nuclear and carbon-based power plants, is used for this purpose. Possible impacts of the
effect on energy prices of the war in Ukraine and other geopolitical unstable areas are not considered and are
outside the scope of the present work, although adaptations from the selected ESES were done to incorporate
higher gas prices.

To model the behaviours and assumptions of the different archetypes across the range of scenarios
considered, the following steps are implemented:

1. Simulate the energy demand and resources for both residential and non-residential (tertiary and
industrial) users. This includes electricity baseload, heat demand as well as heat pump and electric
vehicles usage (via private and public charging stations).

2. Define economic scenarios and select the model’'s economic and technical parameters based on

existing literature.

Adapt ESES to the selected UCED model.

4. Develop and execute investment and operation models using the outputs from items #1 and #2
as inputs. For the investment model, this included an algorithm for selecting a set of representative
days from each evaluated year.

W

The proposed investment model contains a series of constraints to avoid excessive surplus generation and
energy arbitrage activities, prioritizing self-consumption. We proposed this set of constraints considering that,
according to current European Directives, Energy communities’ primary objective is not to generate financial
profits but to create economic, social and environmental benefits. However, the following question remains:
what is the balance between prioritizing economic benefits rather than financial profits in the
Energy community’s context? We consider this feature a key characteristic differentiating Energy
communities from other types of energy investors that needs to be clearly delimited in future models, for
example by incorporating different business models in the community archetypes. This becomes a relevant
issue as current directives also encourage a level playing field for communities and larger
participants, mandating members to allow the participation of Energy communities in all market activities,
which makes delimiting this balance harder.

Key conclusions

Our results show that under most pricing conditions the three evaluated tariffs (TOU, Bandwidth, Peak
Power) result in similar investment decisions for the Energy communities. Specially, investments in
generation assets are not significantly affected by the Use-of-Network charges applied, meaning that at the
end of the 16-year period the communities have a similar technological mix regardless of the tariff, although
the year at which they installed the assets slightly varies from case to case. In particular, investments in
renewable energies (solar, wind) are mostly driven by the trade-off between investment and operational costs
and electricity market, and the community’s demand behaviour and spatial restrictions. Similarly, at the
considered costs, CHP installations tend to be done early, regardless of the tariff, to replace boilers and supply
the community’s heat demand.

When the price curves have hours with extreme low and high prices, Energy communities under a TOU tariff
invest in significantly larger storage capacity that remains unutilized most of the time and is only profited in
this particular hours. This indicates that storage investments are more sensitive to price variations
under a TOU tariff with pure energy-based charges. We did not observe a similar response when
considering the Peak power or Bandwidth models, which indicates that power-based components avoid
overinvestments even when wide price spreads are present. We corroborated the high sensitivity of battery
investments to electricity price differences by using a flat rate instead of the dynamic market price. Under this
scenario, battery installations were reduced drastically while for other types of technologies a similar power
was installed. No sensitivity tests were conducted on the Peak power or Bandwidth models, but we
recommend it for future analysis.

The TOU and Peak power tariffs resulted in higher economic benefits for Energy communities although which
tariff offers the highest gains is influenced by regional costs: in Germany the highest benefits are associated
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to the TOU and in Spain to the Peak power scheme. In both regions, the Bandwidth model offered the
least benefits. Furthermore, for the Bandwidth model, Energy communities were not able to reduce as much
costs as in other tariffs given that we assumed the contracted power to be a fixed value for the 16-year
period, not subject to optimization. We consider that including the contracted bandwidth as a variable in
future investment optimization models will be advisable to get a better picture of this tariff’s potential effects
on future communities.

The Subscription Bandwidth model also considers penalizations for power injections and withdrawals beyond
certain limits. In most of the evaluated scenarios, the communities’ energy assets’ operations avoided
incurring in excess penalizations as the proposed investment model follows a cost minimization approach.
However, in the cases in which extremely high peak prices are registered, the communities bear the
penalizations costs as the potential revenues are significantly higher. This situation happens just a few hours
per year, but the exceeding power is significantly larger than the contracted bandwidth. To prevent this
outcome, we suggest testing the utilization of scalable penalizations with different prices depending
on the percentage of power exceeded above the contracted bandwidth and not a fixed cost.

The proposed Bandwidth model is the only that poses a cost over energy injections, including the monthly fee
per contracted bandwidth and the associated penalizations to excess energy injections. This becomes relevant
in scenarios in which energy communities significantly reduce their electricity grid consumption but are active
generators and use the grid to provide surplus electricity to the market pool. Our results, for instance, show
that in the archetypes with lower demand (Business Park, Rural Town, Urban district), small or no
charges at all would be paid by communities under the TOU o Peak power tariff. Generally,
generation is not subjected to Use-of-Network charges as these are imposed to consumption points. In the
future grid, however, when energy prosumers - including Energy communities - become more numerous,
associating part of the costs to generation as done in the Bandwidth model is an interesting
alternative to ensure the recovery of grid costs.

Another interesting feature is the application of the Portuguese regulation on self-consumed energy in the
Virtual community. In this archetype, members are not located in close proximity but share energy assets such
as batteries and local generation technologies. In this case, the self-generated energy has Use-of-Network
charges associated with its consumption but with a discount over the full cost paid by users consuming from
the market pool. The applicable discount depends on the voltage level in which both load and generation are
located as well as the energy flow direction. By using these rules, Energy communities always pay for
network usage, even when self-generating. Our results indicate that their usage makes battery
investments less attractive than when no charges are associated with self-generation. We, however,
recommend performing a sensitivity test using the same scenario but no charges associated with self-
consumption, as well as evaluating different user types to better understand these rules’ implications on
Energy communities.

Overall, our study indicates that none of the evaluated tariff structures poses significant barriers to the
expansion of Energy communities. As long as investment and operational costs are competitive against
electricity prices, communities have an incentive to form and invest in self-generation assets. Storage
installations will be also encouraged to promote energy injections and withdrawals in convenient times for the
power system operation. Purely energy-based tariffs (TOU), however, could lead to overinvestments in storage
units that would be only used for a few hours annually. The introduction of power-based charges, e.qg. in the
Bandwidth and Peak power models, seems to avoid this pitfall even in future power scenarios in which wide
price differences are present. In particular, the Bandwidth tariff presents an opportunity to adapt Use-of-
Network charges to a future system with high prosumers participation as it ensures higher grid cost recovery.
This becomes especially relevant as our study shows that not only self-consumption, but energy arbitrage and
electricity sales will become relevant activities. Another interesting alternative in this regard is the Portuguese
regulation in which partial charges are applied to self-consumption taking place at the same or different
voltage levels.

Main findings

The investment model’s decisions are based on a set of representative days for the entire 16-year evaluation
period. The representative days selected have a strong influence on the final investment decisions
made by the communities, particularly in the TOU tariff model. In general, total investments tend to be
larger in the German than Spanish communities due to more favourable economic conditions (higher
marginal prices, lower investment costs) as well as larger energy, and in particular heat demand. A significant
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economic parameter is the selected WACC, which showed significant differences between South and
Central-West regions and is based on a European-level study of financing conditions for renewable
energies (wind, solar) and different member countries. This not only highlights the importance of using
country-specific data to better represent the economic context affecting Energy communities, but also the
importance of counting with such information at the European member level.

The Business park archetype invests in gas-fuelled CHP, rooftop solar photovoltaics, V2G charging stations
and batteries. The community in Spain invests in larger sums than the same archetype in Germany. The
Bandwidth and the No Charges scenarios result in the largest investments, while the TOU and the Peak-power
scenarios have the lowest investments. Interestingly, installed batteries in Spain are much greater than in
Germany largely due to the low electricity purchase price and the high selling price registered in Spain during
certain hours from the selected representative days. In the Peak power scenario, batteries are mostly charged
with excess on-site production with limited charging from the grid due to the extra costs associated with
rising peak demand. This characteristic reduces the number of V2G-capable chargers and the storage capacity
installed. In the TOU scenario — with different representative days and, thus, price curves — grid battery
charging is less favourable due to the price curves’ characteristics, limiting the opportunities for energy
arbitrage and leading to lower storage capacity. The TOU scenario in this archetype is associated with the
lowest CHP, storage and the highest V2G-capable charging points.

For the Industrial polygon, there are the smallest regional differences in heat and electricity demand and
therefore in investments across locations. These communities mostly invest in PV solar rooftop, wind turbines,
V2G-capable chargers, batteries and gas-fuelled CHP. The installed CHP is constant across the different tariff
scenarios and so are the PV solar rooftop and wind turbines that corresponds to the maximum installable and
allows for energy arbitrage by leveraging the installed storage capacity. The only exception is the Spanish
polygon under a Peak power tariff in which less storage and CHP capacity is installed. Under the Bandwidth
model, the Spanish community does incur some penalizations for excess energy withdrawal and injections,
but these are small. For the Peak Power tariff case, ground-mounted solar is installed in Spain in addition to
the wind capacity put on land in all other scenarios, although its capacity is small in comparison to the wind
farms.

The Rural town communities invest in wind, PV solar (land and rooftop), gas-fuelled CHP, batteries and V2G-
capable chargers. In Germany there are significant variations across tariffs, with the TOU scenario having the
largest investments mostly for CHP and storage, while in Spain the profiles vary less and result in lower
investments. In the Peak power tariff, batteries are used to store excess local energy at times in which
demand and prices are low to discharge at higher-priced hours or when demand peaks occur. The CHP is
aligned with the thermal demand in all scenarios, except for the TOU scenario. In Spain, the lowest CHP
capacity is installed under the TOU tariff, while in Germany the opposite is observed. The largest wind
capacity is observed for the TOU scenario in Spain. In this region, no solar is installed despite its better
radiation levels as the wind profile better matches the community’s demand curve and the high-priced
periods. Similar to what happens in other archetypes, these differences can be attributed to the selected
representative days’ price curves.

In the Urban district archetype, investments occur in gas-fuelled CHP, storage and PV solar rooftop as
ground renewable generation is not allowed. V2G-capabl chargers are also installed but in a small number
(five) that remains constant across scenarios. In Germany, investments are significantly greater than in Spain
to cover the larger heat and electricity demand. For the No Charges scenario, the investments in Germany are
the lowest while in Spain are the greatest. Such variations result from differences in the price curves from the
selected representative days. The main differences across tariffs are associated with decisions regarding CHP
and storage, as the amount of solar rooftop installed remains fairly constant across scenarios using the same
representative days. For the TOU scenario, storage in Germany is much greater than in Spain, due to the
existence of wide price spreads, leading to increased CHP extra capacity.

The Virtual community invests in storage, PV solar (land and rooftop), wind turbines, and V2G-capable
chargers with greater investments in Germany than in Spain, especially for the Peak power scenario. This
archetype presents the most V2G chargers, also used as storage, due to the larger influence area considered,
which results in a higher number of electric vehicles circulation. For the Power peak in Germany, the main
difference is associated with the installed storage (used mainly to lower summer demand peaks as wind load
factor is lower during this summer) and solar on the ground. As happens in the Rural town, wind is preferred
over solar in the Spanish community as the wind generation profile offers a better match with high-priced
hours.
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With the considered economic assumptions, biomass-fuelled CHP and green hydrogen-related assets
(electrolyzer, storage tank) do not result in profitable investments. Solar and wind installations
depend on energy prices, technological costs and land space restrictions. Due to its higher marginal prices,
renewable energy investments take place earlier in the German than the Spanish region. Under future system
scenarios with high shares of renewables, local generation might not always result in carbon offsets when
natural gas-fuelled CHP technologies are installed and compared to importing energy from the electricity grid.

We observed that using a Peak power tariff encourages investments in renewable sources that match
demand curves (for instance, solar photovoltaics in the German Rural town) even when batteries are installed.
This tariff also encourages self-consumption and disincentives grid electricity purchasing for battery charging
to be resold at later times. The TOU tariff is the most sensible to price curve selection, resulting in
significantly larger energy storage investment when wide price spreads are present (German Rural town and
Urban district).

Regardless of the region or archetype, the No Charges scenario results in the largest economic value for
most scenarios, while the Bandwidth model tends to result in the lowest. Despite these opposite trends, both
tariffs result in similar investment decisions. In the Bandwidth scenario, Energy communities operate their
assets looking to avoid penalizations as much as possible, except when there is a significant amount of
surplus energy during high-cost periods or opportunities to perform energy arbitrage in contexts in which wide
price spreads are present. We observed this in the German Rural town and Urban district, and the Spanish
Industrial polygon but to a minimum extent.

We studied the impact of different energy prices, namely dynamic (baseline), flat and PPA under a TOU
structure for four archetypes (all except Business park) as a sensitivity analysis. For Flat rate prices, storage
investments are reduced as low as zero for the Industrial polygon and Virtual community storage assets to
the selected price curve, highlighting the high risk level and price exposure of these assets, which might not
be assumed by real Energy communities despite the potential high revenues calculated by the investment
model. For the PPA fixed price, investments are reduced for the Industrial polygon, the only case in which it is
considered, but not as significantly as with the Flat rate. This as the PPA price results in lower purchase prices
for 2040 than the Flat rate, providing a larger margin with the high selling prices registered at the end of the
period. An additional sensitivity analysis of different discount rates is done for the German base cases,
considering larger WACC. A higher discount rate slightly reduces the investments in energy assets as revenues
are reduced considering the present value of future cash flows.

Regardless of the tariff or archetype, self-consumption represents the largest economic benefit in
2025 and 2030 for all scenarios modelled, although electricity sales take place in all cases. The latter
meaning that with the assumed energy prices, surplus energy sales result in an economically attractive
activity up to different levels. In 2040 when peak prices rise considerably but off-peak are actually cheaper,
electricity sales become a more significant revenue source for all communities. At the end of the
evaluation period, energy arbitrage activities also tend to become more relevant, which is why batteries show
a higher usage at the later years.

Related and future JRC work

The present study adds a technical perspective to previous reports commissioned by JRC regarding Energy
communities in Europe. It also benefits from previous research conducted by the institute regarding the
modelling of the European power system and whose outcomes are used in MODECO to model future
electricity prices. Although the findings in this work contribute to better understanding the impact of different
tariff structures on future Energy communities’ investment and operational decisions, it also opens new
questions to be answered by future research, which will require rethinking some features of the proposed
operational and investment models.

Quick guide

In this document, we discuss the key assumptions used to simulate the Energy community archetypes, build
the community investment and operational models and design the tariff scenarios. A extended description of
the obtained results upon which we based our conclusions is also presented. We also include a brief
description of the models while the complete mathematical formulation can be found in Annexes so other
modellers can build on them for further analysis.
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1 Introduction

As part of its climate change mitigation strategy, the European Union (EU) has pledged to raise its 2030
Greenhouse Gas (GHG) emissions reduction target to at least 55% compared to 1990 levels. To achieve this
goal, the European Commission has set specific targets for the energy sector as it is responsible for more
than 75% of the EU’s GHG emissions. Among the most important are the binding target of reaching at least
32% of renewable energy in the EU’s gross final energy consumption by 2030, which might be increased up
to 40% to help in achieving the overall GHG emissions reduction goal (European Commission, n.d.-c).

Europe’s climate goals are expected to unlock important investments in renewable energy assets at different
levels. To ensure European citizens are an active part of this transition, the climate and energy framework
contemplates specific figures to promote their participation in the energy markets, for instance, individual and
collective self-consumption, or Energy communities. The “Energy community” figure was first introduced in
European legislation through the Clean Energy for all Europeans Package, where the concepts of “Citizen
energy communities” and “Renewable energy communities” were defined (European Commission, n.d.-a).
These figures show a series of commonalities, as can be seen from the definitions shown in the table below,
but also key differences such as the geographical and technological constraints applicable to Renewable
energy communities.

Table 1. Definition of Renewable and Citizen energy community in the European legislation

Article 2(16) Recast Renewable Energy
Directive

“Renewable energy community”

Article 2(11) Recast Electricity Market
Directive

“Citizen energy community”

A legal entity:

(@) which, in accordance with the applicable national
law, is based on open and voluntary participation, is
autonomous, and is effectively controlled by
shareholders or members that are located in the
proximity of the renewable energy projects that are
owned and developed by that legal entity;

(b) the shareholders or members of which are
natural persons, Small and medium enterprises or
local authorities, including municipalities;

(c) the primary purpose of which is to provide
environmental, economic or social community
benefits for its shareholders or members or for the
local areas where it operates, rather than financial
profits.

The directive further states that Renewable energy
communities shall be entitled to produce, consume,
store and sell renewable energy, including through
renewables power purchase agreements.

A legal entity that:

(a) is based on voluntary and open participation and
is effectively controlled by members or shareholders
that are natural persons, local authorities, including
municipalities, or small enterprises;

(b) has for its primary purpose to provide
environmental, economic or social community
benefits to its members or shareholders or to the
local areas where it operates rather than to generate
financial profits; and

(c) may engage in generation, including from
renewable sources, distribution, supply, consumption,
aggregation, energy storage, energy efficiency
services or charging services for electric vehicles or
provide other energy services to its members or
shareholders.

Source: Obtained from (Frieden et al.,, 2020).

Furthermore, the Directive on common rules for the internal electricity market (EU 2019/944) laid out a series
of rules to enable consumers’ participation — individually or through Citizen energy community — in all energy
markets, either by generating, consuming, sharing or selling electricity, or associated services such as
flexibility products. The revised Renewable energy directive (2018/2001/EU) built on these precedents by
mandating EU countries to enable the participation of renewable self-consumers and Renewable energy
communities in all available support schemes for larger participants (European Commission, n.d.-a).

Among others, the policy framework for the emergence of community-based energy business models at EU
level is set, offering new opportunities for citizens and SMEs on how to satisfy their energy needs. In fact, by
2019, the Joint Research Centre (JRC) had already identified 3,500 renewable energy cooperatives - a type of
Energy communities — in 9 European member states, most of which were located in Germany and Denmark,
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two countries with strong traditions of community ownership and social enterprises. The most common
activity performed by these communities is energy generation, although electricity supply, energy efficiency,
distribution, electro mobility, consumption and sharing, flexibility and storage, and financial services are also
provided. Among a sample of European Energy communities studied by JRC, solar is found to be the most
widespread energy source (38%), followed by wind (19%), biomass (17%), biogas (15%), and hydro (49%).
Examples of Energy communities included Photovoltaic (PV) solar energy systems installed in school buildings
or farm rooftops; small biomass installations, heat pumps, solar thermal and district heating networks for
communities in colder climates; or community-owned wind farms (Caramizaru and Uihlein, 2019).

More recently, European policies favouring citizen-driven energy projects have already prompted an important
number of pilots to test innovative business models and investment schemes for Energy communities in
different contexts and member states. Some examples are the LIGHTNESS Project that promotes the
formation of Citizen energy communities in seven pilot sites spread among five countries (Project Lightness,
n.d.); the DECIDE initiative that works towards the implementation of seven Energy communities’ pilots
providing different energy services in seven European member states (DECIDE Project, 2020); and the COME
RES Project that focuses on advancing Renewable energy communities by supporting the installation of pilots
with community PV, on-shore wind, storage and integrated energy solutions in nine European countries (COME
RES Project, 2020). In the future, a further growth in Energy communities’ initiatives can be expected given
that the potential for citizens’ energy participation is very large with projections suggesting that prosumer
citizens could produce twice as much power as nuclear power stations produce now, accounting for 1558 TWh
(= 77.90B€), see below.

Figure 1. Power production and services by energy citizens per member state expected in 2050

FROM ENERGY CONSUMER TO PARTICIPANT - THE POTENTIAL FOR 2050
Power production and services by energy citizens* per member state
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*collectives, households, micro and small enterprises, public entities

Source: (Arybilia et al., 2018)

Under this context, Energy Communities present a tremendous opportunity to simultaneously accomplish
several important objectives including: i) increasing renewable energy penetration, ii) energy savings, iii) self-
consumption of locally generated energy, iv) citizen empowerment and participation, v) tackle energy poverty,
vi) ensuring energy security, vii) local economy benefits, viii) job creation, ix) environmental awareness, and x)
education of future generations; these co-benefits ultimately support decarbonisation of different sectors of
the economy needed to achieve the ambitious EU targets mentioned above. There are several kinds of Energy
communities including residential, industrial, tertiary, island (both geographical and energy islands) with
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specific needs and challenges. Importantly, users can contribute to a usable implementation of solutions for
local energy trading.

Considering the novelty and complexities of these participating structures, it is important to assess the impact
of a variety of factors on the operational and investment decisions of the energy communities that will
therefore influence their further deployment and penetration. This varies depending on, for instance, the
typology of the energy community, the geographic location (e.g., weather and legislative framework) and
trends for several factors including technology performance, costs penetration and energy prices. One major
element is the legislative and regulatory framework, including energy taxes, tariffs and levies on the energy
generated and used.

However, a lack of tools analysing the viability of Energy community-led investments under different
economic conditions is identified, particularly under the perspective of policy makers that want to assess the
potential impact that energy regulatory decisions might have on these new market participants. The
MODelling study on the role of Energy COmmunities in the energy transition (MODECO) aims to help closing
this gap by developing a set of simulation and optimization tools to analyse long-term investment decisions
at the community level within an energy transition context and under different economic scenarios. In
particular, the project looks to shed some light on the effect that different energy pricing, tariff and taxes
structures would have on the investment decisions made by Energy communities under different local and
regional contexts.

1.1 Objectives

MODECO’s objective is to analyse how investment and operational decisions within Energy communities are
affected by the usage of different energy pricing, Use-of-Network tariff and tax designs during a 16-year
period (2025-2040). The considered options for each case are the following:

— Pricing structures: Dynamic pricing (based on wholesale market), Power-Purchase-Agreement (PPA) and
Flat rate.

— Use-of-Network charges: Time-of-Use (TOU), Bandwidth subscription model; and Peak power-based. In
all cases in which Use-of-Network charges are applied, taxes on electricity are also added based on the
current fiscal structure used in each analysed location.

— No Charges: As a comparison point, a scenario without any charges or taxes is also tested in the
investment model.

The described economic conditions are evaluated over five Energy community archetypes designed
considering typical configurations across European projects (Task 1). Furthermore, the impact of different
Weighted Average Cost of Capital (WACC) on the Energy communities’ investment decisions are tested
through a sensitivity analysis. The Energy community design includes delimiting the type and number of
members in each archetype, the expected hourly electricity and heat demand registered in each year of the
studied period, and the energy carriers and technologies supplying this demand in the analysis starting year
(2025).

For each archetype, a set of potential energy investments are selected considering the available space and
resources on a case by case basis. The five selected archetypes are analysed in two countries representing
two different European regions (South-West and Central-West). As the communities interact and are
embedded within the regional electricity markets, a reference Energy System Evolution Scenario (ESES) are
selected for modelling the wholesale electricity market. The potential growth and participation of Energy
communities as a whole is also considered in the wholesale market participants.

Afterwards, three optimization models are used to test how the Energy community archetypes would behave
under the different economic circumstances analysed. The first consists of a Unit Commitment and Economic
Dispatch (UCED) model representing the wholesale electricity market in each target location. The hourly prices
obtained from this model are then used as an input to the scenarios using the Dynamic pricing structure as a
base case, and also to calculate the Flat rates used in a sensitivity analysis. The PPA price is calculated with
the annual long-term average unit cost of energy from the generation units included in the modelled
wholesale markets. The second model consists of a long-term community investment decision tool that
allows selecting the type of technologies most suitable to each Energy community archetype, as well as the
optimal installation year. The third is an operational model allowing to see in hourly detail how the installed
energy technologies will function in three target years: 2025, 2030 and 2040.
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1.2 Report scope

Modelling is a robust tool to forecast and assess the impact of different policies on the potential penetration
of Energy Communities across a range of typologies, configurations and scenarios. This report presents the
results of extensive modelling and assessment aimed at shedding light on the implications of different
legislative and policy frameworks on the deployment of Energy Community as a structure to foster energy
transition while enabling active participation of users. For this purpose, a Unit Commitment and Economic
Dispatch (UCED) model as well as an investment/expansion model are created and used to model the
different scenarios considering Heating & Cooling, Transport and Gas sectors. White-box models populated
with real data from previous projects and information from established sources were used, such as ENTSO-E
(2021a) Ten-Year Network Development Plan (TYNDP). were used. For operational decisions, three target
years were considered, while for investment/expansion a 16-year timespan was used. The models considered
the interrelations between the wholesale system/market and the "individualistic" operational, and investment
decisions of the Energy Communities archetypes. Different types of electricity contracts, network tariff,
energy contracts/pricing per energy carrier were modelled to execute targeted sensitivity analysis.

The methodology and results from this process are presented in this document. The main assumptions
considered for the community archetypes design and the construction of the economic scenarios are
presented in Chapter 2, while Chapter 3 contains the specific methodology for the simulation of the
communities’ electrical and thermal demand. Chapter 4 describes the main features of three optimization
models developed, the inputs used, the constraints and outputs expected including the assumptions for the
different assets considered. The diagram above summarizes the correlation among the different models and
the main inputs and outputs. Chapter 5 describes in detail the five Energy Community archetypes, namely
Urban district, the Rural town, the Business Park, the Virtual Community and the industrial polygon. The
descriptions include the types, numbers and features of the buildings as well as the energy assets included.
The heat and electricity demand are presented for as the base case without local energy investments.
Chapter 6 illustrates the Energy Prices scenarios, penetration of renewable energy sources, associated CO,
emissions, marginal prices and energy tariffs for both countries and time horizons. The results obtained from
the execution of the investment model are discussed in Chapter 7, while Chapter 8 presents the results
from the Operational model. Finally, the project’ main outcomes and conclusions are summarized in Chapter
9.
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2 Case studies definition

The case studies analysed within the MODECO initiative use the Energy System Evolution Scenario (ESES) as
their reference, ESES is largely based on the Distributed energy scenario from the well-known TYNDP
developed by ENTSO-E (2021a). The TYDNP 2020 edition is selected as it is the most complete recent version
available. In addition to the Distributed Energy Scenario, two additional story lines — National trends and
Global ambition - are included in the TYNDP 2020 (ENTSO-E, 2021a). However, the Distributed energy
scenario is preferred for this project as it specifically considers the active participation of prosumers and
distributed resources in the future energy systems, which makes it more relevant for the analysis carried out
in MODECO project, which focuses on projects driven by Energy community. The storyline given by ENTSO-E
describing the selected scenario is presented below.

Distributed energy, a full energy scenario as well compliant with the 1.5°C target of the Paris
Agreement, presents a decentralised approach to the energy transition. On this ground, prosumers
actively participate in a society driven by small scale decentralised solutions and circular approaches.
Distributed energy reaches carbon neutrality by 2050 (ENTSO-E, 2021a).

Some relevant differences between the Distributed Energy and the National Trends scenario -based on
current Member States National Energy and Climate Plans as well as on EU climate targets — are expected to
impact on the energy prices obtained by MODECO’s wholesale market model and, therefore, in the investment
and operational decisions taken by the modelled communities. One of the most critical is the high CO price
considered in the Distributed energy scenario for 2030 (53 €/ton), which almost doubles that considered for
the National trends scenario (28 €/ton)! (ENTSO-E, 2021a). The higher carbon price impacts on the
technological mix considered for the target regions in 2030 and 2040, which have a higher share of low or
non-emitting sources such as renewable energies. The specific future mix considered for each target region is
explained in the next section.

2.1 Selected target regions

The Energy community archetypes developed within MODECO project are evaluated in the South-West and
Central-West European regions, with two representative countries being analysed, namely Spain and
Germany. As explained before, Germany is a country with a long-term tradition of community-owned projects,
being the European member state with more Energy community initiatives in place. Spain, on the other hand,
is @ more recent player in the development of citizen-led energy projects, but has some prominent examples,
such as the energy cooperative Som Energia, included in the Energy community projects evaluated in JRC’s
2019 report (Caramizaru and Uihlein, 2019).

From the modelling perspectives, the two selected countries offer an interesting contrast as their regional
weather conditions reflect on distinct consumption patterns, which are expected to translate into different
investment choices even when the same Energy community archetypes and tariffs are considered.
Furthermore, the assumptions made by ENTSO-E in its TYNDP 2020 reflect differently on the future energy
mix for both countries. As can be seen in Figure 2 and Figure 3, both the German and Spanish systems will
rely heavily on solar Photovoltaic (PV) and wind energy by 2030 and 2040. Nonetheless, the Spanish energy
mix englobes substantial fossil-fuelled power in the form of Combined Cycle Gas Turbines (CCGT) even by
2040 whereas the German system will have a lower share of traditional technologies in comparison to the
total power installed as it will phase out not only nuclear but most of its fossil fuels-driven technologies with
the exception of CCGT.

! By the end of 2021, the average price for future carbon credits in the European Union Emission Trading System - known as European
Union Allowances (EUA) - was 52 euros per tonne (Qin et al.,, 2021). Analysts estimate that carbon credits will reach average prices of
85.22 euros per tonne in 2022 and 94.23 euros per tonne in 2023 (Twidale, 2022), which are significantly higher than the carbon price
defined in the Distributed energy scenario, despite considering more aggressive prices than in the base case.
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Figure 2. Installed power by technology in Germany in 2025, 2030 and 2030 for selected reference scenario
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CCGT: Combined Cycle Gas Turbines; FCEL: Fuel Cell; GAST: Gas Turbines; HDAM: Hydro-reservoirs; HPHR: Open-loop hydro pumped
storage; HPHS: Closed-loop hydro pumped storage; HRDT: Hard coal-fuelled generators; HROR: Hydro Run-of-River; LIGT: Lignite-fuelled
generators, OCGT: Open Cycle Gas Turbines; OILT: Oil-fuelled generators; ORES: Other Renewables; OTHT: Other non-renewables
(combined heat and power); PHOT: solar photovoltaics; WTOF: wind offshore; WTON: wind onshore; BATS: batteries.

Source: Own elaboration with data from (ENTSO-E, 2021b).

Figure 3. Installed power by technology in Spain in 2025, 2030 and 2030 for selected reference scenario
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fuelled generators, NUC: Nuclear; ORES: Other Renewables; OTHT: Other non-renewables (combined heat and power); PHOT: solar
photovoltaics; WTON: wind onshore.

Source: Own elaboration with data from (ENTSO-E, 2021b).

2.1.1 Climatic differences

Hourly geographically aggregated weather data published by the Open Power System Data (Open Power
System Data, 2020) is preferred for the local temperature at the Energy community case studies representing
both target regions. This dataset is mostly used for national-level simulations to represent the population-
weighted mean weather within a given country, but it is used in this case to represent a random location
within the target regions. The provided values are aggregated by Renewables.ninja using the NASA MERRA-2
reanalysis as explained by the dataset authors (Open Power System Data, 2020). Hourly temperature values
from the year 2007 are used for the base year calculations explained in this report.

As can be seen in the figure below, the reported mean monthly air temperatures for Spain (Mean_ES) are
higher than those registered in Germany (Mean_DE) throughout the year; which indicates that the weather in
Spain is significantly warmer than in the German case. The regions’ temperatures get closer during the first
transition season in April and May, when the German values rise considerably, even reaching maximum
temperatures (Max_DE) similar to Spain (Max_ES), while the mean values grow apart during the second
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transition season as the minimum values registered in Germany (Min_DE) during Autumn get considerably
lower after the summer whereas in Spain the temperature drop takes place in winter.

Figure 4. Monthly mean, maximum and minimum air temperature values registered in each target region
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Mean_DE: Mean hourly temperature registered per month in Germany; Min_: Minimum hourly temperature registered per month in
Germany; Max_DE: Maximum hourly temperature registered per month in Germany; Mean_ES: Mean hourly temperature registered per
month in Spain; Min_ES: Minimum hourly temperature registered per month in Spain; Max_ES: Maximum hourly temperature registered
per month in Spain.

Source: Own elaboration with 2007 data from (Open Power System Data, 2020).

Looking at the mean hourly temperature registered each season (Figure 5), it is notable that mean hourly
temperatures in the German case rarely exceed 22°C, even in the summer, whereas in Spain, 22°C are
registered most hours of the day in the summer season, reaching values above 25°C around midday. On the
contrary, winter mean temperatures in Germany are below 5°C for all hours in winter, while in Spain, all hours
registered temperatures above this same value. The observed differences will impact the Cooling Degree
Days (CDD) considered for each case and, thus, the electricity demand for space cooling purposes. Similarly,
the colder temperatures registered in the German winter season will influence the heat demand calculated for
the Energy community archetypes located in this region, which is significantly higher than in Spain that
experiences more temperate winters. The summer, winter and transition seasons shown in Figure 5 are
defined in accordance with the selected methodology for electricity load modelling as will be explained in
Chapter 3.

The differences in the solar irradiation and wind speed resources presented in each region are also observable
through the load factor curves for each technology that are used in MODECO to model solar PV and wind
speed generation. These curves are part of the European Resource Adequacy Assessment (ERAA) 2021
Climatic Database (ENTSO-E, 2022) and are used in the selected ESES reference model to simulate solar and
wind generation in each European country. As seen in Figure 6, solar resources are considerably higher in
Spain than in Germany, particularly during the winter season when it is cold but with clear skies in the
southern country.

Onshore wind (Figure 7), on the other hand, shows different trends depending on the season. In winter, wind
speeds are considerably higher in Germany than Spain as indicated by the load factor curves. However, in the
summer and transition periods, wind resources are more favourable in Spain, especially in the evening hours
when values increase considerably, which is not the case of the German region, where the load factor curve
has less pronounced peaks across all seasons. It must be noted that offshore wind is not considered an
available technology within MODECO’s Energy community case studies, meaning it is not included in the
options available at the communities’ investment portfolios. Nonetheless, offshore wind is relevant in
Germany’s future energy mix as observed in Figure 2 and will impact on its wholesale market prices, which
will serve as an economic signal for the defined energy communities in this location.
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Figure 5. Mean air temperature per hour registered each season in the analysed regions
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Figure 6. Mean solar load factor per hour registered each season in the analysed regions
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Source: Own elaboration with data from (EERA, 2022). Data corresponds to TYNDP market nodes DEO7 and ESO6.

Figure 7. Mean wind load factor per hour registered each season in the analysed regions

Wind_2007_DE

Summer
—— Tansition
Winter

Hour

Load factor

0s

0.4

03

0z

01

00

Wind_2007_ES

Summer
= Tansition
Winter

Hour

Source: Own elaboration with data from (ENTSO-E, 2022). Data corresponds to TYNDP market nodes DEO7 and ESO6.

2.1.2 Regionalized cost of capital

In addition to the climatic and energy system difference, different Weighted Average Cost of Capital (WACC)
are assumed for the target regions based on the findings of a recent study on renewable energy financing
conditions in Europe (Roth et al., 2021). This document draws conclusions from a series of surveys and in-
depth interviews with renewable energy project developers, bankers, financial experts and other key
stakeholders in the renewable energy financing sector. In general terms, the report found that there are
significant differences in the WACC reported in European member states, although an overall reduction in
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reported WACC has been observed at the EU level in comparison with previous years (Roth et al,, 2021). This
does not consider the recent significant increase in material costs resulting from the increase of energy prices
and geopolitical instability from certain regions suppliers of important raw materials.

Regarding the two target countries, the report found that Germany is one of the European markets with
lowest reported WACC while Spain has an average WACC within Europe. However, Spain is one of the
countries with a higher spread between minimum and maximum WACC values, whereas Germany has the
narrowest gap. The report associates this trend to the wider range of investors present in the Spanish market,
which are characterised by different return expectations (Roth et al,, 2021).

From the technologies of interest to MODECO, only PV solar and onshore wind are included in this analysis
(wind offshore is not considered in any of the investment options for the Energy community case studies).
However, the findings can be extrapolated to other technologies as the WACC varies little from the
technological perspective and is mostly dependent on location. This is explained by the study’ findings that
show that country risk is the main driver of WACC, although experience with renewables is also
significant (experiences of a country with deployment of renewables tend to reduce cost of capital) (Roth et
al, 2021).

In MODECO, the minimum WACC values reported for wind onshore for Spain and Germany in the AURES 2021
study (Roth et al,, 2021), which can be seen in the following table, are used as the default discount rate for
the investment model. The presented values are the same reported for PV solar in Spain, and that no data for
solar is available for Germany. However, the same values are assumed for all technologies as data from
countries reporting values for both, PV solar and onshore wind, show strong similarities between both
technologies. This might be explained by the reliance on balance sheet financing and the investment portfolio
diversification approach taken by some market players, which benefit from applying a more general WACC to
different technologies (Roth et al, 2021). To test the effect of using a different discount rate, a sensitivity
analysis is run on the German archetypes considering the maximum WACC value instead of the base case.

Table 2. Minimum and maximum WACC values considered for each target region

Country Minimum WACC Maximum WACC
Germany 1.3% 2.5%
Spain 3.0% 9.0%

Source: Own elaboration with data from (Roth et al.,, 2021).

2.2 Definition of Energy community archetypes

As mentioned before, five Energy community archetypes are designed as part of the MODECO initiative,
looking to replicate typical contexts found in European communities: Urban district, Rural town, Business
park, Industrial polygon and Virtual community. All of the proposed Energy community archetypes can be
considered Citizen energy communities within the European legislation framework, as gas-fuelled is
considered a potential investment.

For those archetypes where geographical proximity is a constraint, it is assumed that all members inside the
community are neighbours and interconnected through a shared electrical network (public or private),
theoretically considering only one interconnection point with the external energy market (Figure 8). In this
way, only the net electricity injected and consumed through this point is considered in the calculations of the
obtained revenues for excess energy sold, the energy purchasing expenses and the avoided costs by
community thanks to self-consumption.

Although in reality peer-to-peer trading or differentiated internal energy prices could take place among
energy community members, these possibilities are not assessed in this work as it is assumed that under
perfect market conditions the overall welfare gained by the community remains the same regardless of how
this is distributed among members, thus, it is considered that the community acts as a single economic entity.
A similar assumption is made for gas, considering that the community buys all gas from a bulk provider to be
later distributed among its members at a fixed price. This is relevant in those cases where heat-and-power
investments are considered.
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Figure 8. Community-energy market interaction considered for all archetypes except the Virtual community
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In the scenarios in which Use-of-Network tariffs are considered, the Portuguese regulation for self-
consumption (Regulamento do Autoconsumo n°. 8/2021, RAC 8/2021) is used as inspiration to define the rules
applicable within the MODECO analysis (ERSE, 2021). Under the Portuguese regulation, Use-of-Network tariffs
applicable to self-consumption through the public network result from the Use-of-Network tariffs applicable
to consumption deducted from the tariffs applied to the voltage levels upstream of the generation
interconnection voltage. In the occurrence of reverse flows upstream to the generation interconnection level,
these are not computed in the Use-of-Network tariffs. Finally, in cases where the generation is interconnected
at a voltage level downstream of the load voltage level connection, the tariffs applicable to the self-
consumed energy correspond to those applicable to the case where both are at the same voltage, with no
reverse flows between voltage levels. The applicable rules from RAC 8/2021 are summarised in Table 3.

In the Urban district, Rural town and Business park archetypes, Case 1 applies as all non-industrial loads
are assumed to be in the low voltage network and within the same neighbourhood. For the Industrial
polygon, Case 2 (Table 3) is used as industrial users are assumed to be connected at the medium
voltage level. In all these cases, generation assets can only be connected at the same voltage level as the
loads due to the assumed geographical vicinity constraints. The Virtual community is the only case in which
the geographical limits are relaxed as it is assumed that members and generator assets inside this
archetype are not necessarily neighbours. In this archetype, it is assumed that full Use-of-Network
tariffs are applicable to all energy produced and consumed by the community.
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Table 3. Summary of the rules applied to self-consumption under the Portuguese normative

Scheme Use-of-Network charges applicable
to self-consumption

Case 1. Load and generation at the same level - LV
Load network access charges— network

usage (MV) - network usage (HV)

Case 2. Load and generation at the same level - MV
Load network access charges —network

Public MV network
Load |prep s ——— Generation usage (HV)
Self-consumed energy

Case 3. Load and generation at different voltage levels - upstream

generation
Load network access charges —network

Public LV network  Public MV network ) usage (HV)
Generation
Load [Py e ———

Self-consumed energy

Case 4. load and generation at different voltage levels -

downstream generation
Load network access charges— network

. Public LV network Public MV network usage (MV) — network usage (HV)
Generation o —— - Load

Self-consumed energy

*LV = Low Voltage, MV = Medium Voltage, HV = High Voltage
Source: Own elaboration based on RAC 8/2021 (ERSE, 2021).

2.2.1 Number and type of members

The number and type of members considered inside each archetype is defined based on existing European
Energy community initiatives and the archetype’s intrinsic characteristics; for instance, it is assumed that
households in the Urban district archetype are all located in Multi-family buildings. Four general dwelling
types are considered within the archetypes design: Multi-family buildings, Single-family buildings, Non-
residential buildings, Mixed buildings and Industrial buildings. Non-residential buildings englobe commercial
and public dwellings, and Mixed buildings refer to mostly residential dwellings in which the first floor is
dedicated to commercial activities. The exact number of households and businesses per building is indicated
as part of the Energy community case studies definition and will be described in Chapter 4.

It must be noted that the number and type of buildings considered for each Energy community archetype is
the same regardless of the region considered. Nonetheless, different energy consumption patterns are
observed for the same Energy community archetype due to regional differences driven by climatic conditions.
In particular, energy demand for space heating and cooling is highly dependent on the outdoor temperature
registered, which highlights the importance of the temperature data selection in the final results obtained
from the case studies simulation. The applicable building types per Energy community archetype are
summarized in Table 4.
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Table 4. Number and type of building in each archetype for year 2025

Type of buildings*
Archetype

MFB SFB NRB MB IB
Business park v v v
Industrial polygon v v
Rural town v v v v
Urban district v v v
Virtual community v v v

*MFB = Multi-family building, SFB = Single-family building, NRB = Non-residential building, MB = Mixed building, IB = Industrial building.
Source: Own elaboration.

2.2.2 Energy carriers

Different energy carriers are considered for each Energy community archetype. Electricity, natural gas and
heat are present in all communities. However, biomass is only considered for the Rural town archetype, and
green hydrogen is assumed to be available only for industrial users. The electricity price assumed by the
energy communities are defined based on the economic scenarios described in Section 2.3. Prices for natural
gas, biomass and green hydrogen are defined using different sources.

For natural gas, two different prices are considered: a retail price for the Energy communities, and a
wholesale price for the gas-driven generators considered in the wholesale energy market module. The
natural gas price for the Energy communities is assumed to vary on a daily basis following the behaviour
of the price index reported for the Iberian market (MIBGAS-ES index) in 2019 (Mercado Ibérico del Gas, 2020).
The daily price vector is adjusted per user using the bi-annual values reported for residential and non-
residential consumers in Germany and Spain in Eurostat database (Eurostat, 2022). Finally, the yearly
variation in the natural gas price is defined based on the annual gas prices considered in the reference ESES
and representing the wholesale price. The retail price vectors are available at the associated database.

The biomass prices are assumed to be mostly stable throughout the year, so only yearly updates are
assumed. These are defined based on the projections made by the Heat Roadmap Europe (HRE4, n.d.)
initiative for 2030 and 2050 (Duic¢ et al, 2017). Pricing regional differences are considered, assuming that
biomass prices in Spain are similar to those reported for Greece as no specific information is provided for this
country. The projected values for MODECO cases are summarised in the following table.

Table 5 Biomass prices considered for Germany and Spain in the target years [EUR/MWh]

Biomass type Country 2025 2030 2040
Germany 29.65 30.90 33.71
Woodchips
Spain 26.20 2731 29.79
Germany 36.35 34.23 38.49
Pellets
Spain 36.37 38.74 38.26

Source: Own elaboration with data from (Duic¢ et al.,, 2017).

Future green hydrogen prices are dependent on the future costs of electricity and electrolysers, as well as the
efficiency levels and the operating lifetime reached by the latter. The cost component with the largest impact
on green hydrogen’s production cost is the cost of renewable electricity used to power the electrolyser unit,
while the second is the electrolyser’s investment cost. The International Renewable Energy Agency (IRENA,
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2020) projects that by 2040 green hydrogen could cost? between 25.08 €/MWh3® and 75.26
€/MWh*assuming electricity prices of 21.4 €/MWh and 69.6 €/MWh, respectively. Similarly, the International
Energy Agency (IEA, 2020) estimates that by 2050, green hydrogen could cost® between 27.17 €/MWh and
68.96 €/MWh, under electricity prices of 20 €/ MWh and 60 €/MWh.

An analysis performed by the International Council on Clean Transportation (ICCT) for the cost of renewable
hydrogen towards 2050 estimates future hydrogen production costs by using a discounted cash flow model
and three common technologies: Alkaline, Proton Exchange Membrane (PEM) and solid oxide electrolyser. The
electrolyser system is assumed to be connected to the grid and consume energy from a renewable energy
producer under a PPA agreement. The production cost is calculated per country considering different
renewable electricity prices based on projected Levelized Costs of Electricity (LCOE) for wind power generation
in 2030 and 2050 (Zhou and Searle, 2022). The resulting hydrogen prices for 2025, 2030 and 2040 are
shown in Table 6 for Germany and Spain.

Table 6 Green hydrogen prices for Germany and Spain in the target years [EUR/MWh]

Original prices
Country 2025 2030 2040
Germany 29.65 30.90 33.71
Spain 26.20 27.31 29.79

Source: Own elaboration with data from (Zhou and Searle, 2022).

The original prices obtained by the ICCT study (Zhou and Searle, 2022) are close to those projected by IRENA
(25.08 €/MWh) and IEA (27.17 €/MWh) under optimistic electricity pricing conditions (20-22 €/MWh). From the
cost assumptions used in MODECO (see Annex database) the LCOE for wind power in 2025 is 25.53 €/MWh
and 31.33 €/MWh for high and low capacity turbines in Germany; while for Spain is 24.94 €/MWh and 30.93
€/MWh, respectively. The LCOE from low-capacity turbines are within the optimistic price scenarios from IEA
(2020) and IRENA (2020), which result in similar hydrogen prices to those projected by the ICCT. In 2030 and
2040 the costs from this technology decreases for both technologies, which would result in a downwards
trend for hydrogen prices instead of the rising trend proposed by ICCT. Moreover, within MODECO
assumptions, solar energy is expected to become a key technology for both regions (Figure 2 and Figure 3),
which would indicate that a mix of solar and wind energy costs must be taken into account into the
calculation of future hydrogen prices instead of just wind as in the ICTT methodology. Still, the prices shown in
Table 6 are considered to be a fair assumption, although in future analysis more robust approaches would be
recommended.

2.2.3 Available investment options

The potential investment options shown in Table 7 differ per Energy community archetype based on available
resources and available land space. Only investments in renewable energy assets and Combined Heat and
Power (CHP) are considered. For some of the technological categories, some sub-categories are defined. The
Capital (CAPEX) and Operational (OPEX) expenses associated to wind, solar photovoltaic (PV) and batteries are
taken from the cost projections for low-carbon and storage technologies made by the European Joint
Research Centre (JRC) (Tsiropoulos et al, 2018b) and the costs for thermal technologies are based on
projections made by the HRE4 (n.d.) project. Non-smart chargers and individual heat pumps are considered
individual investments made according to expected adoption trends and not decided by the community as a

2 The costs are approximately values taken from “Figure ES2. Cost of green hydrogen production as a function of electrolyser deployment,
using an average (USD 65/MWh) and a low (USD 20/MWh) electricity price, constant over the period 2020-2050", available at (IRENA,
2020). As in the original source these are given in USD/kg Hz, values are converted using a Low Heating Value of 51.2 kWh/kg H2 and a
currency value of 1 USD = 1.07 EUR.

3 Electrolyser initial cost of 696 €/kW, discount rate of 8% and a stack lifetime of 80,000 hours (IRENA, 2020).

4 Electrolyser initial cost of 1000 €/kW, discount rate of 8% and a stack lifetime of 80,000 hours (IRENA, 2020).

5 Hydrogen produced from low-carbon electricity sources reported by (International Energy Agency, 2020) is considered as green
hydrogen. To convert to desired units, the same Low Heating Value and currency value from previous calculations are used.
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joint investment. The rest of technologies are part of the investment portfolio from which the Energy
community can invest based on their expected return under the different economic scenarios evaluated.

Table 7 Technologies considered in each Energy community archetype as potential investment options

Archetype
Type Technology Characteristics
Urban |Business| Rural |Industriall Virtual
Medium specific capacity (kW/m2), v v
medium hub height (100m)
Wind Energy
High specific capacity (kW/m2), low,
hub height (50m) v v v
Solar Land PV (utility scale) v v v
Photovoltaics
(PV) Rooftop PV flat surface v v v v v
Stationary storage system (energy-|
. 3 v v v v v
Power |, . .0n designed, C-rate 0.25)
Eatge Stationary storage system (power-| v v v v v
designed, C-rate 2)
Electrolyzer | PEM v
Non-smart Unidirectional EV charger v v v v v
chargers* 9
V2G Smart - .
Tt Bidirectional EV charger v v v v v
CHP - Biomass (woodchips) v
Heat & | ¢ all chp
Power .
CHP - Gas engine v v v v
Air-to-air heat pumps v v v v v
Heat pumps* | Air-to-water heat pumps v v v v v
Heat
Ground sourced heat pumps v v v v v
Boilers* Natural gas boilers v v v v v
Hydrogen
Others storage Hydrogen storage v

*Private investments decided exogenously based on assumptions and not as an outcome of the investment model.
Source: Own elaboration.

The proposed costs for solar PV, on-shore wind and Li-ion batteries are compared against those assumed by
the references ESES in Table 8. In the data originally reported by JRC for onshore wind and PV solar
(Tsiropoulos et al., 2018b), operation and maintenance costs are assumed as a fixed fraction of the CAPEX
over the entire lifetime of the technology, and the fraction is based on literature review and expert validation.
The report does not specify whether this fraction includes both fixed and variable operation and maintenance
costs, but it is assumed it does. The ESES documentation (ENTSO-E, 2020), on the other hand, indicates that
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the provided values correspond to “Fixed VOM” or fixed variable operation and maintenance costs, but no
further explanation of the concepts included is provided.

Table 8 Comparison of CAPEX and OPEX values proposed by MODECO against ESES’ assumptions for available

technologies

2030 2040
Technology Source CAPEX OPEX CAPEX OPEX
[€/kWel [€/kWe] [€/kWe] [€/kWe]

On-shore wind - Medium JRC 1,190 35.7 1,140 34.20
specific capacity ESES 1,066 21 915 21
On-shore wind - High JRC 960 288 920 276
specific capacity ESES 1,066 21 915 21

JRC 450 77 370 6.29
Solar PV - Land ESES 439 5 319 8

JRC 500 125 410 10.25
Solar PV - Rooftop ESES 239 5 219 3
Li-ion batteries — energy JRC* 892 17.8 656 131
designed ESES 500 11 379 10
Li-ion batteries — power JRC* 191 38 141 28
designed ESES 500 11 379 10

*Original data was given in €/kWh, but these are converted to €/kWe using the C-rate values. OPEX are assumed to be 2% of the CAPEX as
reported by Tsiropoulos et al. (2018a) as no data was provided in Tsiropoulos et al. (2018b).
Source: Own elaboration with data from Tsiropoulos et al. (2018a), Tsiropoulos et al. (2018b) and ENTSO-E (2020).

For on-shore wind, the initial investment costs considered by JRC are slightly higher than those considered in
the reference ESES, except for the values projected by 2030 for the high specific capacity model. CAPEX costs
are always higher when considering the JRC values for on-shore wind technologies. In the case of solar PV,
the investment costs projected by JRC are higher for all cases than the assumptions taken in the reference
ESES. Solar OPEX costs assumed by JRC are lower than in the ESES when considering PV installations on land
(utility scale), but higher when considering installations over rooftops. Nonetheless, it must be noted that the
ESES does not differentiate between systems’ arrangements, and when considering the average OPEX costs
for both land and rooftop installations, the obtained values are closer to that reported by the ESES.

As happens with solar PV technologies, the reference ESES does not differentiate between battery types. Thus,
the values are higher or lower depending on the specific technology considered as the JRC source offer
differentiated values depending on the battery type. For energy-designed storage systems, the CAPEX values
projected by JRC are much higher than in the ESES, but for power-designed systems the opposite is true. For
OPEX values a similar trend is observed when considering the actual values, but in percentage terms, the
operation and maintenance costs considered by the ESES represent close to 2% of the CAPEX as proposed for
the JRC values.

The higher disaggregation in the JRC database is preferred for the MODECO analysis as it offers more
possibilities for the communities’ investment portfolios, which might result in interesting insights than using
the general categories defined in the reference ESES, which were thought for a larger scale (Europe-wide).
Moreover, it is considered that the values proposed by JRC do not divert greatly from the ESES assumptions,
particularly considering solar and wind energy technologies. Still, the differences between both sources must
be taken into account when analysing the results.

The specific cost considered for each year and technology can be consulted in the associated database.

2.3 Economic scenarios

MODECO evaluates how different economic conditions affect the investment and operational decisions of
Energy communities under different local and regional contexts that influence the associated costs to
electricity consumption. The evaluated energy prices scenarios are based on the results obtained from the
wholesale market module developed as part of the project and whose design will be discussed in the final
report. Nonetheless, the conceptualization behind each energy pricing scenario and the methodology to
calculate them are specified in this report at least in general terms. On the other hand, the approach to set
the costs applicable to the network tariff and taxes scenarios considered is explained in this section in
addition to its conceptual definition.
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To evaluate the impact of different tariff structures on Energy communities’ investment decisions, three tariff
scenarios (TOU, Peak Power, Bandwidth) are defined considering three different structures for Use-of-Network
charges:

— Energy-based charges (TOU): Network costs are recovered through the application of a charge based
on consumption volume. The applicable charge is different depending on the time of the day as it follows
a Time of Use (TOU) structure.

— Peak-power based model (Peak Power): Use-of-Network costs are charged to users based on their
peak power consumption. The charge is applied on a monthly basis

— Bandwidth model (Bandwidth); Users pay a fixed fee for a symmetrical kW-band. The subscription
allows users to freely used the contracted bandwidth; this fee is set as a monthly cost paid for kW-band
contracted. Energy consumed or injected beyond this limit are subjected to a penalization cost that
depends on the excess volume and duration.

In all of these cases, dynamic prices changing by the hour according to market conditions are considered,
and taxes are applied following the applicable rules in each region. To serve as a comparison point, a case
without any charges and taxes is also tested (No Charges) using dynamic prices. A sensitivity test
(TOU_Flat) is run for the TOU tariff structure considering the use of an annual flat rate instead of the
dynamic prices. For the industrial polygon archetype, a variation of this case is additionally tested, considering
that the community has a bilateral contract with a fixed price established for the 16-year period analysed
(TOU_PPA). The process and assumptions used to calculate each of the tariff components (active energy
price, Use-of-Network charges and taxes) are explained in the following sections.

2.3.1 Energy prices calculation

— The dynamic price represents the case in which the community buys energy directly from the wholesale
market, and thus, the energy price obtained from MODECQ’s wholesale market modules for Germany and
Spain is directly used as input for this case. Thus, the dynamic prices used in scenarios TOU, Bandwidth
and Peak Power, as well as the No Charges correspond to the resulting price vector from the UCED model.
The flat rate can be interpreted as a fixed price contract between an electricity supplier and the
community. The flat rate price used in the TOU_Flat scenario is calculated for each year and country as
the weighted average from the marginal prices obtained.

— Finally, the PPA scenario represents a long-term contract, where the community acquires electricity
from a power generator at a fixed price, which is calculated based on a long-term average cost. This
scenario is only applied to the Industrial polygon archetype, which is the community type where this type
of contracts is expected to be more common. The fixed energy cost applied during the 16-year period is
defined considering the fixed and variable operational costs from renewable and efficient gas-based
generators® in the wholesale market, including the annualized capital expenditure. The cost data is taken
from the database available at the documentation from the TYNDP scenarios published in 2020 (Entso-E,
2021), except for the investment costs for solar, wind and Combined Heat and Power (CHP) that are
obtained from (Tsiropoulos et al., 2018b). As a result of this process, active energy costs of 52.44
EUR/MWh and 38.35 EUR/MWh are obtained for Germany and Spain, respectively. As this scenario
represents a long-term contract with a generator, the same active energy cost is applied throughout the
16-year period.

— The resulting energy tariffs for each case are presented and discussed in Chapter 6.

2.3.2 Use-of-Network charges

As previously explained, three types of tariffs based on existing and theoretical schemes are tested in
MODECQ’s Energy community archetypes. The first corresponds to the TOU scheme, where different prices
are set for different periods that can be determined in advance for a determined period (static Time-of-Use)
or determined in real time based on actual system conditions (dynamic Time-of-Use) (IRENA, 2019).
MODECQO’s TOU tariff is considered static and has two different pricing periods — peak and off-peak — which

& The specific generation technologies considered for this calculation are solar photovoltaics, concentrated

solar power, onshore wind, offshore wind, combined-cycle gas turbines, and combined heat and power. The

generic unit that englobes all renewable generators in the selected ESES reference scenario is also included.
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are defined for each region based on the regional wholesale module parameters (demand and available
generation). The off-peak hours correspond to the time slot with the less system constraints, whereas the
peak period is set during the higher congestion hours. The hours’ classification is assumed to be known by
users in advance and will be updated every five years based on the regional system evolution.

The second tariff scenario consists on a Peak Power scheme, where users pay a fixed price based on the
maximum power demanded each month (€/kW-peak) as suggested in (Koski et al., 2019). Finally, the
Bandwidth subscription scenario is based on the bandwidth tariff model proposed by ENEXIS, a Dutch
Distributor System Operator in (E.DSO, 2020). Under this mode, customers subscribe to a symmetrical kW-
band and pay a fixed monthly fee for using the contracted power for both energy injections and withdrawal
from the grid. Consumption or feed-in outside the contracted limit is possible, but an exceedance fee must be
paid considering the amount of power exceeded and the duration. Thus, the exceedance is set as €/kWh
above the contracted power limit. In this sense, not only the energy consumption must be known for the Peak
Power Based and Subscription Based scenarios, but also the registered power at each time step.

The Use-of-Network charges considered in each scenario are based on the costs associated with the
distribution and transmission networks reported for Germany and Spain. For transmission costs, the Unit
Transmission Tariffs calculated by ENTSO-E in 2019 are used as a base cost. The defined values are 22.52
€/MWh for Germany, and 9.33 €/MWh for Spain (Entso-E, 2020). It is assumed that all users pay for
transmission costs, directly or through their DSO, which passes the cost to its customers via distribution
network fees.

Distribution tariffs, on the other side, apply differently to those connected to the distribution grid in Low
Voltage (< 1kV), Medium Voltage (1 kV-36 kV) and High Voltage (> 36 kV) level according to the ranges used
in (Eurelectric Union of the Electricity Industry, 2013) and based on the values proposed by the European
standardisation bodies CEN/CENELEC. The total cost to recover via distribution tariffs is based on the data
reported in the Study on tariff design for distribution systems commissioned by the European Commission
Directorate General for Energy in 2015 (Ref-e et al, 2015). A more updated version containing similar data
could not be found. According to the European Agency for the Cooperation of Energy Regulators (ACER), Spain
updated its tariff methodology for the 2020-2025 period and Germany has amended its own constantly, with
last changes being introduced in 2019 and 2020 (ACER, 2021). Thus, the numbers used for this analysis are
not completely up to date, but present a fair understanding of the cost associated with distribution activities
in both countries.

Within MODECO, consumers pay for the costs corresponding to the voltage levels used to supply them
electricity. This means that users at the low voltage level (e.g. those in the Business park, Urban district, Rural
town and Virtual community) pay for the costs associated to the low voltage, medium voltage and high
voltage networks, but users connected at the medium voltage level (Industrial polygon) only pay for the costs
associated with the medium and high voltage networks. Thus, it is necessary to disaggregate the total costs
to recover per voltage level. This is done by dividing the total allowed revenues - without transmission costs,
taxes and levies — between the circuit length corresponding to each level and reported in (Ref-e et al,, 2015).

Afterwards, the Unit Distribution Tariff applicable to consumers connected at each level, is calculated by
dividing the disaggregated cost to recover between the total electricity flowing into that circuit, this includes
the energy delivered into each level plus the energy delivered in upstream circuits. This means that high
voltage costs are divided into energy delivered at low, medium and high voltage, but low voltage costs are
only allocated among users connected to the low voltage network. As disaggregated electricity delivered data
is not available for Germany, the same energy shares per connection point as in Spain is assumed, calculating
the corresponding volume per voltage level using the number of connection points and the total electricity
delivered reported for the German case. The final distribution costs to recover and the resulting Unit
Distribution Tariff per country and voltage level are summarized below.

Table 9 Regional data used to calculate the applicable Unit Distribution Tariff per voltage level

Circuit Electricit Ll
Voltage | Connection . ¥ Cost to recover | Distribution
Country . length delivered .
level Points tkmi [MWhyear] [€/year] Tariff
y [€/MWh]
Germany HV 3,923 31,380 98,380,118 586,251,250 1.25
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Circuit Electricit Unit
Voltage | Connection . ¥ Cost to recover | Distribution
Country . length delivered .
level Points tkmi [MWhyear] [€lyear] Tariff
y [€/MWh]
MV 72,336 280,345 141,587,507 5,237,495,429 2183
LV 39,714,305 383,202 229,632,375 7,159,102,975 31.18
Total | 49,934,777 694,927 | 469,600,000 | 12,982,849,654 -
Spain HV 2,572 96,084 49,127,000 276,343,969 1.18
MV 105,591 509,866 70,703,000 1,466,408,498 1224
LV 28,592,609 | 1,156,785 114,669,000 3,326,990,532 29.01
Total | 28,700,772 | 1,762,735 | 234,499,000 | 5,069,743,000 -

Source: Own elaboration with data from (Ref-e et al,, 2015).

Within MODECO, a community in Germany that is connected at the low voltage level would pay Use-of-
Network tariffs equivalent to the sum of the Unit Distribution Tariff (low, medium and high voltage) plus the
Unit Transmission Tariff. This is equivalent to paying 76.77 €/ MWh or 7.68 €cents/kWh, which is close to the
7.71 €cents/kWh reported to be paid by German households in 2020 (BDEW, 2020). For Spain, the network
tariffs for low voltage users would be 42.43 €/MWh or 4.24 €cents/kWh; this value, however, is not directly
comparable to existing prices as Spain recovers its network costs through a combination of energy and
power-based charges (ACER, 2021).

The values obtained through this process and shown in Table 9 are used to define the applicable charges in
each of the network tariff scenarios evaluated in this study. The specific methodology followed in each case is
explained in the following sections.

2.3.2.1 Time-of-Use tariff

As explained, TOU tariffs are energy-based charges that have different values depending on the time of the
day. The peak and off-peak periods are defined for 2025, 2030, 2035 and 2040, considering five-year
updates. For each year, the following steps are applied, differentiating between target regions:

1. Per each hour of the day, the difference between demand and available renewable generation is
calculated, identified as “residual demand”.

2. The mean residual demand per hour registered during each season (i.e. winter, transition, summer) is
calculated.

3. For each season, the 8 hours of the day with the largest mean values are classified as “peak” and
the rest as “off-peak”.

4. The demand registered during peak and off-peak hours is added for the entire year to identify the
total demand share associated with each period.

5. The total costs to recover per voltage level (Table 9) are divided into “peak costs” and “off-peak
costs” depending on the demand share corresponding to each period and calculated in the step
before. The same is done to the electricity delivered per voltage level.

6. Finally, the costs are allocated considering the principle used in (Li et al,, 2022) to define Time-of-
Use tariffs for an integrated community energy system, which states that the costs of satisfying
base demand (“off-peak” in this case) should be allocated to both periods while the costs of
satisfying peak demand should be allocated to peak hours only. For instance, a consumer connected
to the low voltage network would pay the following distribution tariffs for unit of consumption
(€/MWh) during peak and off-peak hours:
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Eq. 1 Use-of-Network charges applicable to users in medium voltage networks during off-peak hours

Dist. Costsyy off—peak Dist. CostSyy off-peak Dist. Costsyy of f—peak

Tariffoff—peak =

Electricity Delivered;, Electricity Delivered,,, Electricity Deliveredy,

Eq. 2 Use-of-Network charges applicable to users in medium voltage networks during peak hours

Dist.CostSpy of f-peak
Electricity Deliveredyy

Dist.CoStSmy of f-peak

. Dist. CostSpy of f-peak
Tari = : +
ffpeak Electricity Deliveredpy

Electricity Deliveredry

Dist.CostsLy peak Dist.Costsmy peak Dist.Costsgy peak

Electricity Deliveredry peak Electricity Deliveredmy peak Electricity Deliveredyy peak

The value of the charges applied during peak and off-peak hours are the same through the year, but the
hours classified as peak and off-peak vary according to the season. The resulting values from this process will
be discussed in the final report, in alignment with the inputs considered for the wholesale market module.
Nonetheless, the steps to calculate the applicable costs per period ensure that these are differentiated and

that Use-of-Network tariffs in peak hours are more expensive than in off-peak time slots.

2.3.2.2 Peak power tariff

Under this scenario, network costs are recovered through a capacity-based charge (€/kWe) that is applied
over the maximum power registered by each user during the billing period (assumed as one month). Thus, for
this case, it is necessary to transform the estimated Unit Transmission Tariff and Unit Distribution Tariff
charges into capacity-based values. In this case, it is defined that the price per kWe is the same for users
connected in low voltage than in medium or high voltage. Per each voltage level, the applicable charge per
kWe is calculated using the assigned costs to recover, the number of connection points and the typical
contractual powers defined by (Ref-e et al, 2015) for the following customer groups: households (6 kW),
users in medium voltage (220 kW) and large industrial users (400 kW). The first are assigned to the low
voltage category, the second to the medium voltage level and the last to the high voltage level. The obtained
costs per kWe are defined below.

Table 10 Applicable capacity-based charges per country and voltage level.

comy | Vo3 | Comocin | D cortaced | Capaciy e
kW] [€/kW-month]
Germany HV 3,923 6 kW 311
MV 72,336 220 kW 30.53
Lv 39,714,305 4000 kW 33.04
Spain HV 2,572 6 kW 224
MV 105,591 220 kW 7.50
Lv 28,592,609 4000 kW 9.11

*LV = Low Voltage, MV = Medium Voltage, HV = High Voltage
Source: Own elaboration with data from (Ref-e et al., 2015)

2.3.2.3 Bandwidth tariff

The bandwidth tariff scheme consists of a fixed price per month that customers pay and allows them to inject
and extract energy from the public network. When this limit is surpassed, a penalization fee (€/kWh) is applied
considering the amount and duration of the power exceeded. As it is assumed that users try to avoid
penalization fees, the applicable charges per kWe contracted must be enough to recover the applicable
network costs. Thus, the charged values are defined considering the cost to recover on a monthly basis and
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the number of connection points at each voltage level, whereas the penalization fees are defined as equal to
the sum of the applicable Unit Transmission Tariff and Unit Distribution Tariff. The proposed values per region
and voltage level are defined in the table below:

Table 11 Applicable contracted bandwidth cost and penalization fees per country and voltage level.

. Contracted Penalization
Country Voltage Conn,a ction bandwidth cost fees
level Points
[€/kWe month] [€/kWh]
Germany HV 3,923 12.45 0.024
MV 72,336 18.49 0.046
Lv 39,714,305 18.50 0.077
Spain HV 2,572 8.95 0.011
MV 105,591 10.11 0.023
LV 28,592,609 10.12 0.052

*LV = Low Voltage, MV = Medium Voltage, HV = High Voltage
Source: Own elaboration with data from (Ref-e et al,, 2015)

2.3.3 Taxes

Energy taxes are considered excise taxes as these are paid by the seller but passed to the buyers as part of
the final cost. Excise taxes come in two forms, ad valorem and per unit, which will be evaluated as part of
MODECO economic scenarios. Ad valorem taxes are levied as a percentage of the good’s value, whereas in the
per unit option these are paid per unit of a good sold (Lyndon et al., 2020). Two general energy taxes types
are considered in this analysis following the classification proposed by the Organization for Economic
Cooperation and Development (OECD, 2020)(Organisation for the Economic Cooperation and Development
(OECD), 2020):

— Fuel excise tax: All excise taxes that are levied on fuels and that are not carbon taxes.
— Electricity excise tax: All excise taxes that are levied on electricity.

In the case of fuel excise taxes, different values are defined per energy carrier according to the current taxes
imposed on each fuel in Germany and Spain. The values considered to define the theoretical taxes are based
on the OECD’s estimations that are set in per unit basis (€/GJ) and are in turn calculated considering the
applicable normative in each country and the energy content of the taxed products, to have a comparable
value for all energy sources (OECD, 2020).

In Spain, the main applicable taxes on energy usage are the Tax on Hydrocarbons (per unit) that applies to
liquid and gaseous fuels, including bio fuels, as well as to coal tar, crude oil, waste oils and coal and coke-
related gases; the Special Tax on Coal (per unit), which applies to coal and coke products except for peat;
and the Special Tax on Electricity, an ad valorem tax applied to electricity consumption by end users.
Industrial cogeneration is also subjected to the latter tax (OECD, 2019b), but it is not the case for MODECO’s
industrial communities. For Germany, only two taxes are considered, the Energy Tax (per unit) applicable to
specific uses of liquid, gaseous and solid fuels and biofuels and the Electricity Tax (per unit), which is
charged to certain electricity consumption usages (OECD, 2019a).

For all evaluated scenarios, except the No Charges case, the current situation in each country is considered.
This means that for Spain, per unit taxes are applied to fuels while electricity is taxed via an ad valorem
charge. In Germany, both, fuels and electricity are taxed using per unit charges. The applicable charges to
each energy carrier are defined based on the OECD tax report for 2019, where effective energy tax rates in
€/GJ are calculated for member countries - including Germany and Spain - using data on actual taxation
schemes and total energy consumptions per energy carrier (OECD, 2020). The applicable values used in this
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report for natural gas and electricity are listed in the table below. It must be noted that, as happened with the
natural gas prices, taxes on this fuel are differentiated per final usage.

Table 12 Per unit taxes applicable to energy carriers of interest according to OECD data.

Energy carrier Usage Germany Spain
Electricity Residential, commercial, 2.85 €/GJ 1.44 €/GJ*
industrial
Natural gas Residential, commercial 153 €/GJ 0.65 €/GJ
Natural gas Industrial 0.60 €/GJ 0.30 €/GJ

* Not used in the final scenario; substituted for an ad valorem tax of 5.11%
Source: Own elaboration with data from OECD (2020).

To incorporate the ad valorem tax in the Spanish case, the per unit value tax shown in Table 12 is substituted
by a charge of 5.11% calculated on the total energy costs paid by the user, which corresponds to the actual
tax currently in place in Spain. This is applied over the cost of energy consumed plus the power-based costs in
the scenarios in which these are considered (bandwidth and peak power-based). By using the proposed ad
valorem tax, the annual amount of money recovered via taxes stays similar as in the per unit case (calculated
considering the total amount of energy consumed and the mean electricity price charged to residential and
non-residential consumers (Eurostat, 2022)). This was expected as the OECD’s values used for the per unit

taxes are based on the actual revenues collected by existing energy taxes in Germany and Spain (OECD,
2020).
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3 Modelling of Energy communities

This chapter focuses on the definition and modelling of the case studies representing the defined Energy
community archetypes for the two target regions (Germany and Spain). The methodology to model the
communities’ electricity and heat demand, accounting for the weather differences between the selected
target regions is explained in the following section. Additionally, further details are provided for the modelling
of Electric Vehicles (EV) and Heat Pumps (HP), and the consideration of these assets’ demand response
potential. The results obtained from this process are used as inputs in the operational and investment models
developed as part of MODECO and are presented and discussed in Chapter 5, following the description of the
optimization models in Chapter 4.

3.1 Energy demand simulation

In MODECO project, the electricity base load refers to the electricity demand from users related to heating
or EV usage, as the latter are modelled separately and added to the baseload demand to get the community’s
final electricity consumption. The purpose of having disaggregated demand for electrical heating and EV is
to account for their potential usage for demand response services, which are considered in the operational
and investment models. Due to the mathematical formulation used to represent demand response and smart
EV charging, the models require visibility over the electrical consumption associated to these assets to
perform this task. As described in the next sections, different methodologies are applied according to the type
of user considered (residential, non-residential, and industrial). The reasons for this are the different energy-
weather relations and the lack of in-depth information for industrial consumers. Similarly, heat demand
refers to all the thermal energy consumed by the users for space and water heating services, independently
of the heat source. Later, it is assumed that a part of this heat demand is served by electrical heat pumps
while the rest is obtained by gas-driven equipment. As happened with the electricity baseload modelling,
different methodologies are applied to non-residential and residential buildings, and to industrial users, as
information on the latter is scarce.

3.1.1 Non-residential and residential users

Energy demand from residential and non-residential buildings has been widely studied in the literature. Thus,
a number of open data and detailed models are available to simulate electricity and heat demand from these
users. In particular, detailed models representing different typologies of residential and non-residential
consumers in Germany are found useful to MODECO purposes. Nonetheless, as these models are built for
colder climates, adjustments are needed to incorporate the effect of space cooling, which is relevant in the
case of warmer regions such as Spain. The implementation of the German models in the corresponding
Energy community archetypes, including the proposed adjustments for the Spanish case, are explained below.

3.1.1.1 Electrical baseload demand

The load shape for non-residential and residential (Multi-family and Single-family) buildings are based on the
electrical standard load profiles developed by the German Association of Energy and Water Industries” (BDEW,
2017) that represent different customer groups (Table 13) for which similar consumption behaviours can be
assumed). As the electrical standard load profiles were built based on consumption data from German
customers, it is assumed that electricity usage for heating and cooling is not considered, as heat demand is
practically fully covered by fossil fuels (Entranze Project, 2008) and cooling demand is minimal as shown by
the European Building Stock Observatory’s data on energy consumption of space cooling by member state
(European Commission, n.d.-b) .

7 In German: Bundesverband der Energie-und Wasserwirtschaft.
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Table 13 Type of customer represented in the electrical standard load profiles developed by BDEW

Profile Customer group description Examples

HO Private households. Private households.

GO General purpose industrial profile, defined | Assigned if none of the profiles G1 to G6 apply.
as a weighted mean of all commercial
customers.

Gl Industrial profile for businesses which | Offices, workshops, kindergartens,  public
operate on weekdays from 8 to 18 o’clock. administration facilities, doctor’s office

G2 Industrial profile for businesses which | Street lights, gas stations, evening restaurants
operate mostly during the evening. and recreational facilities (if their peak

consumption is not during the weekend).

G3 Industrial profile for continuous, relatively | Purification plants, drinking water pumps,
uniform demand, including a noticeable, | communal facilities in residential complexes, cold
continuous peak demand. storage warehouses.

G4 Industrial profile for continuous, relatively | Shops, hairdressers.
uniform demand, including a noticeable,
continuous peak demand.

G5 Industrial profile for bakeries with baking in | Bakeries with in-house baking facilities.
house which typically start operating at 3
o’clock during weekdays and at midnight on
Saturdays.

G6 Industrial profile for businesses with a | Youth clubs, cinemas, restaurants, petrol stations
strong consumption focus during weekends.

LO General purpose agricultural profile, defined | Assigned if the energy provider does not
as a weighted mean of all agricultural | differentiate between agricultural customers
customers. according to the profiles L1 and L2.

L1 Agricultural profile for dairy farms and side- | Dairy farms, side-line stockbreeding farms
line stockbreeding businesses.

L2 Agricultural profile for businesses with a | Assigned if neither L1 nor time-of-the-day-

mixture of household and farming.

independent industrial profiles apply.

Source: Translated English version from the table reported by Bock (2019).

Each of the electrical standard load profiles listed above contains 9 representative daily curves for three day

» o«

types — weekday, Saturday, Sunday — and 3 seasons: “Winter”, “Summer” and “Transition”. As power (kW) data
is provided using 15-minute time steps, hourly electricity consumption is calculated before building a yearly
vector. The representative daily curves are adjusted considering that the base year starts on Monday and each
season covers the following periods as done in the BDEW’s HO example (BDEW, 2017):

— 1%t January to 20" March - “Winter”

— 21 March to 14" May - “Transition”

— 15" May to 14" September - “Summer”

— 15" September to 31" October - “Transition”

— 1%t November to 31™ December - “Winter”
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National holidays are not taken into account in this process.

Once the yearly vector is formed, the data is normalized and multiplied by the corresponding annual
electricity consumption in kilowatt-hour. For Multi-family and Single-family buildings, the annual demand
(Table 14) is based on the households’ mean electricity demand reported for Spain and Germany, and
differentiated between multifamily and Single-family units. The mean annual consumption per household in
both countries was obtained from the Spanish Transmission System Operator (Red Eléctrica de Espafia, n.d.),
and from the German Federal Statistical Office (German Federal Statistical Office, 2020), respectively. To
differentiate between households in Single-family and Multi-family buildings, it is assumed that the latter
have an annual consumption 7% lower than the national average while Multi-family units had a consumption
16% larger, assuming a similar relation to that reported in the SECH-SPAHOUSEC project, a national-level
analysis performed in Spain in 2011 (Proyecto SECH-SPAHOUSEC, 2011). In the case of Spain, the estimated
demand for space cooling is subtracted from the base load value as this will be allocated later. Considering
the data reported by SECH-SPAHOUSEC, this demand is considered as 5% of the annual electricity demand.

Table 14 Annual electricity demand from Single-family and Multi-family units without considering space cooling

Country National average Single-family units | Multi-family units
Germany 3,113 kWh/year 3,611 kWh/year 2,895 kWh/year
Spain 3,108 kWh/year 3,606 kWh/year 2,890 kWh/year

Source: Own elaboration with data from Red Eléctrica de Espafia (n.d.); German Federal Statistical Office (2020) and Proyecto SECH-
SPAHOUSEC (2011).

For Single-family buildings the yearly demand is equal to the set value for Single-family units, whereas
demand for Mixed buildings and Multi-family buildings is obtained by multiplying the value for Multi-family
units by the number of households assigned to each building.

For non-residential buildings, a different approach is needed as energy demand varies greatly
depending on the economic sector considered. As no comprehensive data was found for Spain or
Germany, the results from a study conducted in Hellenic non-residential dwellings (Droutsa et al., 2020) was
used as a reference to define yearly electricity demands for the Non-residential buildings considered in each
archetype. This reference provides a database with Energy Use Intensity (EUI) values - provided in kWh/m2 -
for different building types, differentiating among energy usage for heating, cooling, domestic water heating
and lighting. For the construction of the electricity base load, the EUI values for lighting are used as a
reference. No regional differentiation is considered. The EUI values for the different building types can be
consulted in the attached database.

3.1.1.2 Adjustment for space cooling demand in Spain

As the used load shapes are based on consumption data from German customers, electricity usage for space
cooling is not clearly incorporated, which results in a lower summer consumption than expected for the
Spanish case studies. Thus, a correction method is used to incorporate this consumption in the modelled
communities’ electricity baseload demand. First, CDD are calculated for the base year, following Eq. 3 from
Eurostat methodology (Eurostat, 2021) and a Tgaseine Of 22°C as considered by the European Environment
Agency (Crespi et al,, 2020), and being suitable for Spain as reported by (Pablo-Romero et al.,, 2021).

Eq. 3 Calculation of Cooling Degree Days
If Tp = Tgasetine Then [CDD = Ty — Tgasetine), Else [CDD = 0]

The daily mean air temperature (Tp) is calculated for each day using the corresponding 24 hourly values
reported in the input weather data for each region. The daily CDD results obtained from .

Eqg. 3 are then added to obtain the total CDD registered in the base year (CDDspain). This value is used to
estimate Elspain, the specific electricity demand in kWh per square meter of fully cooled floor area in the non-
residential buildings considered in the Spanish case studies, using a linear equation proposed in (Aebischer et
al., 2007) for locations in temperate and Mediterranean cities (Eq. 4).

Eq. 4 Specific electricity demand for fully cooled floor areas in kWh/m?
Elgpgin = 12.7 + 0.013 * CDDgpqin
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As not all the area in non-residential buildings is fully cooled, the obtained Elsyain value is adjusted for each
building using the reported EUI values for space cooling in the Hellenic buildings database (Droutsa et al,
2020). This is done by assuming that the building type with the highest EUI for space cooling has a 70%
share of its area fully cooled (SCshare) — Which is the maximum value reported in (Aebischer et al.,, 2007) for
Non-residential dwellings — and the rest are adjusted accordingly. In this way, the yearly electricity demand
for space cooling in Non-residential buildings (Elspace cooiing) i €Stimated using the resulting values, the floor
area (Area in m?) and the number of floors per dwelling (Noors), @s shown in Eq. 5.

Eq. 5 Electricity demand for space cooling in Spanish buildings
ElSpain_cooling = ElSpain * SCShare * Nfloors * Area

The space cooling demand per dwelling is allocated through the users’ yearly vector by assigning a share of
the annual demand to each day, proportional to the daily CDD registered by applying Eq. 3. For households,
the same process is applied but the annual electricity demand for space cooling is estimated based on the
data reported in the SECH-SPAHOUSEC (2011) and set as 5% of the total household electricity demand as
explained before. For Single-family units the electricity usage for space cooling is estimated as 190 kWh/year
and for Multi-family units, 152 kWh/year.

3.1.1.3 Heat demand

The heat demand of the non-residential and residential users is modelled by adapting the 2006 guidelines
(BGW, 2006) and the gas standard load profiles methodology defined by the German Federation of the Gas
and Water Industry (BGW) and the German Association of Local Utilities (VKU) in 2016 (BDEW, 2016). The
2016 methodology uses Eq. 6to calculate the daily heat demand for a given customer, using the consumer’s
expected daily consumption® (KW), the corresponding h-Wert or h-value - h(8) - and a weekday factor (F) to
adjust daily consumption according to the day of the week. The weekday factors provided in the
methodological guidelines are differentiated by building category and can be consulted in MODECO’s
database.

Eq. 6 Daily heat demand for a given customer
Qday(e) =KW * h(8) * F

The customer value, KW, is calculated using the user’s specific consumption between two meter readings,
usually corresponding to monthly or bi-monthly consumption, and the h-values registered during this same
period. As there is no monthly or bimonthly information available regarding typical buildings heat
consumption, the KW value is set to one. Later the vector is normalized and adjusted to the heat annual
demand for each consumer, which can be more easily accessed.

To obtain the h-value, Eq. 7 is applied considering the original sigmoid function and the linear function added
to the original methodology in 2016 to improve demand distribution during the year. The coefficients A, B, C,
D, my y by are given for the different building types listed in Table 15. To align these values with the electrical
standard load profiles used for the definition of the electrical baseload demand, each building considered in
the Energy community case studies must be assigned a building category and a standard load profile. The
applicable coefficients to each building type can be consulted in the associated database. The original
methodology provides different coefficients for buildings located in windy and no windy locations. For
MODECO, it is assumed that all Energy community case studies are located in windy locations (meaning
average wind speeds above 4 m/s) and only those values are presented in Annexes.

Eq. 7 Calculation of the h-Wert or h-value using a mix from the sigmoid and linear functions

_ A my * 0 + by
h(0) = —5 ; +[max{mw*9+bw}]+D

I+ G=g)

8 The customer value (KW) must be specified individually for each consumer (metering point) based on actual metered consumption and
related temperature data. The methodology specifies that KW values must be calculated for an average daily temperature of 8°C when
the h-value is equal to 1 (BDEW, 2016).
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Table 15 Building types considered in the gas standard load profiles methodology

Category Building type description

EFH Single-family building.

MFH Multi-family building.

GMK Buildings in the metal and automotive sector.

GHA Retail and wholesale.

GKO Local authorities, credit institutions and insurance companies.
GBD Other operational services.

GGA Restaurants.

GBH Accommodations.

GWA Laundries, dry cleaning.

GGB Horticulture.

GBA Bakery.

GPD Paper and printing.

GMF Household-like business enterprises.

GHD Total load profile for Non-residential buildings.

Source: Translated English version from the table in (BDEW , 2016).

To account for the thermal inertia in the sigmoid function part of the h-value equation, the geometric series
approach (Eq. 8) is used, while the mean daily temperatures (Tp, Tp-1, To-2, To-3) are obtained using the 24 hour
values for each corresponding day as done to calculate the daily CDD. The reference temperature (8o) is
defined as 40°C as in the original methodology.

Eq. 8 Temperature geometric series

o= Tp 4+ 05 * Tp_q + 0.25* Tp_, +0.125 % Tp_,
B 1+ 0.5+ 0.25 + 0.125

The intraday consumption is modelled by using the hourly factors (SF) defined for each building category in
the gas standard load profiles methodology and provided in the 2006 documentation from BGW (BGW, 2006).
In this previous version, there were 11 classes considered for residential buildings representing the
percentage of old (built prior to 1978) and new buildings (built after 1978) present in the area whose heat
demand is being modelled. As the 2016 methodology applied in MODECO does not contemplate these
categories, the hourly factors for class 11 - corresponding to the German average — were considered for all
residential members. The hourly factors are also differentiated by the temperature range in which the daily
mean temperature is located. The exact values applicable to each building category and temperature range
can be consulted in MODECO’s database.

Finally, the resulting vector is normalized and adjusted to the building’s annual heat demand in kWhy/year.
For Spanish households, the annual heat demand is set assuming the same shares per usage — Space Heating
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(SH), Domestic Water Heating (DWH), Space Cooling (SC), and Others — as reported by the Spanish
government in 2011 for households in Single-family and Multi-family buildings (IDAE, 2014). For German
residential buildings, it is assumed that space heating demand is 3.04 larger than in Spain given
the space heating unit consumption per dwelling reported for both countries in the Entranze Project database
(Entranze Project, 2008), and that heat demand for domestic water heating is similar to Spanish households.
The final values resulting from this process are shown in Figure 9, and can be consulted in the Annex data.

The obtained values for Germany were compared against the shares of space and domestic water heating in
total residential consumption reported by the Entranze Project (Entranze Project, 2008). To do so, the
weighted national average was calculated considering the number of Single-family and Multi-family buildings
reported in the same source. This calculation showed that the suggested total heat demands are
representative for the German national average, although demand for space heating seems to be slightly
overestimated.

Figure 9. Annual energy consumption in MWh/year per household (Single-family and Multi-Family buildings) and region
disaggregated by end usage
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Source: Own elaboration with data from Entranze Project (2008) and Proyecto SECH-SPAHOUSEC (2011).

For Non-residential buildings, the EUI values for space and domestic water heating reported in the Hellenic
building database was used as a reference to define the annual heat demand values for each case. As Greece
(GR) has lower Heating Degree Days (HDD) than Spain or Germany, the values are adjusted with a similar
approach to that used by (Aebischer et al,, 2007) to account for heat demand under different HDD conditions
using Eg. 9. As can be seen, the specific heat demand per Hellenic building type (EUlueat cr — €qual to the sum
of the specific energy demand for space heating (EUlsy, r) and domestic water heating (EUlpwh, er) — iS
adjusted considering the share of the building’s heat demand that varies proportionally to the number of HDD
(Asuilging) @nd the HDD in Greece and the target region. This share is roughly estimated by dividing EUls; by the
specific energy demand for DHW, as water heating is less dependent on climatic conditions as stated in
(Aebischer et al., 2007).

Eq. 9 Calculation of specific heat demand for space heating in kWh/m?

HDD ycati
EUlyeat,ocation = EUlneat,cr * @puilaing * (ﬁ)

The HDD for each location - including Greece - are calculated using Eq. 10 from the Eurostat methodology
(Eurostat, 2021) with a Taaseine 0f 15.5°C as indicated by the European Environmental Agency (Crespi et al,
2020), and the weather data from the Open Power System Data (Open Power System Data, 2020) used in
other calculations and presented in Section 2.1.1.

Eq. 10 Calculation of Heating Degree Days
IfTp < Tgasetine Then [HDD = (Tgqgerine — Tp)] Else [HDD = 0]
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3.1.2 Industrial users

Heat consumption in industrial processes differs from customer to customer as there are a wide range
of individual needs for process, water and space heating. Consequently, industrial heat load profiles are more
diverse than for residential and Non-residential buildings, having users with nearly constant demand
throughout the year to load profiles with significant seasonality (Jesper et al, 2021). Moreover, unlike
residential and non-residential dwellings, recent data indicates that there is no generalized relation between
heat and electricity usage in industrial consumers as this relation depends on the type of process itself. For
industries with a high proportion of ambient temperature independent (process) heat demand, there seems to
be a correlation between both energy carriers. However, for consumers whose heat demand is highly
dependent on ambient temperature, little or no correlation between both carriers exist (Jesper et al., 2022).

Consumers whose heat demand depends on ambient temperature are most frequent even in the secondary
sector, for instance, manufacturing and assembly of goods such as wood furniture manufacturers. Industries
in which space heating is a relevant heat sink are usually within this category. On the contrary, some
economic divisions like basic metals or the food industry are not influenced significantly by ambient
temperature due to the nature of their processes. For instance, the first requires high temperatures (>
500 °C) that are practically not affected by ambient temperature changes, while food industries rely on hot
water for most of its processes (e.g. cooking, cleaning, steaming, sterilization, and hot water) that, as
explained previously, are temperature independent (Jesper et al,, 2021).

Considering the above, separate methodologies are used for modelling the energy demand of industrial users
depending on their process type. For users with ambient temperature dependent processes, a methodology to
calculate heat demand based on ambient temperature is proposed to maintain a regional differentiation
between communities in Spain and Germany. This means that the profiles generated for this type of users
are specific to each target region. Hourly electricity demand is taken from real users’ data as little or no
relation between both is assumed for this type of customers.

On the other hand, users with heat demand not affected by ambient temperature are modelled based on an
existing database, called JERICHO-E, that provides estimated hourly energy consumption data for seven
energy intensive industries in Germany (Priesmann et al., 2021). Both, process heat and electricity demand
are taken from this database to ensure a relation is maintained between both carriers as field data seems to
corroborate (Jesper et al, 2022). Demand for space heating and cooling is modelled separately considering
these are temperature-related and they can be served by electrical heat pumps. The consideration of these
users in the Industrial Polygon, the only archetype in which they are included, is relevant for MODECO as this
type of industries - chemical and refineries, steel manufacturers, other industries with high heating
requirements — are expected to be the main consumers of green hydrogen (IRENA, 2022).

More details about the methodologies proposed for both types of industrial customers is provided in the next
sections.

3.1.2.1 Ambient temperature dependent users

The total annual electricity demand for the industrial users within this category is defined based on an open
data set of 50 small and mid-size enterprises with industrial operations in Germany. This dataset contains
15-minute power data for an entire year, so hourly energy values are calculated before being introduced in
the model (Brauer, 2020). Loads are classified into 5-days and 7-days consumption schedules so they can be
matched with the time series from suitable heat clusters as schedule is one of the determinants for heat
demand in this category as will be explained in this section. Additionally, loads with annual consumption over
5 GWh are extracted from the sample and classified as high energy users to be used as reference values for
the ambient temperature independent users.

The daily heat demand for the industrial users is estimated through a linear regression model adaptable to
different customer groups and daily temperature values (Eq. 11). The model is based on a sample of 566
large-scale natural gas consumers and is differentiated by weekday and weekend consumption, and usage
cluster. The original sample consisted of 797 consumers, but 231 were excluded because of missing data or
not presenting a linear relation between natural gas consumption and heat demand as the model parameters
were defined on gas meter readings. According to the authors, the found cluster correlations are almost as
accurate as individual correlation (Jesper et al., 2021).

Eq. 11 Linear regression model to estimate industrial users’ heat demand
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Qa _ hyy (T ) = {max(O, My * Tamp + bp) if Tamp < Thl}
tntamb maX(O' my, * Lamp + bw) lf Tamb = Thl

Qa

To simulate a user’s heat demand, the weekday and weekend cluster applicable to each customer must be
indicated. To assign a cluster to the industrial users inside the Energy community archetypes, the distribution
per economic division found by the model authors is considered. In working days (Figure 10), the authors of
the study found out that Cluster O and Cluster 1 are most likely to better represent a customer if industrial
production is the dominant activity. On the other hand, Cluster 2 and Cluster 3 are most likely for consumers
where assembly, logistics, general administration, research and development, sales or service are the main
activities in the site. Weekend distribution shows similar trends and the data is available in the attached
database (Jesper et al., 2021).

The cluster assignment can be explained in most cases by the users’ heat sink and their respective time
schedules. The authors found that dependency of heat demand on mean daily ambient temperature increases
from weekday cluster O to cluster 3 and weekend cluster O to cluster 4, thus, existing a weaker relation
between temperature and heat demand in industrial customers with heavily industrialized processes (Jesper
et al, 2021). As this model is selected to represent temperature dependent users, only weekday clusters 2
and 3, and weekend clusters 2, 3, 4 are used to create industrial profiles in MODECO.

Additionally, it was found that users in weekend cluster 3 have a reduced heat load, which indicates a 5-day
production schedule. In contrast, the rest of the clusters - all weekday clusters and weekend clusters 2 and 4
- show similar demand levels, which makes them suitable for customers producing seven days a week.
Weekend cluster 2 and cluster 4 can also be used for industrial customers with 5-day production days, if
space heating is the main heat use and room temperature is not reduced on the weekends (Jesper et al,
2021). As mentioned, this characteristic is taken into account when matching the heat load with an electricity
time series (i.e. heat loads built with weekend cluster three parameters are only matched with five-week
schedule electrical loads).

Figure 10. Distribution of companies per working day cluster in each economic sector
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Source: Obtained from Jesper et al. (2021).

Daily water and space heating requirements for these users are calculated using the same methodology as
for residential and Non-residential buildings. In this case, the GMK profile — buildings in the automotive and
metal sector — is always used as it is assumed to be representative of industrial users. The resulting values
are subtracted from the previously obtained daily demand to separate process heat from these other
applications. The hourly behaviour for space and domestic water heating is obtained using the weekday and
hourly factors applicable to this building type, except that for seven-day schedules all days are treated as
weekdays.

Hourly loads for process heat are constructed using information from the U.S. National Renewable Energy
Laboratory (NREL) regarding process heat load shapes (McMillan, 2019). Specific loads are selected,
maintaining consistency between the process represented and the sector to which the simulated industrial
user belongs and that is linked to the clusters used to model heat demand. To do so, each load shape from
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the NREL database is assigned an economic sector from the Nomenclature of Economic Activities (NACE)
system used in the clustering model (Jesper et al., 2021), suitable to its indicated North American Industrial
Classification System (NAICS) code. Moreover, as the NREL database differentiates between industries by
number of employees, only those with less than 250 employees are considered as the modelled users are
assumed to be small and mid-size enterprises in consistency with the used source for the electrical load.

In the case of the Spanish industrial users, a load correction associated with space cooling will be done
following the same process explained for residential and Non-residential buildings.

3.1.2.2 Ambient temperature independent users

The electrical demand for the industrial users, considered only in the industrial polygon and business park
archetypes is designed based on the JERICHO-E database that contains comprehensive data on energy
consumption patterns for heat, cold, mechanical energy, information and communication, and light in high
special and temporal resolution. The model was originally developed for Germany and can be disaggregated
by sector - residential, industrial, commerce and mobility — using a combination of bottom-up and top-down
approaches and multiple open data sources such as weather time series and standard load profiles
(Priesmann et al,, 2021).

To model the industrial electricity load, the authors of JERICHO-E use 8 Industrial Standard Load Profiles
(ISLP) representing the following sectors: food; glass, ceramic, and stones; automotive, chemical, paper,
mechanical engineering; iron and steel; and other industries (Priesmann et al., 2021). The load shapes for
chemical, paper, and iron and steel are used in MODECO to simulate the electricity and heat consumption of
four large industrial users within these categories. The normalized heat and electricity hourly demand is
presented in the Figure 11 for the 3 analysed seasons (winter, summer, transition) although the original load
profiles contain individual data for the 8760 hours in a year and are inputted as such in the models.

The database permits disaggregating the electricity and heat load shapes by end use. Although its share in
the final energy consumption is low, as it is practically fully related to the process requirements, space
heating and cooling demand is not included in the total energy consumption curve to maintain methodological
consistency. Instead, it is modelled as for ambient temperature dependent users, which means that there will
be slight differences between Spanish and German users in this category. The annual energy demand used to
adjust the normalized curve for these users is defined based on the annual consumption from the industrial
users classified as high energy consumers as explained above. Heat process demand is assumed to follow the
same shape, and have a total annual demand equal to 48% of the registered annual electricity demand as
reported in a study (Jesper et al., 2022) evaluating the relation between both energy carriers in industrial
consumers.
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Figure 11. Hourly curves showing total energy demand (heat and electricity) for selected industrial standard load profiles
from the JERICHO-E database [data adjusted to 1000 MWh/day]
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Source: Own elaboration with data from (Priesmann et al,, 2021).

3.2 Heat pumps

Since the starting year (2025), it is assumed that a share of the communities’ total heat demand is already
served by electric heat pumps. Differentiated values are assumed for Germany and Spain and based on the
share of space heating unit consumption per dwelling (kWh/dwelling) supplied by electricity reported in the
Entranze database for residential buildings in European member states (Entranze Project, 2008). As no
differentiated data was found for Non-residential buildings, the same distribution is assumed for this group.
Therefore, in the Spanish case studies it is assumed that 18% of the heat demand from residential and Non-
residential buildings is supplied by electric heat pumps by 2025, while in Germany this share is just 4% as
most heat demand is met by fossil fuels combustion. Every year, it is assumed that the amount of heat
served by heat pumps grows by 2.6% in comparison with the previous year, in line with the electrification
rates assumed by the ESES for 2030 and 2040.

To calculate the electricity demand associated with the heat load served by electrical heat pumps, a
methodology similar to that used by (Heitkoetter et al., 2021) and (Ruhnau et al,, 2019) is applied. As the
heat pumps’ Coefficient of Performance (COP) varies with ambient temperature, hourly COP values for Air
Sourced Heat Pumps (ASHP), Ground Sourced Heat Pumps (GSHP), and Water Sourced Heat Pumps (WSHP) are
calculated based on the quadratic regression of manufacturer data used by (Heitkoetter et al, 2021) and
described in Eq. 12.

Eq. 12 Calculation of hourly COP values for different heat pump types

6.08 — 0.09 * AT + 0.0005 * AT2, ASHP
COPHP = {110.29 — 0.21 * AT + 0.0012 * AT?, GSHP
9.97 — 0.20 * AT + 0.0012 x AT2, WSHP
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The values for AT (Tsink — Tsource) COMprise all possible combinations of source and sink temperatures
applicable to each heat pump type. The applicable sink and source temperature for each heat pump
technology are listed in the table below.

Table 16 Sink and source temperature applicable to considered heat pump technologies

Type Tsource Tsink

ASHP Air Radiator heating, floor heating, water heating
GSHP Ground Radiator heating, floor heating, water heating
WSHP Water Radiator heating, floor heating, water heating

*ASHP = Air Sink Heat Pump; WSHP = Water Sink Heat Pump; GSHP = Ground Sink Heat Pump;
Source: Own elaboration with data from Heitkoetter et al,, (2021).

For air and ground source temperature, hourly data from Open Power System Data (2020) are used, while for
water source a constant ground water temperature of 10 °C is assumed as in (Heitkoetter et al, 2021). For
the calculation of sink temperatures, the approach of Ruhnau et al. (2019) is applied, considering 50°C as the
heat sink temperature for water heating - value based on German field measurements and considered the
same for Spain — and Eq. 13 to calculate hourly values in the case of radiator and floor heating.

Eq. 13 Hourly sink temperatures used for radiation and heating applications

T;fink — {

Subsequently, the obtained COP time series are used to calculate a weighted average for the different
technologies considering different market shares for Germany and Spain. For the German case, the shares
proposed by (Heitkoetter et al,, 2021) are considered: 55% ASHP, 39% GSHP, and 6% WSHP. In the case of
Spain, a larger usage of ASHP is considered — 90% ASHP, 8% GSHP, 2% WSHP - as market sources show it is
by far the dominant heat pump technology in the country (Observ’ER, 2021).

40 °C — 1.0 * T#™? radiator heating
30°C — 0.5 * T2™?, floor heating

Finally, hourly weighted average COP are used to calculate the electrical load (Elyp) from heat pumps’ usage
by applying Eq. 14 considering that xyp is the share of the community’s heat load (Q,) that is supplied via
electrical heat pumps.

Eq. 14 Electrical demand associated to heat pumps operations Electrical demand associated to heat pumps operations

Qn * Xup

E =
L cop,

The investment and operation and maintenance costs associated with the different types of heat pumps are
obtained from the HER4 cost database (HRE4, n.d.). The values for 2030 and 2040 are shown in the following
table. CAPEX is assumed constant during the 16-year period, while the CAPEX values considered for each year
can be consulted in the associated database. For comparison, the cost of the natural gas boilers is also
presented in Table 17. This information is also used in the Total Cost of Ownership analysis and the
investment model as an input for decision-making regarding the potential installation of Combined Heat and
Power (CHP) units.

As investment costs are given in € per heat pump and boiler unit, the given values are transformed to € per
heat unit (kWh-year), assuming that this equipment is sized to cover the households’ entire space and
domestic water heating demand. Thus assuming that one unit is able to generate the annual heat demand for
single-family and multi-family buildings, respectively, which permits to estimate the cost per heat unit
generated by each thermal technology. As no specific data is provided for commercial buildings, it is assumed
that the investment cost is equal to 33% of the estimated cost for residential users (considering the mean
value between single and multifamily homes), maintaining the relationship presented in the work of
Heitkoetter et al. (2021) for domestic and commercial applications.

Table 17 CAPEX, OPEX and useful life considered for heat pumps and boilers used in residential users

Technology | Type | User | 2030 2040
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type CAPEX OPEX Life CAPEX OPEX [% Life
[€/unit] [% [years] | [€/unit] CAPEX] [years]
CAPEX]
ASHP All 1660 9.8% 10 1570 9.8% 10
WSHP SFH 7830 2.1% 15 7000 2.1% 15
Heat pumps MFH 116990 0.7% 20 | 105020 0.7% 20
GSHP SFH 12500 1.3% 20 11050 1.3% 20
MFH 206350 0.4% 20 | 186080 0.4% 20
Boiler Natural | SFH 2760 6.6% 20 2490 6.6% 20
gas MFH 21560 2.8% 25 19440 2.8% 25
*ASHP = Air Sink Heat Pump; WSHP = Water Sink Heat Pump; GSHP = Ground Sink Heat Pump; SFH = Single-family home; MFH = Multi-
family home.

Source: Own elaboration with data from HRE4 (n.d.).

3.2.1 Heat pumps’ flexibility potential

As previously mentioned, the electrical demand associated with heat pump operation is considered in the
optimization models as an electrical consumption profile. Given that heat pumps can shift their operation
without greatly affecting users’ comfort by taking advantage of the building thermal inertia, the participation
of these items in Demand Side Response (DSR) programs is considered, assuming there is a portion of the
heat pumps electrical demand that can be increased or decreased as required. To implement it in MODECO
models, some considerations have been taken from Heitkoetter et al. (2021) as explained.

In DSR, heat pumps’ flexible operation must consider some established limits that are associated with the
equipment technical restrictions as well as socio-economic factors that account for users’ comfort. Regarding
technical restrictions, it is considered that the load decrease share for these assets is 0%, whereas the load
increase share is 75%. Additionally, the use of a flexible share parameter representing socio-technical load
shifting potential restrictions, e.g., the social acceptance or the regulation framework can hamper the
implementation of load shifting, is included as done by Heitkoetter et al. (2021). This is considered to be 40%
in all cases as defined for Germany by the authors.

At every time step, the potential amount of up and down flexible energy has to be within the maximum load
increase and the maximum load decrease. Both bounds are calculated by multiplying the calculated heat
pumps’ electrical demand at each hour by the load increase and load decrease share values. Additionally, it is
multiplied by the flexible share parameter mentioned above to obtain the available amount of flexible energy
at each time step. Moreover, the time frame of management, which is the maximum duration that loads
can be postponed or preponed, is also incorporated as a constraint for the model. This value is set at 3
hours for all heat pump types (residential, commercial) as proposed by Heitkoetter et al. (2021).

Finally, three different costs associated to heat pumps participation in DSR are assumed in: 1) a specific
investment cost for information and communication technology (ITC) components; 2) annual fixed costs
caused by maintenance works and the electricity consumption of the ITC components; and 3) variable costs
reflecting compensations for losses in production and comfort (Heitkoetter et al, 2021). These costs differ for
domestic and commercial heat pumps as shown in the following table; but no differences are assumed
between target regions. It is also assumed that these costs — as well as the load shifting parameters —
remained the same during the studied period.

Table 18 Installation and operation costs of equipment for heat pump’s participation in DSR programs

Heat pump cateqor Investment cost Fixed cost Variable cost for
e [€/MW] [€/MW/year] DSR [€/MWh]
Residential 62,000 12,000 10
Commercial 20,000 600 10

Source: Own elaboration with data from Heitkoetter et al. (2021).
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3.3 Electric vehicles

Electricity demand associated to electric vehicles is modelled differently for private charging points
(households and work stations) and Community-led stations as the second type allows for smart charging
and participates in demand response programs, via Vehicle-to-Grid (V2G), so its modelling must permit
optimizing the vehicles’ charging and discharging at these points. Electrical usage from private charging
points, on the other hand, is perceived by the model as part of the Community’s electricity demand. The
methodology and assumptions considered in each case are explained in the following sections, while the
specific data inputted in each case can be consulted in the associated database.

3.3.1 Private charging stations (non-smart charges)

The number of non-smart domestic and commercial charging points available in each archetype by 2025,
2030 and 2040 is defined exogenously considering the following assumptions,

— For the starting year (2025), it is assumed that there are 56 passenger cars per 100 inhabitants in each
archetype, as reported at the European level in (ACEA, 2022b), or 1.29 passenger cars per household
assuming a population density of 2.3 persons per household based on the average European household
size (Eurostat, 2022);

— The number of EV belonging to commercial fleets owned by community members is defined on a case-
to-case basis.

— The total cars fleet (including both domestic and commercial vehicles) inside the communities is assumed
to increment by 1.2% each year, as reported by (ACEA, 2022b) for the EU.

— The percentage of EV within the total vehicles fleet is based on the electrification rates set by the ESES
reference model for the transportation sector in 2030 (7%) and 2040 (24%). For 2025 a similar
backwards trend is assumed for 2025 as observed in Figure 12. It must be noted that currently less than
1% of the total vehicles fleet are electric in both Germany (0.8%) and Spain (0.3%) (Robinson and
Erickson, 2016).

— From the total number of EVs owned by community members (residential and non-residential), it is
assumed that all commercial EVs have their own private charging station, but only 50% of residential EV
owners have a private charging point at home in the Business park, Urban district and Virtual community
archetypes. In the Rural town case, this number is assumed higher (60%) as single-family houses are
more likely to have access to home charging facilities as reported by (Hensley and Knupfer, 2018).

— All the charging points owned by community members are assumed to be non-smart.

— Additionally, it is assumed that some public non-smart chargers are already installed inside each
archetype based on the number of electrical chargers currently available in Europe.

Figure 12. EV share in total passenger cars fleet per year
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Source: Own elaboration based on electrification rates assumed for the transportation sector in the ESES

The final number of non-smart charging points considered in each archetype are summarized in the following
table per usage category and year.
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Table 19 Number of non-smart charging stations considered in each archetype by year and owner category.

Number of installed charging points
Archetype Category
2025 2030 2040
Domestic 4 7 28
Business park Business 22 22 22
Public 2 4 6
Domestic - - -
Industrial polygon | Business 25 25 25
Public 2 4 6
Domestic 4 9 34
Rural town Business 4 4 4
Public 1 2 4
Domestic 10 21 79
Urban district Business 14 14 14
Public 2 4 6
Domestic 27 54 207
::’ti):l::mity Business 50 50 50
Public 8 16 32

Source: Own elaboration with data from Eurostat (2020) and the selected ESES.

The electrical load associated with the usage of the private charging points is modelled using the Electric
Vehicle Charging Infrastructure Simulator (ELVIS), an open source software developed at the
Distributed Artificial Intelligence DAI-Laboratory from TU Berlin university (DAl-Laboratory, 2020). For each
private non-smart charging point category, the assumptions summarized in Table 20 are used as inputs to the
model. Similarly, the relative charging frequency of start charging time per hour of the day reported by
(Corchero Garcia, 2015) for European domestic and business users is used to indicate the model the most
likely initial charging hour per day. It is assumed that one charging per day is the most common frequency for
all users as reported by (Quiros-Tortos et al., 2018).

Table 20 Assumptions considered for charging stations for domestic and business use

Data Domestic Business use
Station power rating 3.7 kW 11.0kwW
Average initial SOC 58.6% 62.7%
Average parking time 5 hours 5 hours
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Source: Own elaboration with data from Corchero Garcia (2015).

In addition to these parameters, the model requires basic information from the vehicles that charge energy at
each point. In MODECO, 5 EV generic types (Table 21) are considered based on the characteristics of existing
EV models and provided by the Emobpy open source model (Gaete-Morales et al., 2021). For simplification
purposes, one EV type is assigned to one charging point even in work stations. In 2025, the EV types with
lower battery capacity (35.8 kWh) are used as default models, while in future periods, cars with larger
capacities are favoured, representing technological improvements. In all cases, a 95% charging efficiency is
assumed.

Table 21 Assumptions for standard EV models considered

EV generic Power Capacity
model
EV_Model_1 100 kW 35.8 kWh
EV_Model_2 386 kW 60 kWh
EV_Model_3 386 kW 70 kWh
EV_Model_4 386 kW 90 kWh
EV_Model_5 386 kW 100 kWh

Source: Own elaboration with data from Gaete-Morales et al. (2021).

3.3.2 Community-led charging points (V2G)

In addition to the non-smart EV chargers operating inside the community and privately owned by homeowners
or businesses, smart-charging stations with V2G capabilities are considered an available technology at the
Energy communities’ potential investments portfolio. These community-led EV charging points are expected to
provide electricity to EV owners from the community without access to private charging points, as well as to
external EVs that are circulating in the community’s area and are in need of recharging their batteries. A
summary of the EV charging assumptions is provided in Figure 13.

Figure 13. Economic assumptions considered for smart and non-smart EV charging stations
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Source: Own elaboration.

All smart charging stations are considered to have a capacity of 11 kWe and be located in public points
(parking, streets) accessible to all vehicles circulating inside the community area. The investment cost for the
starting year is set at 4,500 euros per installed charger based on data from the European Federation for
Transport and Environment (EFTE, 2020). This source considers the investment costs to remain similar up to
2030 as it estimates that only fast chargers will experience a cost decline in the next 16 years. However, the
2022 European EV Charging Infrastructure Masterplan estimates that by 2030, EV chargers between 4 and
22 kWe capacity will have an initial cost of 125 €/kWe (ACEA, 2022a), which translates into an investment of
1375 euros per charging point in MODECO scenario. This drop in price is considered to take place in the
current analysis. However, from 2030 to 2040, prices are assumed to remain the same as originally assumed
in (EFTE, 2020). Operation and maintenance costs are assumed to be 10% of CAPEX based on data from
(Nationale Plattform Elektromobilitdt, 2015) and lifetime is considered 10 years as reported in (Hecht et al,
2020).

The number of external EV assumed to be circulating daily inside each archetype is related to the number and
size of Non-residential buildings® considered in each case, as these vehicles are assumed to be owned by
commuters that live outside the community area but work there. It is assumed that the percentage of workers
owning an EV is equal to the value considered for community residential members; in the same fashion, a
similar annual growth is assumed. For the Virtual community archetype, the obtained number is tripled as it is
assumed that workers from non-residential buildings that are close to the Virtual community members might
also use these chargers.

The final number of community and external EV circulating in each archetype is shown in the following table,
whereas the number of employees considered per non-residential building is available at the associated
database. On weekends, the employees from business with typical Monday-to-Friday schedules (for instance,
offices) are assumed to charge elsewhere and are not accounted for in the circulating units. Although it is
possible for a fraction of the community members’ EVs to shift some of their charging from their private
charger to a community-owned station, this is ignored as it is assumed most of them will continue using their
own charger as it is most comfortable.

The decision to install or not a smart charging point will depend on the economic benefits obtained by using
the EV as storage to optimize the communities’ energy management, as well as on the potential revenues
obtained from providing charging services to the EVs circulating inside the community. In this sense, it is
assumed that, when possible, the community uses locally generated energy to provide this service, but users
always pay a charging fee equivalent to what they would have paid in regular public chargers, minus a
discount of 5% that is defined based on the willingness to pay value reported by (Ensslen et al., 2018) for this
application and obtained through a survey for German and French EV owners. This means that the smart
charging cost must be 95% the cost of the alternative regular charging to be attractive to the users.

Table 22 Number of EV circulating in the energy communities per year disaggregated by owner type

Number of circulating EV per category

Archetype Owner 2025 2030 2040
WD* WK* WD WK WD WK
Community 29 29 36 36 78 78
. members
Business park
External 37 10 74 21 287 80

° Non-residential buildings are classified into micro, small, medium and large. The considered number of employees per category are
based on the classification used by the European Commission (Eurostat, 2015). In particular, the following values are assigned: micro (5
employees), small (30 employees), medium (100 employees), large (250 employees).
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Archetype Owner Number of circulating EV per category
Community 25 25 25 25 25 25
Industrial members
polygon
External 73 58 146 117 563 450
Community 11 11 18 18 60 60
Rural town members
External 4 2 8 4 31 14
Community 34 34 55 55 172 172
Urban district members
External 11 2 22 3 84 13
Community 103 103 157 157 464 464
Virtual members
community
External 56 18 112 36 434 137

*WD = Working days, WK = Weekend
Source: Own elaboration with data from Eurostat (2020) and the selected ESES.

The alternative charging cost is calculated using Eq. 15 from the methodology proposed in (Ensslen et al.,
2018), setting a reference charging price based on the cost of charging at non-smart stations at the
applicable wholesale hourly price (pt). This reference price is the same for all hours of the year and is based
on the average cost associated with immediately charging all EVs arriving at the station points (without smart
management). The energy required by each EV at each hour (e) is defined as shown in Eq. 16 considering
the mean SOC at initial and departure times explained before, and the technical characteristics assumed for
the EVs’ batteries (particularly the battery’s capacity, Es,, and charging efficiency, effaargng) and the public
station chargers. In the original article (Ensslen et al,, 2018), the number of chargers is known, but as this is
not the case here, the calculation of the reference price is done considering that there is always a charger
available for an upcoming EV. This is considered a fair assumption as the reference price is just an
approximation to the alternative cost of charging that same EV in a non-smart station, which might be
located at any point.

Eq. 15 Reference charging price

8760 vX
t=1 2ix=1Pt * €tx

Prer = 8760yX o
t=1 x=1%tx

Eq. 16 Energy required to charge an EV battery

— (SOCdeparture - SOCinitial) * Eb
effcharging

In MODECO operational and investment models, it is assumed that all EVs arrive and leave with the same
SOC values. Thus, the energy needed to charge the EVs in a non-smart charger is the same for all vehicles.
Therefore, once the reference price is set (prf), it is possible to calculate a service cost (Sest) that can be
directly applied to each EV connecting into the Energy community’s chargers as stated in Eq. 17. The users’
willingness to pay is accounted for in these costs, discounting 5% to the resulting reference price. This is
viewed as an incentive for users to participate in smart charging instead of regular charging, which implies
more intensive battery use. This service cost is used in the operational and investment models to estimate the
economic gains of the Energy community through the provision of EV charging services. The extra costs and
benefits associated with the actual smart energy charging and discharging are accounted for in the model as
part of the total energy that the community injects and extracts from the grid.
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Eq. 17 Service cost applied to EV connecting to V2G charging stations

Scost = 0.95 * Dref

3.3.3 Community’s CO; emissions

The Carbon Dioxide (CO;) emissions associated to the community’s energy usage are calculated for the
different electricity and heat sources prior to the installation of any energy asset. The emissions associated to
the baseload electrical demand and EV usage is calculated based on the CO, emissions from the energy mix
used in each evaluated region, and obtained from the UCED model execution. In the case of heat, the CO;
emissions associated to Heat pump operation is calculated on a similar fashion, based on the electrical
consumption from these assets obtained with the methodology explained in Section 3.2.

The emissions associated to boiler usage are calculated through the volume of natural gas consumed by
these units, which is obtained by multiplying the annual heat energy provided by these assets to cover the
community’s demand not supplied by heat pumps (MWh), plus efficiency losses, by the conversion factor from
volume to energy provided by the European Union of the Natural Gas Industry (Eurogas). This factors
indicates that 1 m? of natural gas is equal to 10.83 kWh (Eurogas, 2011), considering the gas gross calorific
value. No conversion from gross to net calorific value is done as it is assumed that the substituted boilers are
able to capture latent heat as most modern gas-based technologies do (Eurogas, 2011). The Greenhouse Gas
Emissions (GHG) associated to natural gas burned in fuel -based boilers is estimated using the default
emissions factors for stationary combustion in the residential sector from the Intergovernmental Panel on
Climate Change guidelines (Chernova, 1966), presented in Table 23. To convert the GHG factors from TJ to
MWt the heat unit equivalents from Eurogas are considered, assuming gross calorific values due to the
reasons explained above (Eurogas, 2011). Methane (CH4) and Nitrous Oxide (N;O) are converted to CO;
equivalent considering typical conversion factors?®.

Table 23 GHG emission factors for natural gas combustion in the residential sector

GHG kg GHG/TJ Kg GHG/MWt

co, 56100.0000 201.9438
CH. 5.0000 0.0179
N.O 0.1000 0.0004

Source: Own elaboration with data from Eurogas (2011) and Chernova (1966).

Finally, the avoided CO, emissions from boiler substitution by heat pumps is calculated considering the
difference between the CO, emissions associated to the electricity consumed by heat pump operation and the
CO; emissions calculated considering that the same heat would be supplied by boilers. The latter is calculated
following the same steps used for the boilers actively used by the community.

10 The emission of 1 kg of nitrous oxide (N20) equals 298 kg of CO> equivalents, and the emission of 1 kg of methane (CH4) is equal to 25
kg COz equivalents (Statistics Netherlands, 2023).
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4 Models description

As mentioned before, three optimization models are used in MODECO to evaluate the impact of different
energy tariffs in the investment and operational decisions of Energy communities. The key outputs and inputs
to each model are summarized in Figure 14, while the specific values inputted to each case can be found in
the Annex database. As observed in Figure 14, the models are interlinked as the outputs from one model
serve as inputs in another. Specifically, the main output from the UCED model are the hourly marginal prices,
which are used to build the energy price scenarios tested in the investment model. Similarly, the installed
capacity per technology and year decided by the investment model are used as inputs for the operational
model, in which the optimal operation of such assets is decided. Finally, the results from the investment and
operational models are used to modify the inputs to the UCED model, before re-executing to evaluate
changes in the hourly marginal prices obtained.

In the following sections, the main features from each model are described. Particular focus is given to the
investment and operational models, as these are developed specifically for MODECO. For the UCED model,
which was externally developed, only a general description is presented.

4.1 Power system model

The selected UCED model representing the entire European power system is built by the Joint Research Centre
(JRC) using the object-based modelling toolbox PyPSA, an open source toolbox based on Python for simulating
and optimizing modern power systems that include features such as conventional generators with unit
commitment, variable wind and solar generation, storage units, coupling to other energy sectors, and mixed
alternating and direct current networks. PyPSA can calculate the linear optimal power flow, which is the least-
cost optimization of power plant and storage dispatch within network constraints, using the linear network
equations, over several time steps. The project is maintained by the Department of Digital Transformation in
Energy Systems at the Technical University of Berlin and further details be consulted in (Brown et al., 2018) .

One key characteristic is that the model covers all Europe, including Germany and Spain, and is based on
ENTSO-E (2020) terminology, which permits adapting it to the reference ESES with minor modifications. In
particular, it is considered an advantage that power plants are aggregated according to type — based on fuel,
class, efficiency, etcetera — avoiding the need to have data for each specific unit in the European power
system and being able instead to use general technical parameters per type as done in the analysis by
ENTSO-E (2020). Other important aspects are that flows between zones are based on NTC time series, and
that demand response is modelled according to the ERAA methodology, where, similar to dispatchable power
plants, energy is “generated” by reducing demand.
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Figure 14. Schematic diagram of the optimization models used within MODECO project
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4.1.1 Model adaptation to the reference ESES

As the selected UCED model was already based on ENTSO-E terminology, only a few parameters are changed
to consider the evolution of the power system contemplated in the reference ESES used in MODECO. The
capacity installed per type of technology in 2025, 2030 and 2040 is defined according to the distributed
energy scenario’s data available at the documentation from TYNDP’s 2020 edition (ENTSO-E, 2021). The
considered capacities per technology and year can be seen in Section 2.1.

In addition to the power plants capacity, the Demand Side Response (DSR) capacity per country and the cost
associated with using it are also taken from the reference ESES database (ENTSO-E, 2021). Finally, the fuel
and CO2 emissions costs are also based on the values from the TYNDP 2020 scenarios. However, the costs
for natural gas and CO2 emissions are updated based on recent data, as current prices are much higher than
those projected in the reference ESES, even though an increasing trend is also considered in the reference
scenario. Therefore, the prices registered in 2021 for natural gas (Eurostat, 2022) and carbon permits (Ember,
2022) in the European Union are used as the starting cost in 2025, while a similar relative increase to that
reported in the original ESES is assumed for 2030 and 2040. The results from this process are shown in Table
24, while the rest of the fuel costs can be consulted in (ENTSO-E, 2021).

Table 24 Indicators associated with solar PV and Energy communities.

Carbon emissions cost
Natural gas cost [EUR/GJ] [EUR/tCO2]
Year
Original Modified Original Modified
2025 6.46 1196 23 54
2030 6.91 12.79 53 124
2040 731 13.54 100 235

*Used for the UCED model executions whose results are used and presented in this document.
Source: own elaboration with data from Eurostat (2022), Ember (2022) and ENTSO-E (2021b).

In order to avoid the occurrence of several hours per year in which demand is not met and the energy price is
set as the Value of Lost Load (VOLL), the capacity of gas-based generation (CCGT, OCGT, GAST) originally
considered in the reference ESES for all countries is expanded by 60% in 2040 in comparison to 2030. This
was proposed after testing the model with the original inputs, which led to a high percentage (over 50% of
hours in the year) of scarcity events reported for Germany in 2040. These findings do not necessarily reflect
those obtained by ENTSO-E for the distributed energy scenario presented in the TYNDP 2020 report (ENTSO-E,
2021a), as the model and technical parameters used are not the same. Given that MODECQ’s objective is not
to study resource adequacy in the future power system, expanding the available gas capacity is proposed as a
simple way to ensure enough generation is available to cover demand at most of the annual hours. As would
be further explained in Chapter 7, this modification managed to reduce the number of hours in which load is
not met to 16 for Germany’s 2040 system. In those cases, the VOLL was set as 3,000 €/ MWh as this is the
price cap set for day-ahead markets in Europe up to the beginning of 2022.

All the models’ macro parameters are inputted directly in the Python code whereas the component data is
imported through CSV files and hdf5 tables. Once all inputs are introduced to the model, its resolution is
performed in two steps:

1. Seasonal Hydro Optimization to determine the minimum storage levels through a temporal
aggregation of the energy volumes based on a predefined resolution.

2. Rolling Horizon Dispatch Optimization. The storage bounds are fed to the model as a lower bound
for the reservair levels.

Once these steps are completed, the yearly optimization of the power system is done and the results
analysed. As seen in Figure 14, in addition to the hourly marginal prices, the CO2 emissions and volume of
energy dispatched per type of technology, renewable energies curtailed, and Energy Not Served (ENS) are also
obtained for further analysis.
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4.2 Investment model

The investment model is implemented in the GAMS/CPLEX solver as a Mixed Integer Linear Programming
problem (MILP). The temporal scope of the model is 16 years, and its temporal resolution is hourly. The
potential investments included in the model are shown in Table 7. As explained before, not all energy assets
are available to all archetypes; for instance, biomass-fuelled CHP is only considered in the Rural town case. In
that case, the technologies that are not available are left out of the potential investments portfolio and do not
form part of the investment decision process for that archetype. As observed in Table 7 some of the
technologies have subcategories with two available options. These are represented using a common
modelling approach but specific costs and operational parameters (see Annex database).

4.2.1 Representative day’s selection

Due to the complexity of the model, in the optimization process it is not possible to consider 8760 hours as
time steps for each year. Thus, a set of representative days per month are selected, reducing the amount of
data inputted to the model. This is a common approach used in other similar models, such as the investment
problem targeted in (Nahmmacher et al,, 2016). The outcome of running the model for a different number of
days selected, ranging from 1 to 100 representative days for a single year, was compared. As expected, the
more number of days used, the more the results tend to approach the outcome using all representative days.
However, the authors found that by using six representative days, the model output diverged in less than a
4% from the solution with the 100 representative days. The conclusion is that the number of days selected
has to be determined by analysing the trade-off between computational time and the solution’s accuracy.

The specific process used in MODECO is based on the methodology proposed by (Nahmmacher et al, 2016)
and it is applied for every month of the years between 2025 to 2040 to each specific case (country,
archetype, tariff scenario) considering a number of key variables influencing investment decisions: electricity
purchase price (€/kWh), wind load factor, solar load factor, electricity demand (kWe), and thermal demand!!
(kWt).The methodology that the authors follows is based on the hierarchical clustering algorithm developed by
(Ward, 1963) and can be observed with full detail in (Nahmmacher et al.,, 2016). On a fast note, the algorithm
proceeds as follows:

1. Normalize all the time series considered.
2. Apply the clustering algorithm:

(@) For every historical day d a vector Vy is created, which incorporates all values of the
variables considered in that day. The dimension of this vector is the number of time slices
multiplied by the number of variables considered.

(b) Initially, set the clusters C; = [V4] as a cluster containing the vector V,

(c) Compute the centroid €, of each cluster C, as the mean value of vectors in cluster,

(d) Compute the distance between clusters (metric = Euclidean distance), by using the centroid
C, as the representative value for the cluster.

e) Join the two clusters where the minimum distance between clusters is obtained.

f) Update the centroid of each cluster.

g) Repeat steps (c) to (f) until only one cluster remains.

h) Choose a number of representative days selected. This means to select the step of the
process where the desired number of representative days corresponds to the number of
clusters at hand.

(i) For each cluster €, choose the closer vector V4 to the centroid €4 as the representative day
for the cluster,

(j) Define a weight wg to each cluster C4, to each cluster €4, as the number of vectors V4
that it contains.

3. Scale back the time series using the weight w4 assigned to each day.

1 The thermal demand variable is not considered in the Virtual community archetype as CHP installations are not considered a viable
investment option.
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Finally, in this study case, two days per month are selected, with a total of 24 days being considered for every
year. The investment planning’s scope is 16 years, and each day is composed by 24 time-slices, meaning that
the optimization algorithm is executed for a total of 9216 time steps. This number of days has been
determined after comparing the behaviour of the optimization algorithm with a different number of days.
When selecting more than two days per month, the optimization algorithm did not reach a solution within an
acceptable gap and time (see Box 1). It is worth mentioning that the computational power and the time
available in order to study the model heavily influences this selection, and in other contexts a greater number
of days could have been selected.

Box 1. Defining “close enough” optimal solutions under limited testing times

The GAMS/CPLEX solver, in which MODECQ’s investment and operational models are built, permits to set
criterions to stop the optimization process even when the optimal solution (BP) is not found. For this study, the
Optcr parameter is used as a primary option, considering acceptable a solution with Optcr of 0.1%. This
entails that the CPLEX solver will stop finding an optimal solution when the objective function value of the
current best solution (BF) is within that tolerance level [(|[BP — BF|)/(1.0e — 10 + |BF|) < Opctrl. This
reduces solution time as the solver stops not looking for better solutions.

Although this tolerance level is reached in most of the results presented in this report, the solver was not able
to find a solution within this range for some scenarios in a reasonable time (< 24 hours) to finalize this study.
In these cases, the process stop criteria was changed to a time limit, registering the theoretical difference
between the found and the best possible solution, refer as gap in this document. Given that the gap registered
for these cases was significantly large (>109%), an additional constraint was imposed to these scenarios,
defining the objective function as positive. This change managed to lower the registered gap to acceptable
levels for most cases, but not all as will be discussed in Chapter 7. In these cases, the results are discussed
after warning the reader about this issue to be interpreted with caution.

More information about the solver parameters can be consulted in GAMS documentation (McCarl, 2016).

4.2.2 Objective function

The model’s objective function (Eq. 18) is designed to minimize the difference between economic benefits
and energy costs for the community. The general form of the model’s objective function is shown in the
equation below.

Eq. 18 Objective function for the investment model.

F = —Ben + (Costzi';ariff + CoStipy + Costyy + Costay + CoStrye + CoStyey), tariff € {TOU, PP,BW}

The first term Ben accounts for all the benefits obtained in the 16-year period as compensation for the
injection of surplus energy from the Energy community to the distribution network and the provision of EV
charging services. The rest of the terms are all the costs related to meeting the community’s thermal and
electrical demand in that same period, whether it is by generating it locally through the energy assets
installed or purchasing it from the grid. The specific definition for each term can be consulted in Table 25.

The cost of purchasing electricity Costgﬁ;ariff is modeled differently depending on the tariff scenario; the rest

of the terms in the objective function equation are handled equally regardless of the tariff scenario imposed.
Scenarios with Energy-based charges only (TOU, TOU_Flat, TOU_PPA, No Charges) are modelled considering
a price vector specifying the hourly cost of electricity, which is then multiplied by the electricity purchased at
each time step. As explained before, the hourly prices values are calculated according to the energy price case
(dynamic, flat rate, PPA) plus taxes and Time-of-Use charges in the applicable scenarios. For the Bandwidth
tariff scenario, a similar approach is used, but an additional charge is imposed to the consumed and injected
power above the established limits. In this case, the price vector consists of the marginal prices plus taxes, as
the network costs are recovered through fixed monthly costs that the users pay for their contracted
bandwidth power. This fixed cost is not included in the optimization as is not subjected to changes within the
modelled variables. Finally, in the Peak power case, the same price vector as in the Bandwidth tariff is used,
but an additional charge is imposed over the maximum power registered by the community on a monthly
basis.

To incorporate the effect of time in the value of money, all cash inflows and outflows in future years are
brought to a present value by using the discount rate considered in each scenario. This is done by multiplying
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all costs and revenues by the term

IR where R is the discount rate and y is the number of time periods

(years) since the starting year. We did not incorporated avoided energy costs as an explicit cash flow in the
objective function as this benefit is already implicit in the minimization of the electricity purchased costs

eltarif f

Costy,,,

. Therefore, if the objective function is positive, meaning there are higher costs than benefits, it

does not mean that the proposed investments necessarily result in economic losses for the community as the
avoided costs also need to be taken into account as an economic benefit.

Table 25 Definition of the cost terms used in the investment model’s objective function

Cost term

Description

el,tariff

Costy,y,

It accounts for the total cost of electrical energy purchased in the evaluated timeframe.
Three different types of electrical purchase costs are considered, depending on the
scenario category: Energy-based (EB) for No Charges, TOU, TOU_Flat and TOU_PPA
scenarios, Bandwidth (BW) and Peak Power (PP) for the Bandwidth and Peak power
scenarios, respectively.

Costipy

Total investment costs from all the energy assets installed in the 16-year period. It is
computed by multiplying the capital expenses associated with each technology type for
the capacity installed. As most assets have a useful lifespan beyond 16 years, the
equivalent annual investment costs from these years are discounted from the total
investment sum. In the case of the technologies that have a useful life lower than the
investment period (V2G chargers and Electrolyser), the replacement cost is considered.

Cost,p

Total fixed operational expenses — defined as an annual fixed sum dedicated to the
equipment’s operation and maintenance - expected in the 16-year period. It is
calculated using an OPEX factor equivalent to a percentage of the asset’s investment
cost. The used factors for each technology can be consulted in the Annex database.

Costy,

Variable costs associated with the activation of demand response, which depends on
the total volume of energy shifted.

COStfuel

Total cost associated with fuel purchasing for the operation of CHP units and boilers.
Note that three types of fuels are considered in MODECO - natural gas, hydrogen and
biomass - but not all are available for all archetypes (2.2.2).

Costgen

Use-of-Network tariffs applied to all energy produced in the Virtual Community
archetype. The rest of archetypes are exempt from this cost given the network charges
rules for physically closed generation and demand explained in Chapter 2.

Source: own elaboration.

4.2.3 Key model constraints

As listed below, a set of general constraints are used in the investment model to serve different purposes:

— Time decision constraint. With the objective of reducing computational stress, the annual investments are
always decided in the first hour (time step) of each year.

— Electrical oversizing constraint. The installed storage power cannot be larger than the local power
generation installed by the community.

— Storage oversizing constraint. The installed capacity from heat generation assets (boilers and CHP) cannot
be higher than 15% above the maximum thermal energy demanded by the community in the 16-year

period.

— Rooftop surface constraint. The total area occupied by PV solar systems installed in rooftops cannot
exceed the total area available at the community’s rooftops.

— Land surface constraint. The total area occupied by ground-mounted solar PV systems, wind turbines and
hydrogen tanks cannot be higher than the total land surface available at the community for this purpose.
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— Thermal oversizing constraint. The installed capacity from heat generation assets (boilers and CHP)
cannot be higher than 15% above the maximum thermal energy demanded by the community in the 16-
year period.

The surface constraints are implemented to reflect the physical limitations typically encountered in the
defined archetypes regarding the surface availability to installed energy assets such as those considered in
MODECO. In particular, it is important to consider that ground-mounted PV solar and wind turbines compete
for the same area as both need to be in open air spaces. Hydrogen tanks are also expected to be installed in
open air surfaces, which is why their area is also taken into consideration for the land surface constraint. CHP,
electrolyzer and batteries are not contemplated in this limitation as it is assumed that they can be installed in
other available spaces, such as already existing facilities like a warehouse. In the case of the rooftop surface
constraint, only the area from solar PV systems installed in rooftops is considered.

The rest of constraints limit the amount of power generation and storage that can be installed inside the
community. These limits, however, are based on arbitrary decisions interpreting the definition of Renewable
and Citizen energy communities that indicates that generating financial profits must not be the community’s
main purpose although they are able to provide economic benefits to their members, shareholders or local
areas in which they operate. Within MODECQO, it is assumed that installing excess generation capacity with the
sole purpose to sell energy in the wholesale market should not be promoted as it would be a financial profit-
led activity. Still, it is reasonable that communities could generate excess energy at some hours in which
demand is low and stored in batteries to be consumed at later times, when it is needed. A reasonable limit to
ensure this is to limit power generation capacity to the community’s peak demand as proposed in the
electrical oversizing constraint.

The storage capacity is also restricted to fit the maximum local generation capacity installed (storage
constraint), preventing the installation of numerous storage units to act as stand-alone batteries that charge
at low-priced periods, increasing the community’s demand to re-sell energy later during peak priced hours.
Notably, a first version of the model did not include such constraint and with the future reference scenario
prices, it led to extremely high storage installations that were financed through energy arbitrage revenues
obtained at specific days towards the end of the evaluation period. Nonetheless, it is relevant that
communities could still engage in energy arbitrage up to a certain extent, which supported battery usage for
increasing self-consumption. This is important considering that grid flexibility is also an important benefit that
communities could provide to the system.

Finally, the thermal oversizing constraint restricts the heat generation capacity of CHP units to the
community’s peak thermal demand as wasted heat production is considered misaligned to sustainable and
efficient energy usage, which goes against the provision of environmental benefits and towards maximizing
financial gains. In this case, however, the power generated could be larger than the community’s demand,
thus generating surplus electricity to be sold to the grid. As noted, a 15% margin is considered to provide
some operational flexibility.
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Box 2 Drawing the line between economic benefits and purely financial profit generation

Three of the investment model constraints were proposed based on the principle that Energy communities
should not engage in energy activities with the sole purpose to generate financial profits. Nevertheless,
representing such nature into an optimization model that could be applied to different archetypes and regions
presents new conceptual challenges. In national requlations, communities’ investments might be constraint by
rules such as those currently applied to collective self-consumption in Spain (Ministerio para la Transicién
Ecoldgica, 2019) which limits the number of members that can be part of it to a certain geographical
extension (maximum of 2 km between furthest participants) and provides larger financial incentives to energy
that is released (generated or discharged) at the same time as demand. However, a generic model like that
designed for MODECO cannot rely on such specific rules. Still, it must reflect the difference between
community-led energy investments and those guided by maximizing financial profits, especially as the latter
are also expected to be risk takers while communities would probably follow a more conservative investment
strategy. The proposed set of constraints seems to fit this purpose to a certain extent, but as will be seen in
Chapter 7, they might need some further thought to better reflect communities’ nature in contexts in which
prices promote the installation of purely merchant projects. Nonetheless, the question of whether or not
communities should be assumed, or even encourage, to take part in these activities remains, particularly if
they represent potential benefits for the whole system, for instance, by providing flexibility services or
contributing to shifting demand to hours when more generation is available. This is a relevant point
considering that the internal electricity market directive (EU 2019/944) and the revised renewable energy
directive (2018/2001/EU) mandate EU countries to allow the participation of Energy communities on all
market activities, accessing the same support schemes as larger participants. So, where is the line between an
energy investment led by profit and one whose main purpose is to return economic, environmental or social
benefits? Reaching a consensus over this aspect might help to improve the design of models such as that
proposed by MODECO. Another important aspect is the incorporation of different business models into the
Energy community archetypes proposed in this study, for instance, energy cooperatives might have more in
common with traditional energy investors than a group of neighbours looking to become self-sufficient and
reduce their energy bills.

4.2.4 Energy balance equations

The mathematical formulation for the investment model can be consulted in Annex 1 while a summary of the
balance equations applied in the investment model are presented in this section. These are used to maintain
an equilibrium between the different energy flows, including energy generated and consumed within the
Energy community’s boundaries, and that imported and exported from outside. This balance includes not only
electrical but also thermal energy flows, and the energy carriers that might be potentially used to generate
heat and power (natural gas, hydrogen and biomass).

Electrical power balance. In the electrical power balance, at each hour, the constraint indicated in Eq. 19
must be satisfied. The term for the electrical power generated by assets [EPgenerateq] is calculated from all
the generation assets that can be potentially installed in each archetype and which were described in Table 7.
This includes solar and wind generation, CHP electrical generation, and power discharged from batteries or EV
through the V2G charging points. The electrical power consumed by assets [EP,q.+s] is defined by the power
charged by storage devices (batteries and EV) and, in the case of the industrial polygon, the electricity
consumed by the electrolyzer. The electrical demand [ED] refers to the electricity needed by the community to
satisfy its members’ demand, which considers the community’s electrical load modelled and the shifting
possibilities offered by the Demand Side Response (DSR) characteristics considered. Finally, the electrical
power bought [EPy,y,gr:] and electrical power sold [EP;,,4] refer to the electricity imported and exported from
the grid to complement the local generated electricity to satisfy the community and the assets’ demand.
Eq. 19 Electrical power balance
EPgenerated + EPbought = ED + EPsold + EPassets

Heat balance. The thermal energy balance is satisfied at each hour given the constraint indicated in Eq. 20.
The thermal power generated by assets [TPyenerateq] term is calculated from the thermal energy generated
by CHP units and boilers, while the thermal demand [TD] corresponds to the heat demanded by the
community to meet its water and space heating requirements, plus the process heat in the case of the
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Industrial polygon. This balance is not considered for the Virtual community archetype as investments in CHP
units are not considered a possibility in this case.

Eq. 20 Thermal balance

TPgenerated =TD

Fuel balance. The balance for the supply and demand of the fuels used by the community are given by Eq.
21, Eq. 22 and Eq. 23 for natural gas, biomass and hydrogen, respectively. In the natural gas balance, the fuel
consumption from CHP and boilers [CH4 4.t ] must be equal to the gas bought [CH4y,g,,gn: ] as it is the only
source possible. A similar equation is applied to biomass, a fuel only available in the Rural town archetype.
Lastly, the hydrogen balance considers that the hydrogen stored in the hydrogen tank or consumed by the
community’s boilers and CHP [H2 4405 ] must be equal to that bought from outside [H2psygne | plus the
internally produced hydrogen by the electrolyzer [H2p,oguceq] in those cases in which this equipment is
available (Industrial polygon).

Eq. 21 Hydrogen balance EqQ. 22 Biomass balance Eq. 23 Hydrogen balance
CH4’bought = CH4 gssets BIObought = BlOgssets szought + Hzproduced = H2 g55ets

4.2.5 Energy assets modelling

The mathematical formulation of the energy assets considered in MODECO is done based on standard
approaches used in the literature and can be consulted in Annex 1. For most energy assets, a similar approach
is used in the investment and operational models, except when adaptations are needed to take into
consideration that the capacity installed in the investment model is unknown at the start of the optimization
or that representative days are used instead of the whole year vector. The values used for all the technical
parameters required can be consulted in the Annex database associated with this report.

Wind turbines and Solar PV. Both systems are modelled considering the load factor curves applicable to
each country. The hourly generation is then obtained by multiplying the hourly load factor by the asset’s
installed capacity, which is defined as a variable.

Electrical storage assets are represented with a modified approach to the typical equation (Eq. 24) used to
model batteries in which the State of Charge (SOC) is represented as a percentage (%) of the total capacity,
which results in a nonlinear model as the installed capacity is unknown. To avoid non-linearity, instead of
modelling the SOC (%), the approach used in MODECO, models the energy (kWh) inside the battery (e) as
shown in Eq. 25.

Eq. 24 Traditional approach used for modelling electrical storage
S0C, - ef™t = SOC,_, - el™t + CHARGING P, — DISCHARGING P,
Eq. 25 Proposed approach to avoid nonlinearity when modelling electrical storage
e; =e;_1 + CHARGING P, — DISCHARGING P;

Note that the maximum charging/discharging power of the battery cannot be known in advance, as it depends
on the capacity installed as a result of the investment decisions made. Thus, the charging/discharging power
given to the Electrical Storage is limited by the product of the C-rate and the current installed capacity and
not by a maximum charging/discharging power, which avoids nonlinearity problems. The C-rate gives a
relation between the capacity installed and the maximum charging/discharging power available. It must be
noted that the battery can only charge or discharge at a given time step, as a restriction is imposed to avoid
the simultaneity of these two activities.

As the investment model is applied to a certain number of representative days in the year, the investment
strategy and the assets management is not decided over a continuous time period. Thus, a constraint is set to
define the initial SOC of the battery in the first time step as equal to 50% on a daily basis. The SOC of the
battery at the end of each day is also set to a predefined value (50%) as, without this constraint, the model
would try to discharge the battery at the final time steps of each day to sell electrical surpluses to the grid.

Hydrogen tank. For this asset type a similar problem to the electrical storage is found as the pressure level
(Pa) of the tank must be modelled while having the tank’s volume as a variable, which results in a nonlinear
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equation when the typical approach is used. Let q,, vt be the pressure level of the tank and the total
volume installed, respectively, then the pressure inside the tank is typically modelled as shown in Eq. 26
where K is a constant given by two parameters (mean temperature inside the vessel and the universal gas
constant).

Eq. 26 Traditional approach used for modelling hydrogen tank storage

H2 inflow, — H2 outflow,
g = qe-1 + K- pinst

As observed in the equation above, the volume of the tank divides the hydrogen inflow/outflow. Given that all
these three are variables, it results in a nonlinear model. To solve this problem, instead of modelling the
pressure level (Pa), the quantity of Hydrogen (mol) inside the tank is used, which ensures linearity. Let moly;,
be the mols inside the tank, the following equation is proposed:

Eq. 27 Proposed approach to avoid nonlinearity when modelling the hydrogen storage tank
moly,, = moly, 1 + H2 inflow, — H2 outflow;

In order to bound the moles of hydrogen inside the tank by the installed volume v™™¢, a constraint to limit the
maximum hydrogen inflow/outflow is applied using the product from the C-rate and the tank volume. The C-
rate gives a relation between the volume installed and the maximum possible inflow/outflow of hydrogen. The
initial and final state of the tank’s pressure is imposed through a set of constraints for the start and end of
each day. The initial state value is applied as non-continuous days are used, while defining a minimum tank’s
pressure for the final state prevents the tank from fully discharging at the end of each day. Similar to the
electrical storage case, the tank cannot simultaneously charge and discharge hydrogen at a given time step.

Electrolyzer is modelled by assuming a linear relation between power consumption and hydrogen
generation. The maximum power consumed by the electrolyzer at each time step (hour) is limited by the
power installed.

V2G charging stations. As the number of V2G chargers installed is a variable in the investment model, the
input curves with the number of vehicles connecting and disconnecting at each time step are built assuming a
high number of chargers available. These are then interpreted by the model as the number of vehicles
wanting to connect and leave the station. For the individual EV, the following assumptions are made:

— All the EVs considered are assumed to have the same battery capacity E? each year. This battery
capacity is calculated considering a mean value from the typical sizes in current and future EV
models. More information about these assumptions can be consulted in Section 3.3.2.

— All the vehicles are assumed to arrive at the station with the same state of charge SOC™ and leave
at the same state of charge SOC/™.

— The EV’s SOC has to be in a certain range [Soc™in soc™mex],

— All EVs are assumed to stay connected at the charging station for time periods between 3 and 7
hours with a mean charging duration of 5 hours as reported by (Corchero Garcia, 2015).

To reduce computational stress, all the batteries from the vehicles connected to the V2G points are treated as
a single unit whose total power and capacity is the sum of all the batteries in the connected EV pool. The
charging and discharging power of the battery pool is limited by the product between the number of vehicles
connected and the maximum charging/discharging power of each V2G charger. It must be noted that each of
the V2G chargers is assumed to have a maximum charging/discharging power Pj3%* that limits the power
that can be delivered to the vehicle. Constraints to limit the upper and lower bounds of the battery pool’s
energy levels are applied using the number of vehicles connected at time t, the vehicles that want to connect
at t and the vehicles that want to leave at time t-1, as well as constraints applied to the individual EV
regarding their SOC levels and explained above. The specific constraints used and its mathematical
formulation can be consulted in this document’s Annex.

Combined Heat and Power (CHP). A simplified model considering a linear relation between the heat and
power production of the CHP units is selected for the investment model. The linear relation is established
through a conversion factor specific to each CHP subtype [CHP, 4, CHPyiomass]- The use of more detailed
approaches, such as that applied in the operational model, is discarded as it adds complexity as the installed
capacity is a variable in this case. In the proposed linear model, the following constraints are applied:

— The CHPs cannot generate more electrical power than the nominal power installed.
— The CHP’s state (on/off) at each time step is controlled via a binary variable.
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— CHPs are considered to be always on at the first time step of each day.

— The CHPs can only be switched off and on once per day; respecting minimum up and down times is
obliged.

— A linear relation between electrical power generated and fuel consumption is established using a
conversion factor specific to each fuel. Note that CHP,4s can consume both hydrogen and natural
gas, although not at the same time, while CHPp;ymqss €aN 0ONly consume biomass.

Boilers. The same model is applied to the two boiler categories considered in MODECO: reqgular and industrial.
It considers that a linear relation exists between the thermal power produced and the fuel consumed at each
time step. As assumed for the CHP equipment, the communities’ boilers can be fuelled by hydrogen or natural
gas, but not simultaneously. Only one fuel can be used at each time step. Finally, a constraint is applied to
limit the maximum thermal power produced by the boilers to the total boiler capacity installed each year.

Demand Response. In MODECO, demand response is provided by heat pumps, which are considered a
flexible load within the modelled communities. Within the model, demand response operations are
constrained by an upper and lower limit for increasing or decreasing the heat pump's demand. These are
defined based on the percentage of customers assumed to be willing to participate in the provision of this
service and the technical restrictions associated with heat pumps. If the increase or decrease is higher than
the limit, customers’ needs will not be satisfied. Additionally, an upper limit for the consecutive hours that the
demand response service might be used is imposed. If demand response is used for large periods of times,
there is a risk that customers' needs won't be fulfilled causing a future loss of profit. For similar reasons, a
maximum number of times that demand side response can be activated per day is set as an operational
constraint.

The assumptions made for demand response and the energy assets considered in the investment model can
be consulted in Chapter 3.

4.3 Operational model

The goal of this model is to obtain the optimal energy planning of the communities' energy assets at an
hourly level in an annual horizon, by minimizing its operational costs. The mathematical model is classified as
a Mixed Integer Linear Problem (MILP) as integer and binary variables are needed to describe the energy
asset’s operational modes. As such, the objective function and all the constraints needed are linear. Contrary
to the investment model, the operational model is executed individually for each target year and scenario
considered in this analysis. This permits to use the 8760 time steps in a year without the need to select
representative days. The operational model outputs the optimal usage of the technology for every
combination of year, archetype, and energy tariff scenario studied in this project, indicating the corresponding
energy production, energy usage, heat produced, biomass consumed, gas consumed, hydrogen produced,
hydrogen consumed, emissions and marginal prices for technology. The key inputs and outputs used for the
operational model are presented in Figure 14.

4.3.1 Objective function

The objective function used in the operational model consists of the minimization of the difference
between the economic benefits and costs associated with the community’s energy management in the
evaluated year (Eq. 28). Aside from a shorter time horizon, the main difference when compared to the
objective function used for the investment model is that the investment costs (Cost;,,,) are not included in
the function as this is no longer a variable to be optimized. Moreover, as CHP is modelled with more detail in
this case (see Section 4.2.5), the equipment’s start-up cost is computed as a specific term (Costcyp). The rest
of the components are the same as in the investment model, which also includes the differentiation between
the purchase electricity costs depending on the tariff structure evaluated.

Eq. 28 Objective function for the operational model

F = —Ben + (Cost;lt';ariff + Costyy + Costgy + CoStrye + COStyey + Costeyp) , tarif f € {EB, PP, BW}

4.3.2 Balance equations

The balance equations used for the operational model are similar to those described for the investment
model in Section 4.3.2. The specific equations applicable to this model can be consulted in Annex 3.
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4.3.3 Energy assets modelling

All the energy assets that can be potentially installed in the Energy communities are modelled and included in
the operational model (see Table 7). Nonetheless, these are only activated if their availability in the evaluate
year has been decided by the investment model. Note that some of the energy assets are only considered a
potential investment for some specific archetypes, for instance, the biomass-fuelled CHP is only available for
the Rural town archetype. Given that a generic operational model is used for all cases, the technologies that
are not considered in one archetype are simply not activated as happens with the assets that were not part of
the investment decisions made. In the following paragraphs, a brief explanation of the modelling approach
used for each energy asset is given while the specific mathematical formulation can be found in Annex 2.

Solar PV and wind turbines. No further explanation is given as they are represented as in the investment
model using the load factors applicable to each technology and location and the installed capacity, which in
this case is not a variable but a given input.

V2G charging stations. To model a charging point with V2G capabilities, the state of charge (SOC) of the EV
battery should be included in the operational model as an available and accessible data to be able to decide
when the EV battery should be charged or discharged to meet both the EV owner needs and Energy
community interests. The charging and discharging modes are decided using binary variables to model the
bidirectional operation of these chargers, and when a binary variable is introduced, the model becomes a
combinatorial problem with a harder computational requirement. This is not a problem per se, except when a
large number of charging points are considered as the computational time required to find the optimal
solution might be too large to be feasible. To avoid this problem, the operation model proposed for MODECO
is inspired by the authors of (Quiros-Tortos et al,, 2018) that suggest using an aggregated solution in order to
reduce the number of binary variables in the operational model.

The assumptions made for V2G charging points model following this approach are listed below:

— All electrical vehicles are aggregated to form a single pool of electrical batteries that act as a storage
unit, hence the energy and power capacities of the EVs are also aggregated by category. This includes all
types of EVs considered in each archetype. Thus, the number of EVs per type connected at the V2G points
must be known to calculate the aggregated batteries capacity available for every single hour.

— The optimization model decides the behaviour of the aggregated pool for every time step. The time steps
have been defined on an hourly basis according to the specifications made for both the operational and
the investment models. Then, if the pool starts charging or discharging at the beginning of a time interval
with a determined power value, it is supposed that this operation point is the same during the whole hour.

— The battery capacity values will be in line with the values defined for the reference models described in
Table 21. The number of vehicles per model is decided following the technological evolution assumed for
private charging points. In 2025, mostly EV with low capacities are considered, whereas for future
timespans, the number of EVs with larger capacities increments. This is in line with (Gaete-Morales et al.,
2021) that states that the typical EV battery size in 2010 was 30 kWh; today 60 kWh is not an exception
anymore and by 2030 the battery capacity for new vehicles will be over 80kWh.

— The maximum state of charge and depth of discharge of the entire vehicle pool, as well as the
efficiencies remain constant. These maximum states of charge and depth of discharge will be calculated
as the average of the current values for this technology, since they are quite stable values over time,
whereas efficiencies will be considered 95% as for private charging points.

— Corchero Garcia (2015) reported statistical data from several European electric vehicles and charging
points monitored during three years. Based on their results for EVs of private use, it can be assumed for
this work that the initial SOC for every electrical vehicle connecting to the charging station at every time
is considered to be 58% and the request SOC at departure time is considered to be 849% (Corchero Garcia,
2015).

Apart from assumptions and parameters values, the model has some constraints explained below whose
mathematical formulation can be consulted in Annex 2:
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1. Two constraints aggregating all available energy and the power capacities of all EVs in a particular
time. Specifically, the capacity of each EV type is multiplied by the number of this EV type connecting
in each hour.

2. All EVs that arrive or depart at time interval t are assumed to do so at the start of the interval and
remain in that state without any further cars arriving or departing until the start of the next period.
Note that the main input for this model is the number of electrical vehicles of each considered type
arriving or departing at every period of time.

3. The energy balance equation of the aggregated battery pool illustrates the fact that all the EVs
connecting or disconnecting at a certain time period have the same energy levels across their
batteries.

4. The energy level of the pool is not allowed to surpass the maximum SOC defined, or be inferior to the
minimum SOC established.

5. The last set of constraints ensure that the upper and lower power limits for charging and discharging
at every time step cannot be surpassed.

Electrical storage. As the electrical storage capacity is known from the start, batteries can be modelled
using the typical approach shown in Eq. 24 without any particular assumptions needed. Nonetheless, the
following set of constraints must be taken into consideration:

— The energy level of charging and discharging cannot surpass the battery’s upper operational limit. This
ensures safety operation and expands the battery’ life expectancy.

— Discharge and discharge cannot be performed simultaneously. A real battery can only perform one action
at a time.

— The electrical storage SOC fluctuates according to the operational needs but cannot exceed the maximum
and minimum operational levels. These limits are defined based on the batteries’ technical characteristics
and can be consulted in the Annex database.

— Efficiency losses are incorporated when charging and discharging the battery, this represents that some
energy is lost when using the battery as happens in real storage systems.

— Final SOC is considered equal to the battery’s initial SOC. Without this constraint, the model will empty all
the batteries to sell electricity before the day is over and no battery capacity will be available for the next
start.

Combined Heat and Power (CHP). As the installed CHP capacity is known, more complex approaches can be
used to represent the features of this equipment in the operational model. In this case, the heat and power
production of the CHP unit is not defined through linear relations but by the equipment’s feasible operating
region, which is represented through a trapezoid (Figure 15) delimited by four operational points (A, B, C, D).
Although other approaches are found in the literature, for instance using more operational points, the feasible
operating region considered in MODECO is the same as suggested by the authors of (Mansouri et al,, 2020).
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Figure 15. Feasible operational region for a CHP unit given four operational points
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Source: (Mansouri et al.,, 2020)

As explained before, the CHP units can be operated using gaseous fuels — natural gas or hydrogen - or
biomass (pellets). In both cases, the same modelling approach is applied although the values used to define
the operational points are specific to each fuel category (gases, biomass). The general constraints considered
for this technology are:

A set of constraints representing the operational points forming the unit’s feasible operating region and the
relation between heat and power conversion at each point:

— An upper and lower limit for energy and heat production that cannot be surpassed. These are related to
the operational points and are defined to ensure safety operational boundaries and avoid negative impacts
on the units’ useful life expectancy.

— An upper limit for power and heat related to the gas, hydrogen and biomass consumed. As explained
before, these constraints vary depending on the CHP used, the parameters of each raw material consumed
is different.

— As done in the investment model, the operational model contemplates the possibility to shut down the
equipment if their operation is not economically feasible and restart it at a later period. However, in this
case, minimum up and down times are considered to restrict the number of times this can happen in a day
in addition to the shutdown costs.

Additionally, the proposed model permits to take into account the costs associated with the shut down and
following restart of the machine (Cost.yp). The CHP’s shutdown is assumed to have null costs but the start-
up costs are valued as equal to the costs of the extra fuel required to warm-up the engines, which is
calculated as the required fuel to operate the machine during 10 minutes at nominal power.

Electrolyzer. This equipment produces hydrogen through a chemical reaction initiated by electrical current.
This hydrogen produced is able to fill the hydrogen tank or be used as a raw material for the CHP. The
constraints applied are:

— An upper and lower limit for the hydrogen produced. This equation is to ensure safety and ensure the
electrolyzer maintains its useful life expectancy.

— The maximum power cannot exceed the renewable energy production. It must be noted that the
electrolyzer is assumed to be only powered by renewable energy as only green hydrogen usage is
considered in MODECO'’s energy communities.

— A loss of efficiency production is considered. These losses reflect on less hydrogen produced per energy
consumed.

Hydrogen storage tank. The hydrogen tank can be filled with the hydrogen produced by the electrolyzer
and be later used as fuel in the CHP or boiler units. The considered constraints for this technology are:
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— An upper and lower limit for the storage of the hydrogen. It's not feasible to fill the tank more than the
tank capacity. This constraint guarantees that the hydrogen doesn’t exceed the capacity.

— An upper and lower limit of charging and discharging storage. This equation is to ensure safety and make
the hydrogen tank have a longer life expectancy of use.

— The gas pressure inside the tank cannot exceed an upper limit. This equation is also to ensure safety and
prolong the life expectancy of the tank.

— The final pressure of the tank must be the same as the initial pressure. Without this constraint, the model
will empty the tank and no hydrogen will be available to use after the last time step.

— A hydrogen balance equation, between the tank, the boiler, the CHP, the hydrogen available in the tank
and the charging and discharging hydrogen.

Boilers. Boilers, regular and industrial, are included in the operational model following a similar approach to
the investment module. The only difference is that the total thermal capacity installed is not a variable but a
given input.

Demand response. Demand response is modelled as in the investment model as no investment decisions
are made through the optimization model. Instead, the parameters associated to this feature are defined
exogenously as done for the investment model.

4.3.4 Calculation of CO, emissions

The emissions from the operation of the local generation assets is calculated considering the emissions
factors associated to each available fuel (Table 26). From the considered energy assets, only CHP lead to CO,
emissions when operated with natural gas or biomass. As the operational model outputs the hourly electrical
generation per asset, the aggregated annual values are used to calculate the CO, emissions associated to
local generation by multiplying the electrical production by the corresponding emission factor. In the Industrial
polygon, which considers the usage of green hydrogen, it is assumed that the gas-fuelled CHP uses natural
gas and hydrogen in the same proportion as the entire community’s balance, as the model outputs the total
fuel consumption for all the community assets, including boilers.

Table 26 CO: emission factors associated to natural gas, hydrogen and biomass combustion

Fuel kg CO./MWt
Natural gas 20194
Hydrogen 0.00
Biomass 10.53

Source: Own elaboration with data from UK Department for Business, Energy and Industrial Strategy (2023) and Chernova (1966)
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5 Energy communities’ description

The electricity and heat loads obtained for each Energy community case study are presented in this section,
highlighting the regional differences between Germany and Spain, as well as the observed evolution during
the studied period (2025-2040). It must be remembered that the demand from smart EV charging points is
not yet included as its installation will be decided by the investment model. Also, the final behaviour from the
heat pumps fleet might be different in the final results due to changes induced by the DSR program
considered.

5.1 Business park

The Business park archetype is also located within an urban context, but contrary to the Urban district case,
practically all energy loads are driven by Non-residential buildings, with a high presence of office
buildings and associated services. In particular, 35 dwellings are considered to be part of this community, but
only seven are Mixed buildings with some floors dedicated to residential spaces, which results in a lower
number of households than in the Urban district case. In the ground floors of these dwellings, services such as
restaurants and coffee shops can be found. From the rest of buildings, sixteen correspond to offices, four to
hotels, three banks, two supermarkets, two fitness centres and one kindergarten. All services are thought to
serve an urban space with a large presence of employed people.

Table 27 Business park indicators

Germany Spain
Indicator
2025 2030 2040 2025 2030 2040

Total number of dwellings 35 35 35 35 35 35
Number of MFB 0 0 0 0 0 0
Number of SFB 0 0 0 0 0 0
Number of NRB 28 28 28 28 28 28
Number of MB 7 7 7 7 7 7
Number of IB 0 0 0 0 0 0
Total rooftop area [m?] 15,700 15,700 15,700 15,700 15,700 15,700
Total land area [m?] - - - - - -
Number of households 150 150 150 150 150 150
Non-smart charging points 24 28 49 24 28 49
Annual electricity demand 9.22 943 9.88 9.95 10.08 1042
[GWh]

Annual heat demand [GWh] 17.32 17.05 16.69 16.56 16.46 16.34

Source: Own elaboration based on MODECO’s methodology and assumptions
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Table 28 CO: emissions associated with energy usage in the Business park archetype

Germany Spain
CO, emissions [ton/year]
2025 2030 2040 2025 2030 2040
Total 4301 3969.27 3685.92 3084.35 27786 2622.22
Electricity usage [%] 22.69 22.25 28.01 1199 9.35 18.35
Boiler usage [%] 7731 77.75 7199 88.01 90.66 81.65
Displaced by heat pumps 14588 345.07 717.59 63093 8279 118872

Source: Own elaboration based on MODECQ'’s methodology and assumptions

5.1.1 Business park: Heat demand

The large presence of Non-residential buildings is evident in the distribution of monthly heat demand per
sector, as heat demand from residential is minimal inside the community, even in the German region (Figure
16) where the larger heat demand considered per household makes is presence more evident in the Urban
district and Rural town archetypes. Furthermore, fewer differences are observed between the Spanish and
German cases as heat demand among Non-residential buildings in both regions is less distant than per
residential users. Still, heat demand in the German Business park is significantly larger, particularly driven by
higher requirements in the winter months, with the exception of January, when Spanish Non-residential
buildings demanded more heat due to an especially cold winter. This trend is also observable in other
archetypes, as all use the same temperature data as reference.

Figure 16. Monthly heat demand per sector in the Business park archetype in 2025
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The observed hourly demand (Figure 17) for this archetype follows a similar shape to the Urban district
archetype, but indicates a steeper peak during morning hours (around 7:00 am). This can be explained by the
large number of dwellings with business hours’ operations such as banks and offices. The winter evening peak
is also more visible here than in the Rural town archetype, following a similar shape to the Urban district case.
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This peak practically disappears in the transition period and is inexistent in the summer, where evening
heating is not required and people tend to spend more time outside.
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Figure 17. Mean heat consumption reported in 2025 in the Business park archetype in Germany and Spain
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5.1.2 Business park: Electrical demand

The daily electricity demand in the Business park follows a similar shape to the Urban district, but it must be
noted that demand is far larger in this archetype than in the previous two cases. In the Spanish region, it is
also relevant that the peak winter demand is practically at the same level as the summer peak demand
(Figure ). In the Urban district case, the summer peak demand — mostly driven by space cooling requirements
- represents the highest daily demand in the year. This is also due to the higher heating requirements from
Spanish Non-residential buildings than from residential users, more relevant in previous archetypes, which
translates into higher electricity demand in the winter thanks to the 18% heat pumps usage considered in this
region. In Germany (Figure ), on the contrary, less differences are observed among the Urban district and
Business park load shapes.
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Figure 18. Daily electricity demand per sector in the Business park archetype in Spain [2025]
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Figure 19. Daily electricity demand per sector in the Business park archetype in Germany [2025]
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As happened with heat demand, electricity consumption in the Business park peaks during morning hours
(around 11:00 am) but a few hours later than for heat. Electricity demand starts increasing rapidly after
7:00am, which coincides with the observed heat demand and aligns with the business hours’ operations of
Non-residential buildings from the sectors considered in this archetype. It is relevant to observe that the
summer demand in Spain remains practically the same than in the transition season, whereas in Germany,
summer electricity demand is clearly lower in the Summer. This can be explained by the space cooling
requirements that are particular to the Spanish case and take place during the summer months.

Figure 20. Mean electricity consumption reported in 2025 in the Business park archetype in Germany and Spain
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Source: Own elaboration based on MODECO’s methodology and assumptions

The number of EV charging points considered in the Business park is larger than for the two previous cases,
but its contribution to the community’s total electrical load is insignificant given the presence of large energy
users such as hotels. The annual heat and electricity demand evolution follow a similar shape to the Urban
district archetype, with annual reductions in the community’s heat demand in addition to larger usage of
electrical heat pumps, and can be consulted in the attached database.

66

Study by IREC and R2M Solution under Service Contract no. 942132-IPR-2021



5.2 Industrial polygon

The industrial polygon archetype presents a series of characteristics that are particular to this case. For
instance, the use of a different member classification (Type 1: Ambient temperature dependent; Type 2:
Ambient temperature independent) instead of the residential and non-residential categories used so far for
the previous archetypes. However, this does not mean that Non-residential buildings are not present in this
case as some of the Type 1 members can be classified as such (for instance, warehouse or industrial offices).
Still, as a different approach is used, the Type 1 and Type 2 classification is preferred.

Table 29 Industrial polygon indicators

Germany Spain
Indicator
2025 2030 2040 2025 2030 2040
Total number of dwellings 50 50 50 50 50 50
Number of Type 1 buildings 39 39 39 39 39 39
Number of Type 2 buildings 11 11 11 11 11 11
Total rooftop area [m?] 33,800 33,800 33,800 33,800 33,800 33,800
Total land area [hal 50 50 50 50 50 50
Non-smart charging points 25 25 25 25 25 25
Annual electricity demand 373.48 373.48 373.46 37296 37296 37294
[GWh]
Annual heat demand [GWh] 782.49 782.49 782.48 770.67 77067 770.65
Source: Own elaboration based on MODECO’s methodology and assumptions
Table 30 CO: emissions associated with energy usage in the Industrial polygon archetype
Germany Spain
CO: emissions [kton/year]
2025 2030 2040 2025 2030 2040
Total 195.87 195.87 195.87 16691 166.91 16691
Electricity usage [%)] 2181 2181 2181 922 9.22 922
Boiler usage [9%] 78.19 78.19 78.19 90.78 90.78 90.78
Displaced by heat pumps 371 371 371 2.89 2.89 2.89

Source: Own elaboration based on MODECO’s methodology and assumptions

As shown in Table 29, 39 out of the 50 industrial users belong to the Type 1 category, which means that their
heat load is related to the ambient temperature, and thus, presents regional differences. From these, only six
have a 5-days working schedule, whereas the rest operates all week. The type of industries represented within
this group varies among manufacturing of motor vehicles, electrical equipment, furniture and machinery;
wholesale and retail trade; transportation companies; and warehousing. The full list of industries can be
consulted in the associated database.
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From the eleven industrial users belonging to the Type 2, three belong to the chemical sector, three to the
food industry, two produce glass, and the rest three iron, paper and vehicles. It is important to note that
despite being outnumbered by the Type 1 users, this group represents over 90% of the electrical demand in
the Industrial polygon and a similar share of the total heat demand. Thus, few regional differences are
observed in this case even at the hourly level as will be explained in the following sections. Also, electrical
demand from heat pump usage is minor as most heat demand in the Industrial polygon corresponds to
process heat, in particular, high temperature heat (>400 °C).

5.2.1 Industrial polygon: Heat demand

As observed in Figure 21 heat demand from Type 2 members represents the main heat consumption in the
industrial polygon. As the consumption from these industries is not directly related to ambient temperature, a
similar mean hourly consumption is maintained across seasons. Heat demand starts to increase at 4:00 and
shows a peak consumption between 10:00 and 11:00 in the morning during winter, transition and summer
periods. Although hardly visible due to its small share in comparison to Type 2 load, the consumption of Type
1 users is at its minimum in summer, when higher temperatures are reached, and maximum during winter.
Furthermore, the difference between regions only impacts Type 1 load, which is higher in Germany than Spain.
Looking at monthly data per industrial user category (Figure 22), it is also observed that Type 1 heat demand
follows a more pronounce seasonal pattern than that of Type 2 users, but here is still some impact of season
on Type 2 demand, being slightly higher in winter than summer months. This is due to the fact that even Type
2 users use heat for space and water heating purposes, although the main share goes to other applications
related to their own industrial processes. As an example, the monthly results for the German case in 2025 are
shown in Figure 22. The Spanish industrial polygon behaves pretty similarly. The results can be consulted in
the associated database.

Figure 21. Mean heat consumption reported in 2025 in the Industrial polygon archetype
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Source: Own elaboration based on MODECO’s methodology and assumptions
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Figure 22. Monthly heat demand per sector in the industrial polygon in 2025
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In Figure 23, the process heat from the German case is divided per temperature range, using the applicable
shares per industry. Given the industry mix defined, the resulting shares are similar between low (<100 °C),
medium (100-400 °C) and high heat (>400 °C) temperature ranges. As part of MODECO initiative, it would be
assumed that only heat demand for space and water heating can be supplied by electrical heat pumps.

Process heat could only be supplied by burning natural gas or green hydrogen at the industrial site.

Figure 23. Monthly heat demand by temperature level in the Industrial polygon in 2025
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5.2.2 Industrial polygon: Electrical demand

Contrary to industrial heat demand, which is partially affected by ambient temperature and thus presents
regional differences, electrical load is practically the same for both target regions (Figure 24). Although there
is some demand for heat and space cooling, this goes unnoticed due to the larger demand from Type 2
industrial consumers, whose processes have high electricity usage intensity. Similarly, no visible difference is
observed across seasons, which is expected as electrical demand associated with heat pumps is also
negligible when compared to the processing electrical demand. The demand associated with EV charging is as
well negligible when compared against the users’ baseload.

Figure 24. Mean electricity consumption reported in 2025 in the Industrial polygon archetype (Others include EV and heat
pump electrical consumption)
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Source: Own elaboration based on MODECQO'’s methodology and assumptions

5.3 Rural town

The Rural town archetype is characterized by the presence of single-family residential dwellings, as 48%
of the buildings in this community are classified as such (with rooftop area of 90 m2). As shown in Table 32,
this means that there is a larger number of dwellings than in the Urban archetype but a lower number of
households, making more significant the energy demand from Non-residential buildings. The presence of
Single-family buildings also reflects in the rooftop space area, whose average value per dwelling is lower than
in the Urban archetype. In addition to the 34 Single-family buildings, there are 19 Multi-family buildings, 7
Mixed buildings and 11 Non-residential buildings. The commercial and services considered in this archetype
are similar to those found in the Urban district (supermarket, drugstore, bakery, etcetera), but sizes are in
general smaller. The only exception are four buildings where farming activities are carried out, as this are
particular of the Rural town archetype. In this case, only six charging points are considered for the starting
year (2025), two for household users and four for business usage.

Table 31 Rural town indicators

Germany Spain
Indicator
2025 2030 2040 2025 2030 2040
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Indicator Germany Spain
Total number of dwellings 71 71 71 71 71 71
Number of MFB 19 19 19 19 19 19
Number of SFB 34 34 34 34 34 34
Number of NRB 11 11 11 11 11 11
Number of MB 7 7 7 7 7 7
Number of IB 0 0 0 0 0 0
Total rooftop area [m?] 16,060 16,060 16,060 16,060 16,060 16,060
Total land area [ha] 100 100 100 100 100 100
Number of households 151 151 151 151 151 151
Non-smart charging points 6 10 31 6 10 31
Annual electricity demand 257 266 287 278 284 3.02
[GWh]
Annual heat demand 7.19 6.72 6.09 5.85 570 5.49
[GWhinermall
Source: Own elaboration based on MODECO’s methodology and assumptions
Table 32 CO: emissions associated with energy usage in the Rural town archetype
Germany Spain
CO; emissions [ton/year]
2025 2030 2040 2025 2030 2040
Total 1672.19 1490.57 130825 | 107174 957.24 897.58
Electricity usage [%] 17.43 18.34 2594 1041 8.87 19.82
Boiler usage [%] 82.57 81.66 74.06 89.59 91.13 80.18
Displaced by heat pumps 60.36 13546 260.06 222.14 285.07 396.18

Source: Own elaboration based on MODECO’s methodology and assumptions

5.3.1 Rural town: Heat demand

In the Rural town archetype, heat demand from Non-residential buildings is more significant in the
community’s total load. As expected, heat demand is larger in winter months than in warmer seasons, and is
larger in Germany than in Spain. When observing hourly heat demand per final usage, the same trend as in
the Urban district is observed regarding heat pump usage, as the adoption rate is also assumed to be larger in
Spain (18%) than in Germany (4%). However, in this archetype, the heat demand peak registered at morning
hours is more pronounced than in the Urban district archetype, which is related to the dairy farms considered

in this energy community type and that have a considerable demand for water and space heating.
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Figure 25. Monthly heat demand per sector in the Rural town archetype in 2025
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Figure 26. Mean heat consumption reported in 2025 in the Rural town communities in Germany and Spain

Winter [Spain] Transition [Spain] Summer [Spain]
2000 2000 2000

1750 1 1750 - 1750 1

= 1500 A 1500 - 1500 1
=

= 1250 4 1250 - 1250 1
=

5 1000 | 1000 1000 {
Y

5 7504 750
b

T 500 500 A

250 1 250 4

0- 0

5 10 15 5 10 15 20 5 10 15 0
Winter [Germany] Transition [Germany] Summer [Germany]
2000 2000 2000

1750 1 1750 - 1750 1

= 1500 | 1500 - 1500 1
=

= 1250 1 1250 A 1250 1
=

& 1000 1 1000 1
[

2 7501 750 1
m
L i}

T 500 4

B ~
0- 1
0 5 10 15 0

5 10 15
Howr Hour Hour

B Gas B Heat pumps
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The annual changes in heat demand throughout the studied period behave similar to the Urban district, so
these graphics are not shown but can be found in the associated database.
5.3.2 Rural town: Electrical demand

In terms of electricity consumption, similar trends are observed in the daily demand curves for Germany
(Figure 27) and Spain (Figure 28), being flatter in the first case. The demand for space cooling is identifiable
in the energy communities’ Spanish archetypes, as well as the slightly higher demand in winter associated
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with the heat pump operations. As happened with heat demand, the electricity consumption peaks registered
at morning and evening times are more noticeable in this archetype than in the Urban district, due to the
presence of agricultural activities. Electrical demand from EV charging is less significant than in the Urban
district, which was expected as the number of charging points is lower (Figure 29). As happens with heat
demand, the evolution of the electrical demand from 202 to 2040 behaves similarly to the Urban district,

with progressive increments associated with heat pumps increasing usage and more EV charging units
installed.

Figure 27. Daily electricity demand per sector in the Rural town archetype in Germany [2025]
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Figure 28. Daily electricity demand per sector in the Rural town archetype in Spain [2025]
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Figure 29. Mean electricity consumption reported in 2025 in the Rural town communities in Germany and Spain
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5.4 Urban district

The Urban district archetype is formed by 35 dwellings, 18 of which are residential (Multi-family),
10 Mixed buildings and 7 Non-residential buildings representing different services and businesses that
can be found in urban neighbourhoods. In the ground floors of the Mixed buildings, the following services are
found: one bakery, one drugstore, one hair salon, one bank, two restaurants, two offices, and two retail shops.
In the Non-residential buildings there are three offices, a healthcare clinic, a library, a fitness centre and a
supermarket. Sixteen of these buildings are small-sized, sixteen mid-sized and three large-sized, adding a
total of 12,300 m2 of rooftop space. The total households living in the residential and Mixed buildings are
426, and 5 of them own an EV and its corresponding charging point. Additionally, seven EV charging stations,
with two charging points each, are installed in the supermarket and used for its delivery vehicles. A summary
of the Urban district archetype is presented below.

Table 33 Urban district indicators

Germany Spain
Indicator
2025 2030 2040 2025 2030 2040
Total number of dwellings 35 35 35 35 35 35
Number of MFB 18 18 18 18 18 18
Number of SFB 0 0 0 0 0 0
Number of NRB 7 7 7 7 7 7
Number of MB 10 10 10 10 10 10
Number of IB 0 0 0 0 0 0
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Indicator Germany Spain

Total rooftop area [m?] 12,300 12,300 12,300 12,300 12,300 12,300

Total land area [hal] - - - - - _

Number of households 426 426 426 426 426 426
Non-smart charging points 19 23 44 19 23 44
Annual electricity demand 3.16 3.25 3.46 342 347 3.63
[GWh]

Annual heat demand [GWh] 8.22 747 6.44 6.05 5.80 5.46

Source: Own elaboration based on MODECO’s methodology and assumptions

Table 34 CO; emissions associated with energy usage in the Urban district archetype

Germany Spain
CO; emissions [ton/year]
2025 2030 2040 2025 2030 2040
Total 192428 1671.07 1410.73 112362 983 906.9
Electricity usage [9%] 1791 19.12 2742 11.69 9.72 211
Boiler usage [%] 82.09 80.88 72.58 8831 90.28 789
Displaced by heat pumps 68.97 15051 2754 22926 290.19 394.89

Source: Own elaboration based on MODECO’s methodology and assumptions

5.4.1 Urban district: Heat demand

In the German case (Figure 30), the urban district distinguishes for a similar representation from residential
and non-residential heat consumption, being slightly higher for residential users as the heat demand per
household in this region is high and residential dwellings are more numerous than Non-residential buildings.
In the Spanish region (Figure 30), Non-residential members consume more heat than residential users as they
have higher energy intensity per square meter for space heating purposes. Comparing both regions, it is
noticeable that heat demand in the summer is similar for both regions as it is practically associated with
domestic water heating consumption. Nonetheless, in winter, it is clear that in German households, heat
consumption is much larger than in the Spanish case.

Looking at the heat consumption per season and source (Figure 31), the gradual decrease in heat demand as
temperature gets higher is observed in both regions. Also, it is clear that heat demand is higher in the
morning, mostly driven by Non-residential buildings, although another peak is identified in the evening. The
heat share covered by heat pumps is considerably lower in the German Urban district, despite the higher
overall heat demand, as heat pumps usage share is significantly lower in Germany (4%) than Spain (189%).

The refurbishment rate considered for the Urban district community reflects lower heat demand in future
years in comparison with 2025 for both target regions (Figure 32). Similarly, the higher heat pumps usage
rate assumed for both regions, results in a larger heat share supplied by these technologies. As will be
explained in the following section, this also reflects in larger electrical consumption associated with heat
pumps operation.
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Figure 30. Monthly heat demand per sector in the Urban district archetype in 2025
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Figure 31. Mean heat consumption reported in 2025 in the Urban district communities in Germany and Spain
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Figure 32. Annual heat consumption and associated CO2 emissions for the Urban district archetype
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5.4.2 Urban district: Electrical demand

Regarding electricity consumption, residential and Non-residential buildings contribute similar shares to the
community total demand in both regions. In Germany (Figure 33), electrical load has a flat behaviour
throughout the year, with slightly higher consumption in winter. This is expected as no cooling demand is
considered and space heating is mostly supplied by natural gas equipment. On the other side, increased
electricity demand for space cooling is observable in the Spanish Urban district during the summer months
(Figure 34). Similarly, a higher demand in winter is observed in this region in comparison with other seasons
and with the German case (Figure 35). This is due to the consideration of a larger share of heat pumps’ usage
for space heating applications, which transforms into higher electricity demand in winter. Electricity
consumption from EV charging is low in comparison to baseload demand as few charging points are available
in the starting year (2025).

Figure 33. Daily electricity demand per sector in the Urban district archetype in Germany [2025]
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Figure 34. Daily electricity demand per sector in the Urban district archetype in Spain [2025]
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Figure 35. Mean electricity consumption reported in 2025 in the Urban district communities
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In the evolution of the Urban district’s electricity demand, the increasing electrical demand from heat pumps’
operations is observable as expected by the larger share of heat that is supplied by this technology as the
usage rate increases in both regions. To a lesser extent, the electrical demand associated to EV charging also
increases with time, although its contribution to the community’s total demand is still minimal, even in 2040.
As observed from the following figures, annual electricity demand in the Spanish case is higher than in
Germany, which is associated to space cooling and space heating needs supply via heat pumps.
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Figure 36. Annual electricity consumption and associated CO2 emissions for the Urban district archetype
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5.5 Virtual community

Similar to the Business park case, the Virtual community shares common traits with the Urban district
archetype, as it is located within an urban context and has members with similar characteristics to those
included in the Urban district case. Nonetheless, the Virtual community lack of vicinity boundaries permit to
include a larger number of members than in the other Energy community archetypes. The higher number of
members is observable in the annual electricity demand reported in this case, which is more aligned to the
Business park case, even though, residential dwellings are the most numerous group in this case. Heat
demand is even larger in the Virtual community than in the Business park, but this demand cannot be
supplied by a shared asset as members are located on different points and heat cannot be shared “virtually”
as electricity can.

As mentioned before, residential dwellings are the most common within the Virtual community members as
53 out of 100 members are Multi-family dwellings, 24 are Mixed buildings and just 23 are Non-residential
buildings. Among the last group, there are banks, offices, cinemas, fitness centres, museums, libraries, hotels,
primary schools, secondary schools, shopping malls, supermarkets and universities. As happens with the
members’ number, the lack of geographical boundaries also permits more diversification in the type of
members included in the community. The number of EV charging points is also more significant as it is not
restricted to a specific area but can include charging stations located in any point of the city.

Table 35 Virtual community indicators

Indicator Germany Spain
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Indicator Germany Spain
2025 2030 2040 2025 2030 2040
Total number of dwellings 100 100 100 100 100 100
Number of MFB 53 53 53 53 53 53
Number of SFB 0 0 0 0 0 0
Number of NRB 23 23 23 23 23 23
Number of MB 24 24 24 24 24 24
Number of IB 0 0 0 0 0 0
Total rooftop area [m?] 34,100 34,100 34,100 34,100 34,100 34,100
Total land area [hal 300 300 300 300 300 300
Number of households 1,118 1,118 1,118 1,118 1,118 1,118
Non-smart charging points 63 67 88 63 67 88
Annual electricity demand 8.95 9.18 9.60 9.60 9.72 10.01
[GWh]
Annual heat demand [GWh] 21.23 19.24 16.55 15.52 14.87 13.98
Source: Own elaboration based on MODECO’s methodology and assumptions
Table 36 CO: emissions associated with energy usage in the Virtual community archetype
Germany Spain
CO; emissions [ton/year]
2025 2030 2040 2025 2030 2040
Total 5043.17 | 436964 | 3677.16 | 291148 25378 | 2336.16
Electricity usage [%] 19.15 20.29 28.46 12.56 10.37 2161
Boiler usage [%] 80.85 79.71 71.54 87.44 89.63 78.39
Displaced by heat pumps 177.98 387.6 706.97 587.7 7432 1009.53

Source: Own elaboration based on MODECO’s methodology and assumptions

5.5.1 Virtual community: Heat demand

As observed in Figure 37, heat demand from residential users is the most relevant load in the German Virtual
community, whereas in Spain, Non-residential buildings represent the principal heat consumers. As happened
in other archetypes, there are few differences at the monthly scale between one archetype and other
regarding the curve shape. Nonetheless, at the hourly level (Figure 38), it is possible to identify different
trends. However, this archetype’s behaviour is highly similar to that of the Urban district, as the main
difference between these two is not the type of dwellings but the number and absence of physical
constraints, which will strongly influence the investment decisions of the Virtual community in comparison

with the other urban archetypes.
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Figure 37. Monthly heat demand per sector in the Virtual community archetype in 2025
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Figure 38. Mean heat consumption reported in 2025 in the virtual community archetype in Germany and Spain
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5.5.2 Virtual community: Electrical demand

The daily electricity demand from the Virtual community follows a similar trend to the Urban district, although
with a larger overall demand. Instead, the monthly electrical loads are shown to highlight the flatter shape of
the German case, which is also observed in previous archetypes. Also, it is relevant to observe that in terms of
electricity consumption, residential and Non-residential buildings follow a similar trend and show less
differences in volume than in heat demand.
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Figure 39. Monthly electricity demand per sector in the Virtual community archetype in 2025
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At the hourly level (Figure 40), some differences are observed between the Virtual community and Urban
district load shapes, as the first has a more pronounced peak during the morning, looking more similar to the
Business park archetype in this sense. Finally, the demand from EV charging remains more visible in this case

for both studied regions, this might be due to the high presence of offices and banks in this case than in the
Urban district.
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Figure 40. Mean electricity consumption reported in 2025 in the Virtual community archetype
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6 Energy price scenarios

The marginal prices obtained from the first round execution of the UCED model are discussed in this section,
as well as the energy tariffs formed from them by adding the taxes and Use-of-Network charges applicable
to each scenario. A brief overview of the power system’s behaviour - demand and energy dispatched
per type of technology - leading to these prices is also presented, including the key indicators shown in Figure
14: Energy Not Served, CO, emissions and renewables curtailment.

6.1 Power system indicators

As seen in Chapter 2, the considered reference scenario for the evolution of the European power system
considers a gradual phase out of fossil-fuelled technologies and a considerable growth in variable renewable
energies (solar and wind) and energy storage, with specific technological trends for each geographical
location. As shown in Figure 41, which summarizes the amount of energy dispatched per technology in
Germany and Spain during the target years executed, the demand for the two countries analysed increments
from 2025 to 2040. In Germany, the increase from 2025 to 2030 is similar to that observed from 2030 to
2040, which means that in the latter years, demand growth happens at a slower rate. On the contrary,
demand in Spain remains fairly the same from 2025 to 2030, incrementing an average of just 2.3 TWh per
year, whereas from 2030 to 2040 it grows at a faster pace, augmenting in average 7.0 TWh each year.

Figure 41. Annual demand versus energy dispatched per technology and year in Germany and Spain
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fuelled generators, OCGT: Open Cycle Gas Turbines; OILT: Oil-fuelled generators; ORES: Other Renewables; OTHT: Other non-renewables
(combined heat and power); PHOT: solar photovoltaics; WTOF: wind offshore; WTON: wind onshore.

Source: Own elaboration from the UCED’s model first executions

As observed in the graph above, annual demand in Spain is always below the total generated energy,
as part of the produced energy is exported to neighbouring countries. Germany, on the contrary, relies on
energy imports to cover its demand in the three analysed years as the total national production is below
consumption requirements. In 2040, Germany’s demand gets significantly larger than the produced energy,
complicating meeting demand at all hours. In fact, lost load events take place in this year and country
during 19 hours reported in four particular winter days!?; meaning that the system is not able to meet
demand with its own generation or with imported energy at that time. The volume of Energy Not Serve (ENS)
in 2040 accounts for 15.39 GWh. No other year in Germany and Spain presents ENS under the modelled
conditions.

12 The dates and times in which ENS is reported are: 22 January 2040 (18:00-23:00), 13 February (20:00-23:00), 16 February (19:00-
23:00), 18 December (20:00-23:00).
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Wind and solar technologies have a prominent role in both analysed countries as expected due to
the evolution of the reference power system scenario, gaining more relevance in 2040 when these
technologies account for 62% and 70% of the total energy generated in Germany and Spain, respectively.
Even by 2025, these generators already account for half the energy produced in both countries, which impact
on the dynamics of the obtained marginal prices that will be presented in the next section, particularly in
hours with high solar irradiation. This is particularly important in Spain, where solar technologies
(concentrated solar power and photovoltaics) account for 19% of the total energy generated in 2025, but go
up to 42% in 2040. Spanish wind farms represent the largest generation in 2025 (32%) but are relegated to
a second place in the future years, when they are responsible for 29% of the total energy produced in the
Mediterranean country.

In the case of Germany, wind is the dominant technology, representing 40% of the total energy
generated in 2025 and 45% in 20409, while solar photovoltaics account for just 13% and 17% of the energy
produced in those years. It is also relevant to point out the intensive usage of gas-fuelled generators,
particularly in the form of Combined Cycle Gas Turbines (CCGT) and combined heat and power units, which
are represented by the Other Non-Renewable (ONRT) category shown in Figure 41.

The CO, emissions associated with energy generation in each case are presented in Table 37. Germany has
much higher carbon emissions than Spain due to a more intensive usage of combined cycle units. In 2025 and
2030, a portion of the emissions is also related to the utilization of lignite (LIGT) and hard carbon (HRDT)
plants. In 2030, Germany’s emissions decrease in comparison to 2025 even as gas generation grows, due to
the almost phase out of carbon-based power plants, which pass from generating 5.2 TWh in 2025 to 1.7 TWh
in 2030. Their usage is completely eliminated in 2040, but the increment in gas generation is more
significant, which raises total emissions in 2040 above 2025 levels. In Spain, carbon emissions are purely
associated with combined cycle units. From 2025 to 2030 the energy generated from these plants decreases
from 2.6 TWh to 0.6 TWh, which results in less carbon emissions. Nonetheless, it increases up to 20.8 TWh in
2040 when nuclear facilities are no longer in operation, raising significantly the carbon emissions registered
in Spain.

Table 37 Annual volume of CO2 emissions associated to power generation in Germany and Spain

€O, emissions [kton]
Year
Germany Spain
2025 8,498.06 529.66
2030 7,889.67 113.08
2040 977893 419831

Source: own elaboration with results from the UCED model execution.

6.2 Marginal prices

The first set of marginal prices used for the construction of the tariff scenarios described in Section 2.3 are
obtained from adapting the UCED model to the ESES reference scenario (see Section 4.1.1). As observed in
Table 38, the mean annual marginal prices obtained for Germany are overall higher than for Spain during the
entire studied period. The largest difference between the two countries is observed in 2030, when the mean
annual price in Germany is 157% higher than in Spain. In 2040, this gap narrows, as prices in Spain nearly
tripled from 2030 to 2040 whereas in Germany 2040 prices increase only 42% in comparison to 2030,
resulting in Germany’s prices being just 17% higher than Spain at 2040. In summary, for the modelled
scenario, it is observed that Germany has larger prices than Spain and experiences a sustained growth
throughout the 16-year period, while Spain experiences a slight decrease (6%) in prices from 2025 to 2030 to
later increase at a rapid pace till the end of the analysed timeframe.

As observed in Figure 42, rising prices in Germany are mostly led by the winter season, which maintains a
steady increasing trend for the whole analysed period. German prices in summer and transition seasons rise
almost as fast as in winter from 2025 to 2030, but it then slows down. In Spain, winter prices also follow an
increasing trend during the evaluated period, but it speeds up after 2030. For summer and transition seasons,
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prices actually go down between 2025 and 2030, but then rise quickly, reaching a mean marginal price
similar to that reported for Germany during the same seasons, or in winter in Spain.

Table 38 Mean annual marginal price registered in Germany and Spain for each target year

Mean annual marginal price [EUR/MWh]
Year
Germany Spain
2025 3562 23.30
2030 55.99 21.82
2040 79.69 68.02

Source: own elaboration with results from the UCED model execution.

Figure 42. Mean marginal price per season and year registered in Spain and Germany
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Source: Own elaboration from the UCED’s model first executions

When looking at the mean daily prices, it is identified that marginal prices in Spain do not follow an stablished
pattern throughout the year, as there are certain periods in which daily prices remain low (< 20 EUR/MWh) for
a sustained number of days in 2025 and 2030 (Figure 43). In the starting year, this happens from 07 April to
14 May, while in 2030, the low-priced period extends 10 more days from 05 April to 22 May and similar
events are observed from 07 August to 17 September, 22 September to 17 October, and 20 October to 11
November. Such low daily prices are reflected in the mean seasonal prices reported for the summer and
transition periods in Spain at 2025 and 2030 (Figure 42). As observed in the graph below, the sustained low-
priced periods disappear in 2040, leading to an increase in the mean price reported for all seasons in the
years between 2030 and 2040. Nonetheless, some days with extremely low prices (< 6 EUR/MWh) are
maintained around these same dates, accounting for the valley mean daily prices observed in 2040.

In Germany, mean daily prices raise evenly throughout the years, except for valley priced days (< 20
EUR/MWHh), concentrated mostly in summer and transition periods, in which prices actually tend to decrease
from 2025 to 2040. (Figure 44) As noted, a particular set of days in which prices rise above 560 EUR/MWh
are registered in 2040 (22 January, 13 and 16 February, and 18 December). These correspond to days in
which lost load events take place and are the main cause between the high increase in the mean winter prices
registered for Germany after 2031. Nonetheless, the rest of 2040 prices tend to go up in comparison to 2030
values but maintain a similar daily trend to the former years, with valley prices going down or slightly up, but
prices above the annual average mostly increasing significantly, thus raising the annual mean value expected
for future years.
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Figure 43. Mean daily marginal price registered in Spain in 2025, 2030 and 2040.
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Figure 44. Mean daily marginal price registered in Germany in 2025, 2030 and 2040.
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As shown in the next figure, hourly peak prices for both regions are concentrated in late night and early
morning hours. However, the highest prices for Germany are reported at night whereas in Spain these are
observed during early morning hours. During peak hours, prices increase for both countries towards the future.
However, at low prices periods (8:00-15:00), marginal prices in Spain actually tend to decrease from 2024 to
2040, while in Germany prices go up from 2025 to 2030 but decrease slightly from 2030 to the end of the
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period. The low prices registered at this timeslot are linked to the high amount of solar energy generated! in
these hours, which correspond to the times with the highest solar radiation registered in both regions (see
Figure 6). This low cost energy adds to the high volumes of wind energy also available at this time, bringing
marginal prices down. On the contrary peak prices are due to high demand requirements at times in which
solar resources are not available and low cost technologies (renewables and fossil fuel-based) do not have
enough capacity to supply all of it, thus requiring the usage of expensive units. As explained before, for some
hours in the German 2040 scenario, not even these are enough to meet peak demand in winter nights, which
results in lost load events, valued at €3,000 in MODECO’s scenarios.

Figure 45. Mean marginal price per hour and year registered in Spain and Germany
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Box 3. Key trends from the modelled energy prices under a power system evolution led by distributed energy

— Marginal prices in Germany are overall higher than in Spain for the entire period. In both regions,
prices tend to increase towards the future, but more significantly in Spain.

— Seasonally, summer and transition prices decrease in Spain from 2025 to 2030, and increase after
2030. Winter prices grow constantly but much faster after 2030. In Germany, summer and transition
grow mostly from 2025 to 2030, slightly increasing afterwards. Winter prices maintain a linear
increase during the 16-year period.

— For both countries, winter marginal prices are the highest. However, the difference between this
season and the rest is widest for Germany 2040.

— In Germany, four days in 2040 register extremely high prices due to lost load events.

— Peak prices occur at night and early morning hours in both countries. However, in Germany the
highest are registered at night and in Spain before dawn.

— A price increase is observed during peak price hours, whereas the rest of the day prices actually tend
to decrease due to higher solar energy availability.

6.3 Energy tariffs

The applicable taxes and Use-of-Network charges are applied to the marginal prices obtained from the UCED
model to form the energy tariffs used in the scenarios defined in Section 2.3. The prices obtained for the
scenarios with TOU charges are shown in Figure 46 for Germany and Figure 47 for Spain. As explained before,
the charges applicable to low and medium voltage users are different (see Table 10 and Table 11) as the first
imply a more intensive use of the network infrastructure. Thus, different tariffs are obtained for low and

13 Solar energy is produced via solar PV in Germany, and via solar PV and concentrated solar power plants in the case of Spain.
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medium voltage users in scenarios with dynamic and flat energy prices. As observed in the following figures,
medium voltage tariffs are lower than their low voltage counterparts, which reflects each users’ usage from
the network. The scenario with a PPA energy price (TOU_PPA) is only shown for medium voltage users as it is
only evaluated within the industrial polygon archetype. Finally, the values for the scenario with no charges (No
Charges) are also included for comparison.

The energy costs obtained for the Peak power and Bandwidth models are not shown as they follow the same
trend as the No Charges case, except that values are slightly higher due to the inclusion of the applicable
electricity taxes. In these cases, the Use-of-Network charges are recovered through the capacity-based fees
shown in Table 10 for the peak power-based model and in Table 11 for the bandwidth case. All archetypes
except the industrial polygon, which is interconnected to the medium voltage grid, are subjected to the low
voltage fees.

In 2025, the mean hourly values obtained for the dynamic (TOU [LV], and TOU [MV]) and flat rate (TOU_Flat
[LV] and TOU_Flat [MV]) scenarios are practically the same for both countries and voltage levels. In future
years, however, the mean hourly values for the dynamic tariff scenarios get lower than for the flat prices
cases around midday, when marginal prices are at their lowest (see Figure 45). On the contrary, during night
peak hours, the dynamic price tariffs get higher than in the flat rate scenario. This difference is particularly
noticeable in 2040. For Spain, dynamic tariffs are also significantly higher than in the flat rate case before
dawn, which is related to the marginal prices dynamic discussed in the previous section.

Figure 46. TOU energy tariffs applicable to Energy communities in Germany
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Figure 47. TOU energy tariffs applicable to Energy communities in Spain
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Following the methodology defined in Section 2.3.2.1, the peak and off-peak hours are defined per each
season and year based on the residual load values identified according to the energy system characteristics
defined for each country. The final classification is summarised in Table 39. Then, the applicable Use-of-
Network charges are applied to off-peak and peak hours, respectively. As the latter are higher, energy costs
for users are always more expensive at peak hours in the TOU scenarios, although the difference between
peak and off-peak hours gets more significant in the future for the dynamic price cases as could be observed
in the previous graphs. Such differences would influence investment decisions as will be explained in the next

chapter.

— TOU [Lv] —— TOU_Flat [LV] === TOU [MV] === TOU_Flat [MV] TOU_PPA [MV]

Source: Own elaboration from the UCED’s model first executions

Table 39 Hours classified as peak in each country, year and season

Germany Spain
Year
Summer Transition Winter Summer Transition Winter
16:00-00:00 16:00-00:00 | 16:00-00:00 | 00:00-2:00 00:00-1:00 00:00-2:00
2025 6:00-7:00 7:00-8:00 18:00-00:00
19:00-00:00 | 18:00-00:00
2030 00:00-1:00 00:00-2:00 00:00-2:00 00:00-5:00 00:00-3:00 00:00-3:00
17:00-00:00 18:00-00:00 | 18:00-00:00 | 21:00-00:00 | 19:00-00:00 | 19:00-00:00
2040 00:00-2:00 00:00-2:00 00:00-2:00 00:00-5:00 00:00-3:00 00:00-3:00
18:00-00:00 18:00-00:00 | 18:00-00:00 | 21:00-00:00 | 19:00-00:00 | 19:00-00:00

Source: own elaboration with results from the UCED model execution.
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7 Investment model results

The use of different tariff structures influences the investment choices of Energy communities in different
manners. However, attention must also be paid to regional differences regarding marginal prices, demand
patterns, resource availability and climatic conditions, as well as the archetypes’ intrinsic characteristics. In
Section 7.1, the results for the main Use-of-Network tariff structures — No charges, Time-of-Use, Bandwidth
and Peak power — are discussed, highlighting the effect of this in the obtained results, as well as the influence
of other relevant variables. In Section 7.2.1, the key findings from using different energy prices — dynamic,
flat and PPA (the latter only in the Industrial polygon) — under a TOU structure are presented. Finally, a
sensitivity analysis using different discount rates is done and discussed in Section 7.2.2.

7.1 Tariff structures: TOU, Peak power, Bandwidth

The objective function values obtained for the base tariff scenarios are presented in the table below. As
observed, all values are positive, which indicate that the costs associated with the assets installation,
operation and maintenance, as well as those related to demand response operation and electricity and fuel
purchases incurred by the communities in the 16-year period are in aggregated higher than the benefits
obtained from excess electricity selling and the provision of smart EV charging services. The largest values
are reported for the Industrial polygon archetype as its large electrical demand complicates reaching high
self-consumption values through local generation, given the space and other constraints. In almost all cases
the lowest value is reported for the No Charges scenario and the highest for the Bandwidth model. The only
exceptions are the German Rural town, in which the TOU Scenario presents the lowest results, and the Spanish
Virtual community, in which the highest value is reported for the TOU tariff. The reasons behind such results
will be discussed in the following sections in which each archetype’s investment decisions will be analysed
individually.

Table 40 Value of the objective function obtained for each case in million euros [M€]

Germany Spain
Archetype
NC TOU BW PP NC TOU BW PP
Business park 432 6.59 14.05 7.34 371 575 873 533

Industrial polygon | 16186 | 26460 367.14 | 29436 | 109.07 | 137.08 21004 | 143.21

Rural town 0.19 0.09 2.66 0.66 092 1.25 2.08 121
Urban district 0.94 153 395 162 1092 1147 1251 1134
Virtual community 2.22 10.16 11.36 88 222 8.33 6.95 430

Source: own elaboration with results from the UCED model execution.

All the cases evaluated in this section obtained the defined gap value (<19%), except for the Rural town and
Virtual community under the No Charges tariff, the Business park under the Bandwidth scenario, and the Rural
town with a TOU tariff. The latter, however, was the only case with a gap value higher than 1%. The specific
gap values obtained can be consulted in Annex 4.

7.1.1 Business park

The total investments made by the Business park communities in Germany and Spain are shown in Figure 48.
In general terms, the Spanish Business park undergoes larger investments than the German community, but
the differences are more significant in the No Charges and Bandwidth cases, whose results seem to be more
sensitive to the regional variations. The Bandwidth scenario results in the largest total investments in Spain
(7.8 M€) although just slightly below those reported under No Charges (7.55 M€). In Germany, both cases also
result in similar investments, but the total amount is 2% larger in the No Charges than in the Bandwidth
scenario. The least total investments are found in the TOU and Peak-power tariff structures for both regions,
with investments in the latter being slightly below (2-3%) those in the TOU case. In all tariff structure
scenarios, the Business park communities invest in gas-fuelled CHP, rooftop solar photovoltaics, V2G charging
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stations and batteries. This archetype was assumed to have no land space available for ground-mounted
solar and wind installations, so these options are not eligible investments.

Figure 48. Investments performed in the Business park archetype under different Use-of-Network structures
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Source: Own elaboration with results from MODECQ’s investment model

The results for the German Business park show little variation between the No Charges and Bandwidth
cases. The installed CHP capacity is 1.86 MWe (3.38 MWt) in both cases, which is 25% above the mean
thermal demand (2.70 MWt) registered for this archetype in winter but below the maximum peak demand
(7.10 MWt), which suggest a correct sizing. The storage power considered is 14.12 MWh and 13.15 MWh
in the No Charges case and Bandwidth models, respectively, and corresponds to energy-based batteries only.
Additionally, 27 V2G chargers are installed when No Charges is considered, and 33 when using the
Bandwidth restrictions. As seen in Figure 49, where the electrical balance for two representative days in
the Bandwidth scenario is shown, the installed batteries in the German Park are used to store excess CHP and
solar production in low-priced windows and sell it back when prices get higher. The PV solar rooftop installed
in both scenarios corresponds to the maximum possible given the available area. As seen in the figure below,
this results in some excess production during summer, which is used to charge batteries.

In Spain, these two scenarios also lead to similar investment decisions. The installed CHP capacity is the
same for the No Charges and Bandwidth tariffs (3.75 MWe, 6.83 MWt) and higher than in the German
region despite that the Spanish Business park has a thermal demand 12% lower. Looking at the annual
investments made by the Spanish park under these scenarios, it is observed that the largest CHP capacities
are installed in Spain in 2025 and 2040 (see the Bandwidth model example in Figure 50). The cogeneration
capacity installed in 2025 is pretty similar to that made in the German region. Moreover, the CHP operates at
partial load practically all the time, which is why the new CHP power installed in 2040 does not make
operational sense. It is just included to justify larger storage capacity without violating the model restrictions.
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Figure 49. Electrical balance for the Business park communities under a Bandwidth tariff in two representative days in
January and August 2040 [Maximum Q]

Germany: Day in January2040

Germany: Day in August2040

4 L
t150 31 20
r1s
F 100 21 am
5] = o E Fio =
B 50 % e Fs é
= = = =
T oo o 5 T oo I I I T i to 3
@ w a I w
g v g -y
& =50 o o -1 o
-2 T r-loa
F—100 -2
r—15
F-150 34 L _
“ T 20
01234567 8 910111213141516 171819 2021 2223 01234567 8 91011121314151617 1819 20212223
Hour Hour
Spain: Day in January2040 Spain: Day in August 2040
[ -
F 100 N -] -] F 100
4 ! -
= rso £ - > - rso £
= 29 s E - B =
= = = - I =
= ~— BB =4
E 0 rll * I ro a a.) o --------------1I B a
=
: T 3 ol L .
-2 ]
= F-50 =2 & -2 F-50 =2
a a
_a -
a4
r =100 r =100
6
— T T T T — T
01234567 65101112131415161716192021 2223 012345678 91011121314151617161920212223
Hour Hour
PV Roof Bl Electrical demand Sold power Bought power Sell price
I Disch. Power from ES-Energy I Charge Power to ES-Energy I Charge Power to V2G H Disch. Power from V2G Buy price

mm CHP Gas

The selected representative days are January 11" (Q: 24) and August 25" (Q: 20) for Germany and January 31° (Q: 27) and August 28"
(Q: 19) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECOQ’s investment model

Figure 50. Annual investments performed in the Business park archetype under the Bandwidth tariff case
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The storage power installed in the Spanish park under the No Charges and Bandwidth cases (3.75
MWh) doubles that considered under the same tariffs in the German region. As observed in the
electrical balance for the Bandwidth model shown in Figure 49, at some hours, the purchase prices
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considered in the Spanish Business park are close to zero, which permits charging batteries with grid
electricity on top of excess energy and selling it later to obtain a profit. Given the considerable price spreads,
these obtained revenues are high enough to justify installing excess CHP at the end of the period just to ‘trick’
the model into accepting larger investments in energy-based batteries.

As explained before, the model limits the storage capacity to the installed power capacity to avoid
overinvestments in batteries solely for energy arbitrage purposes, which derives from the definition of energy
communities as non-for-profit entities. However, under this context, revenues associated with energy
arbitrage are large enough to support the installation of more CHP than actually needed to meet the
community’s thermal or electrical demand. This extra CHP capacity is acquired at the end of the period to
minimize the fixed operational and maintenance costs associated with this technology in the computation of
the 16-year total operational costs.

PV solar rooftop capacity is below the maximum permissible in both cases, but the installed capacity is lower
in the No Charges (2.85 MW) than in the Bandwidth (2.97 MW), as marginal prices are lower in the first as
taxes are not considered, and no opportunity to save any further costs are present as no Use-of-Network
tariffs are considered. As explained in Section 6.2, marginal prices in Spain are low in high peak solar
production hours (3:00 - 16:00) and get even lower in the future, which makes solar a less attractive
investment despite the lower LCOE offered by these technologies in Spain. In Germany, lower solar radiation
increases the value of LCOE, but this is still competitive before 2030 due to the larger marginal prices
registered in this region (Figure 51. Solar LCOE in Germany and Spain versus mean marginal price during high
solar radiation hours (Figure 51). For this reason, when looking at the annual investments made by the
communities, solar power is installed earlier in Germany than in Spain (see for instance the Bandwidth
model results shown in Figure 50). Notably, no penalizations for bandwidth excess usage is reported for the
German or Spanish Business park under the proposed investment strategy.

Figure 51. Solar LCOE in Germany and Spain versus mean marginal price during high solar radiation hours
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Source: Own elaboration with results from MODECQ’s investment model.

The Peak power scenario results in slightly larger cogeneration (1.93 MWe, 3.51 MWt) capacity being
installed at the German Business park than under the rest of tariffs. However, the storage capacity considered
is lower (5.98 MWh) as well as the number of V2G points (21). As in the other cases, PV solar rooftop is kept
to the maximum possible. Although on most days, batteries are charged with excess local generation, at some
hours, batteries need to use grid electricity as support (see the representative days shown in Figure 52 for the
Peak power case). Electricity grid charging is economically penalized under the Peak power tariff when it

94

Study by IREC and R2M Solution under Service Contract no. 942132-1PR-2021



contributes to increasing demand peaks, reducing the times in which it can be done up to a certain level
without incurring in extra costs. For instance, on the August day shown in Figure 52, batteries stop charging at
12:00 when the highest demand is presented. On the contrary, when using the No Charges scenario, batteries
charge large energy volumes at low-priced periods. The lowest number of V2G points (21) are installed in the
Business park under this tariff.

Figure 52. Electrical balance for the Business park communities under a Peak power tariff in two representative days in
February and August 2040 [Minimum Q]
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The selected representative days are January 25" (Q: 7) and August 11" (Q: 11) for Germany and January 24" (Q: 4) and August 16" (Q:
12) for Spain. In all cases, the days with the minimum weight (Q) per month were selected.
Source: Own elaboration with results from MODECOQ’s investment model
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Figure 53. Electrical balance for the Business park communities under a No Charges tariff in two representative days in
February and August 2040 [Minimum Q]
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The selected representative days are January 25" (Q: 7) and August 11* (Q: 11) for Germany and January 24" (Q: 4) and August 16" (Q:
12) for Spain. In all cases, the days with the minimum weight (Q) per month were selected.
Source: Own elaboration with results from MODECO’s investment model

In Spain, the installed cogeneration capacity (1.90 MWe, 3.45 MWt) under the Peak power is larger than in
the TOU but lower than in the No Charges and Bandwidth scenarios (where it was oversized). The installed
CHP size is aligned with the community’s thermal demand (demand peak of 6.3 MWt). Storage capacity
is also lower (14.09 MWh) than in the previous cases for the same reasons explained for the German
community. This is the only case in which the Business park installs power-based batteries (C-rate 2) instead
of just energy-based units (C-rate 0.35). The storage capacity, however, is pretty low (30,2 kWh) for this
battery type. As happened in Germany, the Power peak tariff results in the least number of V2G
chargers (18) installed.

Under the TOU tariff, the same CHP capacity as in the No Charges and Bandwidth models is installed in the
German community. PV solar rooftop is also kept to the maximum power possible. Storage capacity (7.01
MWh), nonetheless, is lower than in these scenarios but higher than in the Peak power. In the TOU scenario,
battery grid charging is also costlier than in the Bandwidth (up to a certain limit) and the No
Charges model, particularly at peak hours, which makes energy arbitrage less profitable for
batteries, reducing its economic viability. The number of V2G stations (34) is similar to that installed in
the Bandwidth case (33). However, it must be noted that the representative days are different for this tariff
as the Use-of-Network tariffs result in a different price curve.

In Spain, the cogeneration (1.63 MWe, 2.96 MWt) and storage (13.45 MWh) capacity are the lowest in
this scenario. The values, however, are not that far from those reported in the Peak power case even though
different representative days are used. As in most cases, only energy-based batteries are installed. The
number of V2G charging points installed are the highest (36) as in the German region.

7.1.2 Industrial polygon

The industrial polygon is the archetype in which less regional differences are observed regarding
electrical and heat demand in the German and Spanish cases, as energy needs are more process than
climate driven (see Section 3.1.2). Thus, investment choices in this archetype remain practically unaffected by
this variable. As shown in Figure 54, the results from the investment model consider installations in CHP,
energy-based storage, V2G charging stations, solar PV rooftop and low-capacity wind turbines. The
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investments done in solar PV rooftop and low-capacity wind turbines are the same for all cases and
correspond to the maximum allowed given the available rooftop and land spaces.

Figure 54. Investments performed in the Industrial polygon under different Use-of-Network structures
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Source: Own elaboration with results from MODECQ’s investment model

No significant differences are observed in the total amount invested by the German or Spanish
communities under the TOU, No Charges and Bandwidth cases. The German community also results in
the same investment decisions when considered the Peak power tariff. In all these scenarios, the same CHP
capacity is installed (37.52 MWe, 68.22 MWt), which corresponds to 15% above the thermal demand peak
registered in the Industrial polygon. The average thermal demand in the Industrial polygon is 45.8 MWt, and
values are above that threshold just 50%of hours in the 16-year period, which means that the CHP unit
operates most of the time at partial load. Still, the maximum allowed cogeneration capacity is installed to
justify installing larger storage capacity to perform energy arbitrage. The storage capacity installed in all of
these cases is 128.24 MWh, and corresponds to energy-based batteries (C-rate 0.35) only. The number of
V2G points installed vary slightly among scenarios. The only exception is the German polygon under the Peak
power tariff when only four stations are installed, while the average in the rest of cases is 38.

In all these cases, the installed power of PV solar rooftop (6.63 MWe) and low-capacity wind turbines (0.74
MWe) correspond to the maximum possible given the available land and rooftop space. Compared to the rest
of technologies wind influence is barely noticeable as shown in the electrical balance for the two
representative days in the Bandwidth scenario (Figure 55). PV solar production is more significant in Spain as
solar radiation is higher. As the representative days and price curves vary between regions, some difference in
the asset’s operation can be observed. Still, these do not reflect in different investment decisions.
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Figure 55. Electrical balance for the Industrial polygon communities under a Bandwidth tariff in selected representative
days in January and August 2040 [Maximum Q]
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The selected representative days are January 22™ (Q: 22) and August 29" (Q: 22) for Germany and January 23" (Q: 22) and August 29"
(Q: 23) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECO’s investment model

The investment made in solar and low-capacity wind turbines are influenced by the technologies’ LCOE and
the available area at the archetype. The selected wind turbines have a higher LCOE than the high-capacity
wind turbines or the ground-mounted PV solar, but they occupy the least area per installed Megawatt from all
the renewable energies considered. As the available land is limited in this archetype, the model chooses the
technology that permits installing the largest capacity. It must be noted that despite having larger LCOE than
the other alternatives, it is still competitive against the electricity grid prices.

As happens with solar, the year in which wind farms are installed varies across regions. In Germany, wind is
installed earlier as low-capacity turbines are competitive in price since the start of the evaluation period
(Figure 56), while in Spain this equipment’s LCOE gets below the mean marginal prices until 2032. As seen in
the annual investments reported under the Bandwidth scenario (Figure 57), the German polygon installs low-
capacity wind turbines in 2025 whereas the Spanish community does it until 2032.

As PV solar rooftop does not compete against the rest of wind and solar technologies over land space, and its
LCOE is competitive against marginal prices in both countries, the maximum possible is always installed. The
investments in Germany and Spain are done at different points as LCOE becomes competitive against
marginal prices after different years as explained in the previous archetype (see Figure 56). In general, these
investments are done at earlier years in Germany than in Spain.
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Figure 56. Wind LCOE in Germany and Spain versus mean marginal price
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Figure 57. Annual investments performed in the Industrial polygon archetype under the Bandwidth tariff case
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Source: Own elaboration with results from MODECQ’s investment model

It is relevant to note that in this archetype, the Spanish community does incur in some penalizations
for excess energy withdrawal under the Bandwidth model. These start in 2034 and continue until the
end of the period, representing average annual costs of 11,846 €. In the German community no penalizations
are reported. As observed in the Bandwidth electrical balance for two representative days in 2040 (Figure 55),
in both days, the Spanish polygon charges batteries around midday, when prices are low, to discharge at night
and dawn when selling prices reach over 100 EUR/MWh. However, in the August day, it surpasses its
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established limit (52.44 MWe) as the low-priced window is narrower and the potential economic
benefits to sell that energy back later permits to afford such penalties. The rest of the time, the
model prefers to maintain demand up to the maximum possible without causing penalizations.

The Spanish polygon shows some difference with the rest of scenarios when using the Peak Power tariff.
First, the installed CHP capacity is slightly below the other scenarios (32.47 MWe, 59.04 MWt), as is the wind
power (0.65 MWe) and energy-based batteries installed (114.13 MWh). PV solar rooftop power is the same as
in all other scenarios, but ground-mounted solar (0.19 MWe) is also installed in this particular case. Still, the
installed amount is small given the limited land space considered for this archetype. As shown in Figure 58,
solar investments are encouraged in the Spanish polygon as its profile coincides with the community’s
demand peaks, contributing to decrease costs associated with capacity-based network charges. In Germany,
this is also the case, but the lower solar radiation available in this region makes this technology less attractive
as an investment even under a Peak power tariff, which is why wind is preferred on land and PV solar is
constrained to the rooftop area.

Figure 58. Electrical balance for the Industrial polygon communities under a Peak power tariff in selected representative
days in January and August 2040 [Maximum Q]
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The selected representative days are January 22" (Q: 22) and August 29" (Q: 22) for Germany and January 23 (Q: 22) and August 29%"
(Q: 23) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECOQ’s investment model

7.1.3 Rural town

The Rural town communities invest in wind, solar, gas-fuelled CHP, batteries and V2G charging
points. In this case, however, a combination of ground-mounted solar, low and high-capacity wind turbines
are used depending on the tariff case evaluated. In this archetype, the investments done by the Spanish
community present less variations among tariff scenarios, whereas in Germany the TOU case reports the
largest investments, mostly related to CHP and storage installations (Figure 59).
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Figure 59. Investments performed in the Rural town under different Use-of-Network structures

Germany

4 _
w 3
g
=
w
: _
S 2
IE _

1

04

TOU [LV]
Spain

a
w 3
g
=1
w
=4
g2
g

1 _

NC TOU [Lv] BW [LV] PP [LV]
mmm Boilers W CHP (gas) Batteries (Power) Solar PV (Rooftop) = V2G = Wind (High) = Wind (Low)
mmm CHP (biomass)  mmm Batteries (Energy) Solar PV (Land)
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The CHP capacities installed in the German Rural town under the No Charges, Bandwidth and Peak power are
aligned with the community’s heat requirements, considering that in Germany an average thermal power
demand of 1.07 MWt is reported during the winter season. The cogeneration power ranges from 0.68 MWe
(124 MWt) in the Bandwidth to 0.75 MWe (1.36 MWt) in the No Charges case. The storage capacity
considered are also pretty similar in the No Charges and Bandwidth tariffs (433 MWh and 443
MWh). Under a Peak power tariff, significantly higher storage is installed (4.88 MWh). As seen in the
representative day show for August 2040 in Figure 60, in Germany, batteries are needed to reduce the
demand peaks reported at 8:00 and 9:00 hours for this archetype, as local generation at this time is limited.
The number of V2G charging points is the same (14) for the No Charges and Bandwidth cases. In the Peak
power scenario, two extra charging points are considered.

In all these tariffs, low and high-capacity wind turbines are installed in similar proportions in the
German region. The largest wind capacity (0.77 MWe), nonetheless, is found at the No Charges scenario,
in which no solar investments - rooftop or land - are done. In the Bandwidth model, slightly less wind
capacity is installed (0.73 MWe), but solar PV rooftop (0.13 MWe) is also included in the local generation mix.
Finally, in the Peak power scenario, part of potentially installed wind capacity is sacrificed (reaching 0.6 MWe)
to instead include ground-mounted solar (0.22 MWe). As seen in the figure below, solar helps reducing peak
demands and, therefore, capacity-based network charges. The investment decisions over wind and solar
technologies are based upon the technologies costs, the curve prices and the land available as discussed
previously for the Industrial polygon.
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Figure 60. Electrical balance for the Rural town communities under a Peak power tariff in selected representative days in
January and August 2040 [Maximum Q]
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The selected representative days are January 29" (Q: 23) and August 19" (Q: 21) for Germany and January 8% (Q: 25) and August 6 (Q:
19) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECOQ’s investment model.

In Spain, the installed cogeneration capacity is practically the same (0.63 MWe, 1.15 MWt) for the No
Charges, Bandwidth and Peak Power scenarios. As in the German region, this capacity is adjusted to the
community’s thermal demand. Wind installations are also pretty similar in the three cases, with average
high and low-capacity wind power of 0.49 MWeand 0.25 MWe, respectively. No solar is installed in any case.
The installed storage capacity is the lowest in the No Charges case (0.25 MWh) and highest in the Peak power
scenario (0.54 MWh). The latter is also the only case in which the Rural town installs power-based batteries
(C-rate 2) and not only energy-base units (C-rate 0.35). However, as happened in the Business park archetype,
the installed power-based capacity is low (13 kWe). As shown above, under the Peak power tariff,
batteries are used in the Spanish town to store excess wind energy at times in which demand and
prices are low to discharge at higher-priced hours (1:00 and 23:00) or when demand peaks occur
(8:00). Still, in all cases, the storage capacity installed in Spain is significantly lower than in Germany as the
wind generation profile has a high coincidence to high-priced and demand periods, which makes batteries
usage less attractive.

The results obtained for the German Rural town under the TOU tariff present significantly higher
investments when compared with the rest of cases. The CHP capacity installed (1.91 MWe, 3.47 MWt)
corresponds to the maximum allowed investment given the community’s peak demand (3.18 MWt).
The CHP, nonetheless, was already utilized at partial load for practically all hours after 2025, so new
investments in CHP are not justified in 2040 except for allowing higher storage instalments. As can be seen in
Figure 61, in the selected days for the German Rural town there are higher selling prices than in other
archetypes, reaching over 100 EUR/MWh in several days, such as in the chosen day for January 2040 at
22:00 hours. This mix of conditions results in significantly larger storage capacity being added in the German
town under the TOU tariff (9.38 MWh) than with the rest of tariffs in which the total storage capacity installed
averages 4.55 MWh. This, in turn, leads to extra CHP capacity installed to obey the model rules. Wind
installations in this case (0.65 MWe) are similar to the Peak power case. Both, PV solar rooftop (0.05 MWe)
and land (0.67 MWe) are also considered in this case, which represents the largest solar investments made in
the German Rural town. The number of V2G points (18) are larger than for the rest of archetypes.

On the contrary, in Spain, the lowest CHP capacity is installed under the TOU tariff (0.56 MWe, 1.02
MWs1). Storage capacity (0.57 MWh) is higher than in the rest of tariff scenarios. As seen in Figure 61,
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batteries in this case are used similarly to the other cases; their purpose is to store excess wind energy during
low-priced periods to be later sold at a higher price. As the TOU uses different selected days than the rest of
archetypes, the resulting price curves have a strong influence over the results obtained in this case. As can be
seen in the figure below, the peak prices reported in the chosen representative day for August 2040 doubles
the prices applicable to the Spanish town in the rest of scenarios, which reflects in more installed batteries as
energy arbitrage becomes more profitable. Still, the storage capacity installed continues being significantly
lower than for Germany, as wind production in Spain fits better the demand and price curves used, making
batteries less useful.

Figure 61. Electrical balance for the Rural town communities under a TOU tariff in selected representative days in
January and August 2040 [Maximum Q]
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The selected representative days are January 29" (Q: 23) and August 19" (Q: 21) for Germany and January 8" (Q: 25) and August 6 (Q:
19) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECQ’s investment model.

Low and high capacity wind turbines are also considered in the TOU case. High capacity installations are
favoured earlier as they offer a lower LCOE than the low-capacity types (see Figure 56). In the Spanish town,
the land-prices-technology dynamics imply not installing any PV solar on land as prices during solar
irradiation hours are fairly low, and self-consumption is already covered by wind production. Despite not
competing over the same area availability, no PV solar rooftop is installed in the Spanish community under a
TOU or any other tariff tested for the same reason that PV solar on land is disregarded: prices during solar
radiation hours are not competitive. As in the Industrial polygon, for land installations, the model finds the
technological combination that permits to maximize benefits, considering the prices curves, generation
profiles and technologies’ costs and features, such as land usage.

7.1.4 Urban district

In the Urban district archetype, communities invest in gas-fuelled CHP, batteries, solar PV rooftop
and V2G charging points (Figure 62). Ground mounted solar and wind farms are not possible investments
due to land usage restrictions. The scenarios that prompt the largest investments are the No charges for
Spain and the TOU for Germany, although just slightly above the No charges case. As happens in the previous
archetypes, the major differences are mostly due to the decisions taken regarding investments in CHP
and batteries. In this case, however, significant differences are observed regarding the amount of PV solar
rooftop installed in each region, and among the tariff structures evaluated in the Spanish Urban district.
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Figure 62. Investments performed in the Urban district under different Use-of-Network structures
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Source: Own elaboration from the UCED’s model first executions

For the German district, the lowest amount invested (4.31 M€) is registered in the No Charges scenario. The
difference, however, is narrow when compared to the rest of tariff analysed. The installed CHP capacity (1.58
MWe, 2.87 MWt) is just below the community’s peak thermal demand (3.51 MWt). As in previous archetypes,
this means that the cogeneration unit operates at partial loads most of the time. The installed batteries
(10.89 MWh) are the lowest considered for the German Urban district, but are large enough to
need extra CHP installed to obey the model rules. PV solar rooftop capacity is also at its lowest in this
scenario (2.24 MWe) as no Use-of-Network charges can be avoided as in other tariffs. The number of V2G
stations installed (5) is practically the same as for all other scenarios.

In the Spanish region, the opposite trend is observed as the No Charges case is the one with the largest
amount of money invested (2.09 M€). While the PV solar rooftop installed is lower than for other cases
(1.15 MWe), the installed CHP capacity is far higher (1.41 MWe, 6.44 MWt) than for the rest of the tariffs,
which result in cogeneration sizes of around 0.64 MWe (2.56 MWt) for the Spanish district. As happened with
the German district, an oversized CHP is installed to justify investments in energy-based batteries (C-rate
0.35). The storage capacity considered in this scenario (7.29 MWh) is below that installed for the German
district, but it is significantly higher than that installed in the Bandwidth and Peak power models, which use
the same representative days as the No Charges case.

The CHP capacity installed in the German district under the Bandwidth and Peak power cases is equal to that
installed in the No Charges case. Storage capacities, nonetheless, are higher under these tariffs, and in both
cases round 11.3 MWh. As shown in Figure 63, batteries under the Peak power tariff are used to store excess
solar and CHP electricity in low-priced periods to be consume later when purchase price are higher. The
installed solar PV rooftop is also larger as the Bandwidth and Peak power offer some further opportunities to
reduce costs by avoiding Use-of-Network tariffs through self-consumption. The solar power in the Bandwidth
(2.36 MWe) is below that considered in the Peak power case (2.41 MWe), which corresponds to the maximum
allowed given area restrictions. This as in the latter cost saving opportunities through peak shaving offer
higher benefits; for instance, see the electrical balance for the representative day in January 2040 shown in
Figure 63.
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Figure 63. Electrical balance for the Urban district communities under a Peak power tariff in selected representative days
in January and August 2040
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The selected representative days are January 18" (Q: 23) and August 25" (Q: 24) for Germany and January 27" (Q: 23) and August 28"
(Q: 19) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECOQ’s investment model

In the Spanish district, the installed cogeneration capacity is at a similar level for both the Bandwidth (0.67
MWe, 1.22 MWt) and Peak power (0.62 MWe, 1.13 MWHt) tariffs. This is sized to the community’s thermal
requirements (mean winter thermal demand of 0.77 MWt). However, the storage capacity installed is more
significant in the Bandwidth (5.62 MWh) than in the Peak power (3.53 MWh). As seen in Figure 63, under a
Peak power structure, batteries are mostly charged with excess solar that is discharge at night, when no solar
is produced, to supply demand and avoid electricity purchases at high-priced hours. In the Bandwidth scenario,
however, batteries are also charged through the grid (Figure 64). Notably, in any case the maximum PV
solar rooftop capacity (2.41 MWe) is installed in the Spanish district, the energy prices are so low
during high solar production hours that is more convenient to consume directly from the grid. In
the Bandwidth scenario the PV solar rooftop considered is 1.29 MWe while in the Peak power this is slightly
larger. V2G stations installed are 4 and 5, respectively.
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Figure 64. Electrical balance for the Urban district communities under a Bandwidth tariff in selected representative days
in January and August 2040
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The selected representative days are January 18% (Q: 23) and August 25" (Q: 24) for Germany and January 27" (Q: 23) and August 28"
(Q: 19) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECQ’s investment model

The results obtained for the TOU scenario show similar dynamics to those described for other archetypes. In
Germany, investments in batteries (12.26 MWh) are larger than in Spain (3.81 MWh) as price
spreads are not as pronounced in the latter (see Figure 65). For Germany, this encourages installing extra
CHP capacity in 2040 (totalling 1.88 MWe, 3.42 MWt) to allow further batteries instalments, even when the
equipment’s full load operation is not required most of the time. In Spain, a CHP size (0.6 MWe, 1.1 MWt)
more aligned to the district heat demand (mean winter thermal demand equal to 0.8 MWt per hour) is
installed. In this case, the German Urban district installs the maximum PV solar rooftop capacity possible due
to space restrictions (241 MWe). This is decided based upon the regional electricity prices and the
technology’s LCOE (See Figure 51). However, the Spanish district only installs 62% of this capacity as
marginal prices during solar radiation hours are low, and get even lower in future years. The installed V2G
charging points are similar for both regions (5 in Germany and 6 in Spain.
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Figure 65. Electrical balance for the Urban district communities under a TOU tariff in selected representative days in
January and August 2040 [Maximum Q]
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The selected representative days are January 18" (Q: 23) and August 18" (Q: 21) for Germany and January 22 (Q: 25) and August 18"
(Q: 17) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECO’s investment model

7.1.5 Virtual community

The total investments made in the Virtual community cases are shown in Figure 66. As in this case the
community members are not within the same location, CHP installation is not considered feasible.
Moreover, this is the only case in which energy-based Use-of-Network tariffs are associated with self-
consumption. The Virtual community members still save money as self-consumption avoids paying the entire
tariff costs, and just a fraction is charged. In this archetype, the communities invest in batteries (mostly
energy-based), solar PV, low and high-capacity wind turbines, and V2G charging points. Overall,
investments in Germany are higher than in Spain. The largest investments are reported for the Peak
power case (6 M€) followed by the TOU tariff (5 M€), while in the two other scenarios the amount of money
invested is 4.2 M€. In Spain, there are less differences among scenarios regarding the total amount invested,
going from 3.53 M€ in the Bandwidth model to 3.40 M€ in the Peak power case.
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Figure 66. Investments performed in the Virtual community under different Use-of-Network structures

Germany

6
5 -

Million Euros
W

TOU [LV]

Spain

Million Euros
Ly

TOU [LV] BW [LV] PP [LV]

mmm Batteries (Energy) Batteries (Power) Solar PV (Land) Solar PV (Rooftop) mmm v2G  mmm Wind (High) = Wind (Low)

Source: Own elaboration from the UCED’s model first executions

In Germany, the No Charges scenario results in similar investments to the Bandwidth model. In Germany, the
available land space is filled with high and low-capacity turbines, with equal installed power for both tariffs
(136 MWe and 1.05 MWe of high and low-capacity, respectively). High capacity is preferred over low-
capacity as there is wide land space available and the first wind turbine type offers the lowest LCOE. PV land
is not considered even though it offers a lower LCOE than low-capacity wind as it occupies more space and
would reduce total renewable production, particularly as solar resources in Germany are less abundant. PV
solar rooftop is installed, as it does not compete over land space, with smaller capacity in the No Charges
(0.35 MWe) than Bandwidth model (0.44 MWe). A larger solar capacity is installed in the Bandwidth model as
the taxes considered in this scenario make self-consumption more beneficial by avoiding these costs even
below the penalization limit. Batteries investments are 3% larger for the German Virtual community under a
Bandwidth model, but the No Charges case results in more V2G charging points (89 versus 56 in the
Bandwidth model), which can also be used as storage as done in the representative days shown in Figure Y
for the Bandwidth scenario. The high number of V2G points installed in this archetype are due to the larger
influence area considered, which results in a higher number of electric vehicles circulation.

In Spain, practically the same investment decisions are taken under the No Charges and the Bandwidth model.
The only relevant difference is that in the No Charges case, some power-based storage (C-rate 2) is installed,
although the capacity is small (0.08 MWe). As seen in Figure 66, the total amount invested in these scenarios
is lower in Spain than in Germany (on average, 17% less). The main difference is the storage capacity, as
wind, solar and V2G are installed at similar levels. As happened in the Rural town, the Spanish wind profile
results in more wind production during high price periods. This makes batteries less attractive. For
instance, in the representative days shown in Figure 67, no batteries are used in Spain as during low-priced
periods wind excess is used to charge electric vehicles, which represent a fixed income for the community. The
rest of the time, excess production is injected to the grid.
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Figure 67. Electrical balance for the Virtual communities under a Bandwidth tariff in selected representative days in
January and August 2040 [Maximum Q]
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The selected representative days are January 2% (Q: 25) and August 28" (Q: 23) for Germany and January 26" (Q: 27) and August 28
(Q: 19) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECO’s investment model

Under the Peak power tariff, the German community results in the largest investments from all Virtual
community cases. The main differences are related to battery investments as the wind power installed is
actually lower than in the previous cases (-27%), and the solar capacity is above the No Charges and
Bandwidth, but below the TOU scenario. This is the only case in which the German community installs PV
solar on land (2.38 MWe). The latter as solar production coincides with the community peak demands, which
is why a larger capacity of PV solar rooftop is installed (0.54 MWe) compared to the previous tariff scenarios
(0.44 MWe and 0.35 MWe are installed in the Bandwidth and No Charges cases, respectively). The total
storage capacity installed in the German Virtual Community is 13.36 MWe, 70% and 60% more than in the
No Charges and Bandwidth cases. As observed in the electrical balance shown in Figure 68, batteries are
mostly used by the German community to lower summer demand peaks as wind load factor is lower
during this season (see Figure 7). Batteries are charged at dawn when prices are low and discharge
between 8:00 and 15:00 when peak demand take place. In the Bandwidth and No Charges scenarios, less
storage is installed as less benefits are obtained from using batteries. As seen in the figure above, batteries
are discharged at night when prices are higher, still the price spread is not as high as the costs avoided
through peak shaving. The amount of energy-based storage in this case disincentives the installation of V2G
points, which is the lowest in the four scenarios tested.

In the Spanish region, the installed wind capacity is also lower (-17%) than in the No Charges and Bandwidth
cases. As in the German community, ground-mounted PV solar (1.14 MWe) is also considered under a Peak
power tariff, but no PV solar rooftop is installed. According to MODECO assumptions, solar on land offers a
lower LCOE than on rooftop, which is why it is prioritized to supply demand peaks. As happened in the German
region, the Peak power tariff results in the least number of V2G charging stations installed. In this case,
however, the energy-based batteries capacity is the lowest (2.29 MWh) from the four tariffs analysed. As
seen in the representative days shown in Figure 68, during peak demand times there is plenty of wind and
solar energy available, which makes less beneficial to install and operate batteries (as shown in Figure 6 and
Figure 7, wind resources and solar resources are more stable throughout the year than in Germany).
Moreover, excess renewable production during low-priced windows is mostly used for electric vehicle charging.
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Figure 68. Electrical balance for the Virtual communities under a Peak power tariff in selected representative days in
January and August 2040 [Maximum Q]
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The selected representative days are January 2™ (Q: 25) and August 28" (Q: 24) for Germany and January 26" (Q: 27) and August 28
(Q: 19) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECO’s investment model

For the German community, the TOU tariff results in the second largest total investments. The total
wind capacity (2.26 MWe) is higher than in the Peak power tariff but lower than in the rest. In this case, the
solar PV rooftop capacity installed is the highest (1.37 MWe), but contrary to the Peak power, no ground-
mounted solar is considered. Under a TOU tariff, solar represents higher potential economic benefits than the
No Charges and Bandwidth cases as it avoids paying full Use-of-Network charges for consumption at those
hours. These potential savings, however, are below those achieved through peak shaving in the Peak power
case. The total energy-based batteries installed is 22% lower than in the previous tariff scenario. In this case,
the largest number of V2G points are registered. As the representative days selected are different for
this case, the electrical balance for the TOU tariff is shown in Figure 69. As observed, in both of the shown
days, no batteries are operated in the German community, while V2G points are actively charging during
low-priced windows in August. In this context, batteries are mostly relegated to performing energy
arbitrage in days with wide price spreads, which mostly take place towards the end of the 16-year period,
when the energy-based storage is implemented (Figure 70). In the rest of tariff scenarios, batteries are
installed earlier in Germany, although the largest capacity is always installed at the end evaluation period
(2040).

As happened in Germany, the TOU tariff results in the Spanish community investing in higher wind
capacity (2.12 MWe) than in the Peak power but lower than in the rest. Solar is also favoured under this
tariff, as it is the only case aside from the Peak power in which ground-mounted solar is installed (0.91
MWe) in Spain. No solar PV rooftop is installed in the Spanish community under any tariff, as it has a higher
LCOE than solar on land, resulting even less competitive given the low energy prices registered at solar
radiation hours in Spain. As prices during solar production hours are low, solar production is used as a
complement energy source to charge electric vehicles or batteries that will be discharged later when prices
get considerably higher (see the January representative day shown Figure 69). The amount of storage
installed for this case (3.29 MWh) is lower than in the Bandwidth and No Charges cases, but higher than in
the Peak Power. The results, nonetheless, seem to be more impacted by the representative days selected,
which contain wider price spreads than the rest of scenarios as shown in the January day in Figure 69.
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Figure 69. Electrical balance for the Virtual communities under a TOU tariff in selected representative days in January
and August 2040 [Maximum Q]
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The selected representative days are January 2™ (Q: 25) and August 25" (Q: 22) for Germany and January 18" (Q: 26) and August 4™ (Q:
17) for Spain. In all cases, the days with the highest weight (Q) per month were selected.
Source: Own elaboration with results from MODECOQ’s investment model
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Figure 70. Annual investments performed in the Virtual community archetype under the TOU case
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7.2 Sensitivity tests
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In the TOU tariff scenario, further tests were run using a flat rate for the energy purchase price
instead of the dynamic price. The Use-of-Network tariffs are maintained the same as in the base case. For
the Industrial polygon an additional scenario was analysed using a fixed price for the entire 16-year
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period, simulating a PPA/bilateral contract scenario. As explained in Section 2.3.1, this price was set
based on the costs from the generators considered in the power system model for each region.

Using a flat rate with narrower differences between high and low priced hours complicates finding the
optimal solution for some cases. Although the model reaches a solution within the established maximum time
(6 hours) for all scenarios, this is far from the optimal for some of the archetype-region combinations. As
explained in Chapter 4, this is indicated by the gap value reported by the GAMS software. This situation was
more often observed in the Spanish region, in which all archetypes except the Virtual community (gap: 6.2%)
finalized the optimization process with gap values greater than 9.6%, even when extra restrictions were
added!. For Germany, most of the archetypes managed to get a gap value below 6,0% but only after
integrating the additional positive value constraint. The only exception was the Business archetype (gap:
37,0%), which was also the case with the highest gap for the Spanish region (gap: 51,0%).

For these reasons only the results for the Industrial polygon (gap: 1.25%), Rural town (gap: 5.7%), Urban
district (1.9%) and Virtual community (gap: 0.5%) are discussed in this section, although one of them got gaps
below the maximum threshold used for the base case scenarios (<0.1%). For these reasons, the sensitivity
test results must be interpreted with caution considering that the proposed investment path is not as close to
the optimal solution as those shown in the previous section. A similar situation was encountered for the
Industrial polygon when using the 16-year fixed price (TOU_PPA). When the extra positive value constraint, the
case in Germany managed to reach a gap value of 5,0% but the Spanish community only decrease up to
149%, which is why the Spanish archetypes results are not discussed.

7.2.1 Sensitivity to different price rates

As part of the sensitivity tests run in this study, a flat rate price was tested for the German community
archetypes under a TOU tariff. The results obtained for the German archetypes with gap values below 6% are
shown in Figure 71. As expected, the resulting investments in energy storage were significantly
reduced as price spreads narrowed down significantly when a mean annual price is used as the base
electricity costs. For 2040, when high selling prices are present, the mean average also rises (see Figure 53 in
Section 6.2), making it costlier to charge batteries with grid energy and decreasing potential revenues from
energy arbitrage activities. For the archetypes with large energy demands (Industrial polygon and Virtual
community), using a flat rate resulted in zero storage investments, as local energy production can be mostly
consumed directly.

Notably, changing to a flat rate also results in the installation of power-based storage in the Virtual
community, a type of investment previously identified only under Peak power scenarios, but the invested sum
is barely noticeable as the installed capacity is minimum. The largest reduction in volume storage when using
a flat rate are observed in the Industrial polygon in which zero storage capacity is installed. This is followed
by the Virtual community (-98%) and Rural town (-96%) archetypes. The least reduction for the flat rate
cases is observed in the Urban district (-72%).

For the Industrial polygon, using the 16-year fixed price (TOU_PPA) results in 11% reduction in the storage
capacity installed compared to the dynamic price case. As could be seen in Figure 53 (Section 6.3), the fixed
prices used in 2025 in the TOU_PPA case result in energy tariffs with peak prices slightly above those of the
dynamic price scenario (TOU). However, in future years, dynamic prices increase at peak hours and decrease
at valley times. These price differences result in batteries being installed in 2033 and 2034 in the dynamic
case, while in the PPA scenario, investments are done until the end of the evaluation period (2038 and 2040)
when energy-based batteries’ costs are low enough to offer some profit. In the flat rate scenario, no
investments in batteries are reported despite offering higher prices and a similar trend to the PPA case. It is
therefore assumed that the storage investment reported for the PPA scenario might be overestimated given
the larger gap value obtained for this scenario.

Investments in CHP are also reduced (around 60% reduction) particularly in those archetypes in which
unrequired additional CHP was installed by the end of the period to allow further battery installations (Rural
town and Urban district). In the Industrial polygon, CHP installed capacity remains the same for all TOU cases
despite the energy price structure. As explained in Section 7.2, the CHP installed in the German polygon under

14 As explained in Section 4.2, those cases that using the standard configuration reached gap values above the desired target (0.1%) were
repeated adding a new constraint that limited the objective function to positive values: positive value constraint.
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these conditions is sized to its thermal demand. It must be noted that CHP investments are not considered an
option for the Virtual community archetype.

Regarding the amount of PV solar installed, no changes among tariff scenarios are observed in the Industrial
polygon and Urban district. Similarly, in the Industrial polygon, wind investments are maintained equal. In the
Rural town, however, ground mounted PV solar capacity (0.3 MWe) is reduced in comparison to the base case
(0.6 MWe) as well as low-capacity turbines, which are also decreased but to a lower extent (from 0.29 MWe
to 0.25 MWe). On the contrary, high-capacity turbines capacity increased to 0.43 MWe from the 0.36 MWe
reported in the dynamic price case. PV solar rooftop, which does not compete over land space, increases in
this and the Virtual community archetypes. As new representative days were selected for this scenario, the
results are also affected by the behaviour of the energy selling prices, which remain linked to the dynamic
prices. Although these were already low on the base case, it gets even lower for the representative days
selected for the flat rate scenario, which discourages selling energy, particularly at solar radiation hours.
Moreover, the reduced storage investments shifting excess energy to hours with higher prices as done in the
dynamic price case, in which high price peaks were profited.

In the Virtual community, the capacity of PV solar on land is increased from zero to 0.5 MWe, while low-
capacity wind turbines’ capacity is reduced considerably (from 0.81 MWe to 0.55 MWe). High-capacity wind
units are just slightly increased (+19%). Overall, the flat price resulted in larger renewable capacity being
installed in the Virtual community and lower in the Rural town. For this particular archetype the flat rate
means that solar is able to obtain higher benefits during radiation hours as tariffs are in average larger in this
timeframe, but it also means paying larger Use-of-Network tariff than in the dynamic case. The extra
benefits, however outweighs the burdens. Wind power, on the contrary, loses some of the evening peak prices
registered in Germany at evening and night under the TOU with dynamic prices, obtaining in average lower
benefits, which are not compensated by the decreased Use-of-Network payments.
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Figure 71. Investments performed in German archetypes under a TOU tariff with dynamic, flat and PPA prices
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Results for the PPA energy price are deliberately omitted for the Rural town, Urban district and Virtual Community archetypes as this
scenario is only considered for the Industrial polygon.
Source: Own elaboration from the UCED’s model first executions

7.2.2 Sensitivity to different discount rates

The tariff base cases — TOU, Bandwidth and Peak Power — were repeated using the maximum discount rate
for Germany (2.5%) instead of the minimum (1.3%) listed in Table 2. For most scenarios, using the higher
discount rate results in lower sums being invested in energy assets, which is expected as future money
revenues are reduced when considering the present value of future cash flows. In most cases, however, the
differences between using the minimum and maximum discount rate are below 1%. As observed in Figure 72,
the case in which the difference between discount rates is more visible is the Business park under the
Bandwidth tariff. Using the 1.3% discount rate results in 9.6% more money invested in energy assets than
when considering the 2.5% rate. In this case, the largest increment is observed in the investments done in
energy-based storage.

114

Study by IREC and R2M Solution under Service Contract no. 942132-IPR-2021



Figure 72. Investments performed in German archetypes under the base tariff scenarios considering different discount
rates
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The minimum discount rate considered is 1.3%, and the maximum 2.5%.
Source: Own elaboration with results from MODECO’s investment model

As shown in Figure 49, during the representative days in the summer season, batteries are mostly charged
using excess solar production for the German Business park under a Bandwidth model. For both discount rate
scenarios, the solar installed capacity is maintained the same (the maximum permissible given the available
rooftop area). Given that storage investments are done towards the end of the evaluation period; these
investments are more sensible to decrements in the value of future expected revenues. The exceptional
scenarios in which the total sum invested is higher when considering the 2.5% discount rate, are the Industrial
polygon and Rural town under the Bandwidth model, and the Virtual community under a TOU tariff. In the
Virtual community and Industrial polygon cases, the differences obtained for the different discount rates are
quite low (< 0.5%). In the Rural town, however, the investments done when using the 2.5% rate are 3.3%
higher than with the lower rate. Contrary to the Business park, the Rural town under a Bandwidth model
results in much higher investments in energy storage when using the maximum discount rate. Although these
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investments are also done towards the end of the evaluation period, they are affected differently given that
the investments in variable renewable energy assets (solar, wind) also increment in this case, which was not
the case in the Business park archetype.
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8 Operational model results

The operational model follows a similar formulation to the investment model, but allowing for further details
in some assets and the possibility to optimize the entire year (8760 time steps) instead of selecting
representative days. This is possible as the installed capacities are known and each year is optimized
individually, which reduces the number of variables and computational time (see Chapter 4). From the case
studies discussed in Chapter 7, the optimal operation of the assets installed by the German and Spanish
archetypes under the TOU, Bandwidth and Peak power tariffs is analysed for each target year (2025, 2030,
2040), looking at the key indicators evolution following the installation of the energy assets dictated by the
investment model. As shown in Figure 14, those key indicators are: the volume of energy dispatched per type
of technology and its associated CO, emissions, the percentage of demand covered by self-consumption, the
amount of energy purchased from the grid, energy costs disaggregated by payment concept, and the
revenues associated to energy sales.

8.1 Local generation mix

The annual demand and generation per type of technology is presented in (Figure 80) for German archetypes
and (Figure 81) for the Spanish. The technological categories have been narrowed down to: Solar PV, Wind
turbines, and Gas-fuelled CHP. Biomass CHP is not included as it is not installed in any region. The annual
electricity purchased is also shown as its volume gives hints about the level of energy arbitrage performed in
certain scenarios.

In Germany, it is observed that local generation (wind, solar, CHP) surpasses demand in most
archetypes, except for the Industrial polygon (where baseload demand is particularly high) and the Virtual
Community (in which Use-of-Network charges are also applied to self-consumption). This indicates that a
fraction of the energy generated by the community in these cases (Business park, Rural town, Urban district)
is being sold back to the grid at some point. In all German scenarios, the amount of local energy generated
grows in 2040, when marginal prices are considerably higher (Figure 45). The highest local generation
increases in 2040 are observed in the Rural town and Urban district archetypes under a TOU tariff and in the
Urban district when a Peak power is considered. In all cases, the major increase is due to a more intensive
CHP usage.

In the German Business park, Rural town and Urban district archetypes, it is observed that the power
production from CHP is equal or larger than the communities’ electrical demand (with the exception
of the Business park 2025 under a Bandwidth tariff). However, as shown in Figure 73, boilers are required
in all of scenarios to cover the thermal demand of the German communities, even in those cases in
which CHP power generation increases considerably in 2040. The Industrial polygon is the only German
archetype in which practically all thermal demand (low and medium heat) is supplied by CHP in 2040, while in
previous years it already covers a large percentage of it (> 93% in all tariffs). For this case, producing all heat
through CHP does not translate into higher electricity exports as it is consumed locally given the polygon’s
large electrical demand.

In the case of Spain, which has a lower thermal demand and lower marginal prices, the local power
generation only surpasses electrical demand in 2025 and 2030 in specific cases, which indicates that
lower surplus electricity is sold than in Germany in these years. In 2040, nonetheless, a similar trend to the
German archetypes is observed, with local generation being higher than demand in all archetypes and
tariffs except the Industrial polygon and Virtual community; and with the largest increase from 2030 to 2040
in the Rural town and Urban district under TOU tariffs and the Urban district under Peak power, being the
result of a higher CHP usage. In this region, boilers play a more significant role in covering the
community’s thermal demand. In fact, the only case in which CHP covers all thermal requirements is the
Industrial polygon in 2040 under a TOU tariff.

The effect of the tariff structure on the final generation mix is similar for both regions. The use of a TOU
tariff structure reflects in higher local production, particularly in 2040. This is more evident in those
scenarios in which representative days with pronounced peak prices were selected (Urban district and Rural
town). The only exceptions are the Industrial polygon, in which the tariff structure seems to have a subtler
effect on the community’s generation mix, and the Virtual community, where chargers are also applied to
self-consumption. This tariff also reflects on a lower boiler usage, particularly in 2040. This is especially
visible in the Spanish cases as in the German, the Peak power scenarios results in similar shares regarding
CHP and boiler usage.
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Figure 73. Annual demand, purchased electricity and local generation per type of technology in German cases
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Figure 74. Annual demand, purchased electricity and local generation per type of technology in Spanish cases
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Figure 75. Annual thermal demand and heat generation per type of technology in German cases.
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Figure 76. Annual thermal demand and heat generation per type of technology in Spanish archetypes.
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The Bandwidth scenario, on the contrary, tends to result in lower local generation and disincentives
the usage of solar PV technologies compared to the other tariffs, especially in the Spanish region. Even in
those scenarios in which representative days with high electricity prices are chosen for 2040, resulting in high
electricity surpluses being generated, the results for the Bandwidth model show a slight increase when
compared to 2030 values. In some cases, however, the Bandwidth model results in larger electricity
purchases, even beyond the community’s need. In Spain, the Bandwidth model also reflects in a significant
increase in boiler usage in 2030 as CHP power production is lower even when similar capacities have been
installed.

The usage of a Peak power tariff results in larger solar investments, particularly in the German cases. As
explained before, wind power matches better with peak demands in the Spanish archetypes, which makes
solar PV usage less attractive for peak shaving purposes under this tariff. In the archetypes with low and
medium demand (Business park, Rural town, Urban district), this tariff leads to a significant decrease in
the amount of electricity purchased from the grid, being practically zero in the German region. The share
of heat supplied by CHP and boilers is similar to TOU in the German archetypes while in Spain it leads to a
lower boiler usage than in the Bandwidth but higher than in the TOU scenarios.

The Industrial polygon is the archetype with the largest heat and electrical demand, and the only in which
self-generation does not surpasses consumption at any case (Figure 73 and Figure 74), requiring external
sourced electricity to cover the community’s demand during the entire evaluated period. Contrary to the other
archetypes in which CHP production to supply heat demand translates in electricity surpluses, in the Industrial
polygon, the CHP power generation (for low and medium heat) only covers a share of the total electrical
demand even when the maximum possible capacity is installed.

8.1.1 Emitted and avoided CO2 emissions

The total community emissions after the installation of the selected energy assessment is shown in Figure 81
and Figure 82. Similarly, the baseline emissions from the alternative case (only boilers and grid purchases)
are shown with the purpose to identify those scenarios in which the installed energy assets result in lower CO,
emissions (marked with an orange arrow). As noted in the following figures, a larger number of cases in
which CO2 emissions are offset through the installation of local power and heat generation
assets are reported in Spain that in Germany. The latter as the main source of emissions at the
community’s level are the boilers and CHP units, whose size and usage is strongly related to the
communities’ thermal demand, which is considerably higher in Germany than Spain. The second source of
emissions is grid electricity, which has a different emissions factor (tonCO2/MWh) depending on the available
generation technologies at each hour, and is significantly higher for Germany than for Spain (see Chapter 6).

Within the evaluated scenarios. the Bandwidth tariff seems to favoured CO2 emissions reduction,
especially in earlier years as all archetypes report some savings in 2025 and 2030 - and some even in
2040 - under this tariff in the Spanish region, as well as most of the German archetypes (the only exception
is the Urban district that does not report emissions reductions in Germany at any of the evaluated years). As
previously discussed, this model results in lower local generation than other tariffs as the model tends to
avoid incurring in penalizations for excess electricity injections and, below that limit, self-generation presents
less opportunities per cost reduction due to the existence of a fixed charge. Thus, the amount of local energy
and heat generated by the communities in this scenario tends to be slightly below that of the Peak Power or
TOU cases; such differences are more noticeable in Spain (see for instance the heat volume produced by
boilers under this tariff and region in Figure 76.

The Peak power and TOU tariff results varies from a case-to-case basis. In the TOU tariff a pair of cases
result surprising due to the considerable increment in the community’s’ CO, emissions in 2040: The German
Urban district and Rural town. As observed in Figure 73, these are related to a high increase in CHP power
production, which is used for meeting the community’s demand and charge batteries to sold or consume
energy at later times when prices are higher. In Spain, less differences are observed between the TOU
scenario and the other tariff cases.
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Figure 77. CO2 emissions from the operation of installed assets versus base case in the German archetypes
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Figure 78. CO2 emissions from the operation of installed assets versus base case in the Spanish archetypes
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As explained, CHP power production increases considerably in 2040 in the German Rural town and Urban
district archetypes under a TOU tariff. However, the CHP’s thermal production decreases for these archetypes
in these same years. Within MODECO, it is assumed that CHP units can shift their production modes to
prioritised electrical instead of heat production as happens in real operation. These functional modes are
represented in the optimization model through the polygon area described in Section 4.3.3 while the assumed
values can be consulted in Annex 3. However, the results obtained for these cases indicate that some
adjustments might be needed for the assumed values delimiting the polygon or in the selection of a
polygonal shape that better represents the type of CHP units modelled in this project. Relevantly, this
operational mode also increases CHP’s carbon intensity as it only offsets grid power consumption, which is
low carbon at many hours due to the power mix considered in the reference ESES (see Section 6.1) and do not
displaces boiler usage.

The Virtual community is the only case that reports emissions savings across all years and tariff
scenarios in both regions. This, however, is expected as, under MODECO assumptions, the Virtual
community can only invest in renewable or storage assets given the lack of physical proximity among its
members, which complicates the installation of CHP units for shared heating systems. For this reason, this
archetype is the only in which a decreasing trend is observed for CO2 emissions from 2025 to
2040, as the electricity produced by the communities are mostly carbon free. In the rest of
archetypes, a slight increase is observed in the emissions registered from 2025 to 2030, but they tend to
peak until 2040.

The Industrial polygon is the only in which externally sourced green hydrogen is considered as an available
fuel. As green hydrogen is assumed to have no carbon emissions associated to its combustion, its
usage in CHP and boilers reduces the carbon footprint of these assets. In the TOU and Bandwidth
scenarios, the investments done result in lower carbon emissions for the German and Spanish
polygons. This as thermal production is all or mostly cover through Hydrogen combustion and a significant
share of the consumed electricity is locally generated with renewable energies, resulting in lower emissions
that the grid alternative.

In the Peak power, nonetheless, an increase in emissions is reported. As seen in the graphics showing the
community’s heat and electricity generation per technology (Figure 73 and Figure 75 for Germany, and Figure
74 and Figure 76 for Spain), there are no major differences between the volume of heat or electricity
generated by the CHP or purchase from the grid. However, the need to reduce peak demands — which result in
significant capacity-based payments - forces the community to generate larger energy at different days and
times than in the Bandwidth and TOU tariffs. In some of these days, Natural gas results to be cheaper than
Hydrogen, resulting in a larger consumption of this fuel in this tariff (Figure 79). This happens in both
Germany and Spain, as although the considered prices are different, the same daily trend is considered.

Moreover, when looking at the hourly electricity purchase trends (Figure 80), it is observed that the peak
shaving hours, when the polygon reduces demand to avoid power-based costs, coincide with the hours with
lower carbon emissions. While at night, when the polygon consumes more to make up for the reduction
imposed around midday, it buys energy that has more associated emissions. This not the case for the other
archetypes as its demand peaks tend to coincide with high emissions hours, which also tend to be the more
expensive as they are produced by fossil-fuel generator, which are costlier than clean energies under
MODECO future scenario assumptions.
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Figure 79. Mean annual fuel cost and total fuel consumption
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Figure 80. CO2 emissions from the operation of installed assets versus base case in the German archetypes
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8.2 Economic benefits

The communities’ annual electrical balance is presented in the following figures, considering the total amount
of electricity purchased, generated (disaggregated by self-consumed and surplus electricity?®), stored!® and

15 Electricity that is locally generated by the community and not use for self-consumption.
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sold. The community’s demand is also presented, as well as the economic benefits obtained from surplus
electricity sales and avoided purchase costs due to self-consumption.

As already mentioned, the electrical balance for the German (Figure 81) and Spanish (Figure 82) archetypes
show that the amount of electricity purchased tends to be lower in the Peak power scenario. Moreover, it
results in zero purchased electricity for the German Business park, Rural town and Urban district, which cover
their demand with local generation since 2025. In most of the evaluated scenarios, the Peak power tariff tend
to result in similar economic benefits as those obtained for a Bandwidth model for the high-demand
communities (Industrial polygon and Virtual community).

In both regions, the Peak power scheme results in higher economic benefits when compared to the
Bandwidth model, but lower than in the TOU cases, which in general results in the largest
economic benefits. For some cases those benefits are due to higher costs avoided while in others they are
the result of higher surplus electricity sales, or both. As explained the Bandwidth model seems to lead to
larger electricity purchases, although in the German region the differences are narrower than in Spain.
Particularly in the latter, the Rural town and Urban district show larger electricity purchases when considering
the Bandwidth tariff rather than the Peak Power or TOU,

In Germany, it is also observed that the Peak power tariff leads to lower storage usage, particularly as
no grid battery charging is carried out. In Spain, the used tariff does not seem to have a strong impact on
storage usage. Furthermore, in both regions, energy storage tends to be utilized at the end of the
evaluation period regardless of the tariff scenario, as there is a more pronounced difference between
valley and peak-priced hours.

In most of the scenarios, the major economic benefit for the communities is the electricity costs
avoided through self-consumption. In fact, electricity sales revenues are irrelevant in 2025, and low in
2030, and just get significant up to 2040. Moreover, the exceptional cases in which electricity sales are the
main economic benefit take place only in 2040 - when the annual mean marginal price rises and difference
between seasonal and hourly prices widens (see Chapter 6) — in low and medium demand archetypes. The
latter also happens with more frequency in Bandwidth and Peak power scenarios. Only the German Rural town
and Urban district present larger benefits associated to electricity sales than costs avoided under a TOU
scheme, which is explained by the high electricity costs from the representative days selected for these cases.

8.2.1 Avoided energy costs

As seen in the previous chapter, the major economic benefit to the communities is avoiding electricity costs
through self-consumption; the values reported for each case re shown in Figure 83 and Figure 84.In Spain,
the major avoided costs are registered in the TOU scenario, being Use-of-Network charges the most
significant costs for 2025 and 2030. In 2040, the price of energy becomes the largest cost avoided
through the investments made by the Spanish communities. In the Peak power tariff, a similar trend is
observed for this region, although the total costs avoided are always lower than in the TOU case.

The Bandwidth tariff represents the lowest costs avoided as no Use-of-Charges costs are saved through
electricity self-generation and storage. Still, this scenario is not the exception, and in 2040 it results in large
economic savings due to the high energy prices avoided through self-consumption. It is important to highlight
that the current investment model does not include the contracted bandwidth value as a variable
which could be an interesting feature to add in a future version. Nonetheless, within this tariff,
communities can reduce charges costs by avoiding penalizations for exceeding the amount of energy injected
or withdraw from the grid.

In Germany, the tariff scenario that represents the largest savings is the Peak power. In general Use-of-
Network charges are higher in Germany than in Spain for all scenarios. It seems, however, that the regional
difference between the network costs places on the power-based charge applied in the Peak power case is
more significant than the higher peak and off-peak charges applied in the TOU case. In the Bandwidth model,
nonetheless, the same trend as in Spain are observed, no Use-of-Network charges are avoided by the
installation of the selected energy assets, still the avoided energy prices represent significant economic
benefits to the German archetypes in 2040.

16 Refers to the amount of energy that is stored at the community’s energy assets (batteries or EV) at the close of the annual balance.
This energy could come from surplus generation or purchased electricity.
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Contrary to Use-of-Network charges, taxes represent the lowest cost share in all tariffs and regions, but are
particularly small in the Spanish cases. As explained in Section 2.3.3, Spain uses and ad valorem tax, assumed
as 5.11% of the brut energy costs based on the electricity tax currently applied in the country. Nonetheless,
the used percentage probably results in an underestimation of taxes impact on energy costs in
Spain, as in reality the country also applies taxes on contracted and used power. Thus, to better reflect the
fiscal burden on electricity consumption, using a higher percentage might be recommendable to account for
those network costs that are recover through power consumption taxes and are not part of the 5.11% tax.
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Figure 81. Annual electrical balance, energy sales income and electrical cost avoided in German scenarios
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Figure 82. Annual electrical balance,
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Figure 83. Avoided energy costs in the Spanish scenarios disaggregated by cost component
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Figure 84. Avoided energy costs in the German scenarios disaggregated by cost component
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8.3 Energy costs

8.3.1 Disaggregated energy payments

The total annual costs associated with the purchase of electricity are shown in Figure 85 (Spain) and Figure
86 (Germany) disaggregated by component: Use-of Network charges, taxes and energy costs (marginal
electricity prices). For the Bandwidth scenario, the applicable Penalizations for exceeding the contracted
Bandwidth are represented in a particular category, as they are also part of the Use-of-Network charges, but
its visibility provides useful information about the community’s behaviour, particularly considering that in
most cases, the community’s energy operations tend to avoid incurring in penalizations for both,
energy injections and withdrawal (see Chapter 7).

As observed in Figure 85 and Figure 86, Use-of-Network charges have a high relevance in the total purchased
costs bored by the communities, representing the largest share for all scenarios. Under a Bandwidth model,
charges costs are particularly high in both regions, which is explained by the consideration of a fixed
subscription cost per contracted kilowatt (Table 41) - calculated monthly - that cannot be offset
through self-generation under MODECO assumptions. As explained in Section 2.3.2.3, the contracted
bandwidth assumed for each community corresponds to 90% of the community’s peak demand in the 16-
year period which would lead to penalizations in a certain number of hours. The contracted value considered
in each case can be seen in the following table.

Table 41 Use-of-Network charges applied in the Bandwidth scenarios by region and voltage level

Countr Archetvpe Contracted Subscription Annual subscription
y P bandwidth [kWe] price [€/kWh] costs [k€]

Business park 3060.24 10.12 371

Industrial polygon 5243585 10.11 6361

Spain Rural town 723.75 10.12 87
Urban district 94415 10.12 114

Virtual community 2705.06 10.12 328

Business park 2879.95 18.50 639

Industrial polygon 52561.8 18.49 11662

Germany | Rural town 69261 1850 153
Urban district 888.28 18.50 197

Virtual community 257441 18.50 571

Source: own elaboration with methodology from Section 2.3.2.3.

From the tested scenarios, the only cases in which penalizations cost are significant are the German
Rural town and Urban district archetypes. In both cases the large majority of the penalizations are related
to excess energy injections as in these archetypes (which have the lowest demands from all archetypes), the
relations among energy prices, and demand and generation profiles, justify exceeding the contracted
bandwidth as the obtained revenues greatly surpassed this cost. In the rest of scenarios, energy assets are
operated in a way that avoids exceeding the bandwidth at almost all hours.

The charges applied in the Time-0f-Use scenario following the methodology described in Section 2.3.2.1
are shown in Table 42. As previously explained, the Medium Voltage costs are used for the Industrial polygon
archetype, whereas the Low Voltage costs are applied to the rest. By analysing the data, it can be seen that in
the mean value for the full year, the charges price account for a lower proportion to the electricity
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price than the energy price. On the other hand, when one looks at Figure 85 and Figure 86, it can clearly
be seen how the charges have in most cases a greater impact in the final electricity purchase cost. This
happens because the optimization model tries to buy energy when it is cheaper. This happens when the
energy cost is in its lowest values, and as a consequence, the charges end up having a greater
impact than the energy cost in most cases. Similarly, the taxes are computed as a fixed proportion of the
electricity price in Spain, and as a constant value in Germany, being these values always smaller than the
charges and the energy cost.

Table 42 Use-of-Network charges (€/MWh) applicable in the TOU scenario by year, user and voltage level.

Spain Germany
Year Price
category LV* Charges MV* Charges LV Charges MV Charges
[€/MWh] [€/MWh] [€/MWh] [€/MWh]

Off-peak 36.22 17.24 4827 27.97
2025

Peak 91.60 4361 122.40 7092

Off-peak 36.53 17.39 48.52 28.11
2030

Peak 9191 4376 122,65 71.06

Off-peak 35.57 16.93 47.48 27.51
2040

Peak 90.95 43.30 12161 70.46

*LV: Low Voltage; MV: Medium Voltage.
Source: own elaboration with methodology from Section 2.3

From the archetype-specific behaviours, two interesting cases are Urban district and Rural town in
Germany. In the TOU scenario, both cases buy practically zero energy in 2025 and 2030, which explains the
extremely low energy cost shown in Figure 84. However, they experience a dramatic increase in the amount of
energy bought, reflecting in a significant rise in the energy costs bored by the community. However, as shown
in Figure 81, both archetypes also significantly increase their amount of surplus local generation, sold power,
and stored electricity. This is an indication of intense energy arbitrage and selling activities, which reflect in
significant revenues — particularly related to energy sales - for the community. As explained before, there is
not clarity of whether or not these level of energy trading could be still classified as economic benefits and
not financial profit generation. This does not happen in the Bandwidth and Peak power model.

In the Peak power scenario, the yearly charges are computed based on the considered power cost (7.88
€/kWh and 33.04 €/kWh in Spain and Germany, respectively) which is applied over the community’s
maximum demanded power registered each month. This price is high enough to encourage the
communities to invest in assets allowing them to reduce its peak demand as much as possible to minimize
charges costs. In fact, this tariff is the only one resulting in zero or nearly zero electricity purchases reported
in the three target years (German Business park, Urban district, Rural town) and a substantial decrease in the
Spanish low and medium demand archetypes.

As explained in previous chapters, the Bandwidth model results in the largest energy purchases and thus in
the higher buying expenses. Only in the industrial polygon (and less significantly in the Virtual community), the
energy costs reported in the Peak power tariff are at the same level as those reported under a Bandwidth
tariff. In these archetypes, the energy costs contribution to total purchase expenses get closer to the share
reported by Use-of-Network charges. This can be explained by the fact that demand peaks, which are
associated to a power-based charge, happens during low-priced hours. Still, reducing the power costs
represents a larger benefit for the community so it still reduces demand at these hours to increase it at
higher priced periods, increasing energy charges but minimizing power-based costs. This strategy results in
costlier electricity as shown by the weighted average energy price paid by this archetype and marked with
blue dots in Figure 85.
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Figure 85. Disaggregated energy payments (price, taxes, Use-of-Network chargers) in German scenarios
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Figure 86. Disaggregated energy payments (price, taxes, Use-of-Network chargers) in Spanish scenarios
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In some cases such as the Business park and Rural town in the Bandwidth model, the Rural Town and Urban
district in the Peak power, or the Virtual community under a Time-0f-Use tariff, an annual decrease in the
weighted average energy costs is observed despite the rising annual marginal prices observed in both regions
(Figure 45). This, however, is explained by the growing energy storage and self-generation capacity that takes
place in these scenarios towards the end of the evaluation period (see for instance the investment planning
laid out for the German Virtual community under a TOU tariff shown in Figure 70). The communities do not
only have more local generation available but can also make smart purchasing through the use of
batteries and EV smart charging points.
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9 Conclusions

Energy communities are new players in the European energy market whose participation is expected to take a
more prominent role in the upcoming years as the regulatory framework supporting their participation in
market activities matures across member countries. Under this context, understanding how economic and
regulatory conditions might impact on Energy communities becomes a relevant topic for policy makers
looking to advance the energy transition. MODECO contributes to this discussion by providing optimization
tools and analysis that permit to find the optimal investment and operational decisions expected from Energy
communities under future energy prices and different tariff structures. In particular, this study analysed the
investment decisions made by five Energy communities archetypes over a 16-year period and considering two
regions (Germany, Spain) and three tariff structures (TOU, Peak Power and Bandwidth). An additional scenario
considering no charges or taxes at all is also evaluated for comparison purposes.

Under the considered assumptions, all evaluated tariffs result in similar invested sums for the 16-year period
except when representative days with considerably higher peak-priced hours are used. Under these conditions,
the TOU model leads to significantly higher investments from Energy Communities, particularly in batteries,
as these obtain significant revenues from performing energy arbitrage by charging at low-cost hours and
selling the electricity back at these particular high-priced hours. Under the Peak power and Bandwidth model,
batteries investments also increase but to a moderate level as increasing energy consumption leads to higher
power-based costs in the first, and consumption and injections get penalized above a certain limit in the
second.

In other words, communities’ storage investments have a higher responsiveness to market price signals under
a TOU tariff model. This leads to overinvestments in pricing conditions such as those considered in this study:
low prices at high renewable production hours — commonly reaching zero - and extremely high prices at hours
in which peak demands coincide with null renewable production. Although higher storage investments seem
like a desirable outcome, our results show that a large portion of the batteries installed under a TOU tariff
have low utilizations, remaining mostly unused, except when extreme prices are registered, which only
happens during a few hours annually. Notably, storage overinvestments take place even when additional
restrictions have been added to prevent excessive surplus generation or energy arbitrage given communities’
objective to prioritize social, environmental, and economic benefits over financial profit. Still, we obtained
these results considering perfect forecasting, where in reality a margin of error would exist. Moreover, this
type of investments represents a level of risk that communities are unlikely to assume.

The rest of evaluated technologies — wind turbines, solar PV, CHP, electrolyzer, hydrogen storage tank - are
only slightly affected when considering different tariff structures or even, price curves. In particular, the
communities’ solar and wind investments are led by other factors: investment and operational costs, demand
curves, and available area. In particular, we highlight the available area as an important characteristic shaping
the modelled communities’ investment paths. Moreover, for renewables (wind, solar), using the Peak power
tariff tends to favour the technology whose generation profile matches the community’s consumption curves
even when batteries are also installed. Still, the volume of surplus generation registered by the community
does not change significantly; only happens at different times.

In general, communities tend to invest in self-generation assets as long as the investment and operational
costs are competitive against average market prices. This becomes clearer when looking at the obtained
results for the sensibility analysis using a flat rate instead of the dynamic prices in the TOU tariff scenario. In
this case, investments in batteries are significantly reduced whereas investments in other assets remain
practically the same as when using the dynamic prices. We suggest running further sensibility tests
considering the two other tariffs and varying the investment and operational costs to corroborate these
findings, particularly for the electrolyzer and hydrogen storage tank as the assumed costs resulted in zero
installed units for all scenarios.

Under future system scenarios with a majority share of renewables, local generation might not always result
in carbon offsets if CHP units fuelled by natural gas are installed, even if these displace boiler usage.
Nowadays, this is not an issue as grid electricity is still carbon intensive so the operation of CHP results in
emissions savings not only when compared to boiler combustion but also to grid electricity consumption. In a
future power system like the reference Energy System Evolution Scenario used in MODECO in which most of
the time the available electricity is carbon free, the installation of CHP units leads to higher carbon emissions
if natural gas is used as combustion fuel. Using hydrogen-fuelled technologies is an interesting alternative in
this regard as demonstrated by the Industrial polygon case. In this study, no carbon tax was imposed on CHP
electrical generation, but we recommend to consider its inclusion in future studies.

138

Study by IREC and R2M Solution under Service Contract no. 942132-1PR-2021



From the communities’ gains perspective, the TOU tariff results in the highest economic benefits for the
German community archetypes followed closely by the Peak power tariff. In Spain, the Peak power leads to
the highest benefits followed by the TOU tariff, with similar values for both tariffs. In the two regions, the
Bandwidth model resulted in the lowest benefits even when similar investments as in the other tariffs are
made. However, this outcome is likely more favourable if the contracted bandwidth is a variable to be
optimized and not a fixed value as assumed in this analysis. We recommend to include this case in further
analysis considering some restrictions regarding the maximum number of times that the community can
change their selected bandwidth within the 16-year evaluation period.

On the other side, the use of the Bandwidth model results in the most Use-of-Network charges paid by the
user due to the existence of a fixed cost per contracted power unit, while in the TOU and Peak power
schemes, communities can reduce significantly or even avoid the payment of Use-of-Network charges
through self-consumption. Although this feature results in economic gains for the communities, reduces the
amount collected for grid cost recovery even when communities make use of grid infrastructure to supply part
of their base demand, charge batteries and inject their surplus electricity for other consumers to use. This is
important as we found that energy arbitrage and electricity sales could become relevant economic activities
for future Energy communities.

Regardless of the tariff or archetype, self-consumption represents the largest economic benefit in 2025 and
2030 for all cases, even when considering the Virtual Community archetype or the Bandwidth tariff cases.
Nonetheless, electricity sales take place during the entire evaluated period, meaning that surplus energy sales
result in an economically attractive activity up to different levels. The only exception is the Industrial polygon,
due to its large electricity demand all local generation is addressed to self-consumption. In 2040 when peak
prices rise considerably but off-peak actually fall, energy arbitrage becomes a more significant revenue
source for all communities.

From the three analysed tariffs — TOU, Bandwidth and Peak power — only the Subscription Bandwidth model
considers a cost beyond energy injections, first implicit in the cost paid for the contracted bandwidth, and
second, in the form of penalizations for excess energy injections above the contracted limit. This is a feature
that makes this tariff scheme an interesting option for scenarios in which Energy communities actively
engaged in energy arbitrage and electricity surplus selling, such as those considered in this study.
Nonetheless, we advise to complement this analysis with a study on grid impacts from Energy communities’
operation under a Subscription Bandwidth tariff, analysing their imposed cost on the system versus the costs
recovered via Use-of-Network charges.

As study follows a cost minimization approach, the modelled communities operate their energy assets in a
way that avoids the penalizations associated with excess energy injections and withdrawals beyond the
established bandwidth limits. Still, in the scenarios in which days with wide price spreads are used (German
Rural town and Business park), the communities choose to bear the penalizations costs in the hours that the
selling price is so high that this cost is easily offset. This happens only a few hours, but the volume of injected
energy is considerably higher than at other times. In this sense, regulators could consider a scalable
penalization fee as the network impact of exceeding the contracted bandwidth by a large percentage does not
have the same impact as just for a few kilowatts, even if it is just for a few hours per year.

In the Virtual community archetype, the consideration of partial Use-of-Network charges applied to self-
consumption also results in higher grid costs recovery. Nonetheless, the total charges paid by communities in
this case are lower than for the Bandwidth model, whose charges remain fixed as the contracted bandwidth
does not change. However, our results indicate that the Portuguese regulation, in which partial charges are
applied to virtual self-consumption depending on the load and generation location, is an interesting proposal
recognizing the benefits of Energy communities with geographically spread members, while also considering
their network impacts. Further analysis on these rules impacts on energy communities and grid cost recovery
would be advisable.

Overall, the study indicates that none of the evaluated tariff structures poses significant barriers to future
expansion of energy communities. As long as investment and operational costs are competitive against
energy prices, the installation of self-generation assets (solar PV, wind, CHP) will translate into significant
economic benefits for the communities. In all cases, storage installations will be also encouraged to promote
energy injections and withdrawals in convenient times for the communities and the power system, maximizing
savings and sales revenues. Purely energy-based tariffs (TOU), however, could lead to overinvestments in
storage units that would be only used at specific times when prices surpass a given price threshold.
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The introduction of power-based charges, e.g. in the Bandwidth and Peak power models, seems to avoid this
pitfall even in future power scenarios in which wide price differences are present. In particular, the Bandwidth
tariff presents an opportunity to adapt Use-of-Network charges to a future system in which prosumers
become more active, reshaping the grid’s demand and generation nodes. This becomes especially relevant as
the study shows that not only self-consumption, but also energy arbitrage and electricity sales will be
relevant activities for future Energy communities. However, we recommend testing additional features when
considering this novel tariff such as optimizing the contracted bandwidth, considering scalable penalizations
fees, and setting a restriction on the number of times communities can update their contracted bandwidth.
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Annexes

Annex 1. Mathematical Formulation for MODECO’s Investment Model

Nomenclature

Table 43. Nomenclature for the Investment model

Set Description Elements
F Set of all considered fuels. F ={Natural gas, biomass, hydrogen}, where
fi1 = Natural Gas, f, =Biomass, f; =Hydrogen.
K GEN Different generator technologies | KGEN
considered. PV accounts for Photovoltaic | —
=1Spv1, Spva, Swrt, Swra, S, ,S ,S
Panels, WT for Wind Turbine, CHP for { PV SPy2r SWTL SWT2: “CHPf, 3 “CHP f, EL}
Combined Heat & Power, and EL for
Electrolyser. SCHPf13 consumes fuel of
type fi and f3 while  Seyp, only
consume fuels type f.
KMz Set of hydrogen storages considered. K"2 = {S,}
KEL Set of all Electrolysers considered. KEL = {Sg,}
KECGEN Different electrical generator KECEN = gGEN\gEL
technologies considered. PV accounts for
Photovoltaic Panels, WT for Wind
Turbine, CHP for Combined Heat &
Power.
KES Different electrical storage technologies KES = {Skq1, Spsa}
considered. ES accounts for Electrical
Storage.
KST Set of all storage technologies KST = KES y KMz
considered. Sy,accounts for hydrogen
storage.
KV?6 Set of V2G chargers considered. KV%6 = {v2g}, *only one type of V2G can be
considered in our modelisation.
KB Set of Boilers considered. KB = {Sg1,S5,}, *only a second type of boiler
is considered in Industrial Polygon Archetype
K Set of all technologies considered: K = KEGEN y gSt y KV26 y KEL Y KB
generators, storages, vehicle-to-grid
chargers (V2G) and electrolyzer.
T Set of time steps in a day. See that Ny is T={0,12,.., Ny =23}
used as the number of time steps
considered.
D Set of representative days. See that Nj D ={0,1,2,...,Np}

is used as the number of representative
days considered.
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Set Description Elements

M Set of indexed months. M={12,..12}

Y Set of years considered in investment Y =1{12,..,N, = 15}
planning. See that N, is used as the
number of years considered

w Set of all coordinates where investment W = {(y,1,0,0),y €Y}
is allowed.

w, Coordinates where investment is allowed W, = {(y,1,0,0)}

in year y.

Source: own elaboration.

Table 44. Nomenclature for parameters in the Investment model

Parameter Description Units
Prices
b .
Ay%,d,t Purchase price of kWh. €/kWh
A{/ﬁldf; Purchase prices of fuel f;eF. €/moly,
Tt Price for the user of the V2G charge. €/kWh
Al .| Sell price of kiWh. €/kWh
Aly’eyﬁk Peak power price in month m and year y. €/kWh
A;Cifn Fix power price in month m and year y. €/kWh
Agkceed Price of exceeded power in month m and year y. €/kWh
Adr Cost of the activation of demand response. €/kWh
Cnv.GEN Investment cost for kWe of s installed in year vy, for €/kW
Siey GEN B
sy €EK UK?®.
COP,GEN Operational cost for kWe of s, installed in year y, for €/kW
e s € KGEN U KB
k .
Csi"”'ES Investment cost for kWh of s, installed in year vy, for €/kWh
K s, € KES
k .
COoPES Operational cost for kWh of s, installed in year vy, for €/kWh
Sl s, € KES
k .
CSi""'HZ Investment cost for m3 of s, installed in year vy, for s, € €/m3
“ K"z,
CS":’;’Z Operational cost for m3 of s, installed in yeary, for s, € €/m3

Kz,
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Parameter Description Units
C;Z”;EL Investment cost for kW of s, installed in year vy, for s; € €/kW
KEL,
Cs) ™ Salvage value for a kW of s installed, for s, € K-~ €/kW
Cs"lffL Operational cost for kW of s, installed in year y, for s, € €/kW
KGEN.
(;}‘;”"'VZG Investment cost for V2G charger installed in year y. €/charger
csvvig Salvage value for V2G charger installed. €/charger
C;p'vzg Operational cost for V2G charger installed in year. €/charger
coen Cost for generated kW h, only in Virtual Community. €/kWh
Loads
L Electrical load curve. kw
L 4: | Thermal load curve. kw
St Private household EV load curve. kw
e HP electrical load curve. 1474
Lty”‘;;‘,d,t High temperature thermal load curve (only for industrial kw
archetype).
EVs
E }f,’;n'd,t Number of EV that come in at public V2G charging Positive integer vector
station.
EV;’;{M Number of EV that leave in at public V2G charging Positive integer vector

station.

Renewable Generation

LF) % ac | Wind power load factor. kWe generated per kW kW /kW installed
installed.
LF)mar | Solar power load factor. kWe generated per kW kW /kWinstalled
installed.
Other
A; Time interval between time steps, in hours. (0,1]
Wyma Weight of representative day d in month m and year y. Positive integer
AGEN Surface occupied by kWe of generator s, installed. m?/kW
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Parameter Description Units
AES Surface occupied by kWh of storage s, installed. m?/kWh
Af,f Surface occupied by m3 of hydrogen storage s m?/m3

installed.

AV36 Surface occupied by charger installed. m?/charger

A”ﬁfd . Total available surface available for installing m?

v technologies in roof.
Agfr?gd,t Total available surface available for installing m?
technologies in land.
LS, Life stamp of sub technology s;. Positive integer value

Source: own elaboration.

Table 45. Variables for the Investment model

Variables Description Domain Units

pfke;'frf ie Generated electrical power by technology sy. R* kW

pfke;ﬁld . Generated thermal power by CHP type sy. R* kW
D3 ot Power injected to the grid. Rt 1414
pyb’;?l’d . Electrical power bought from the grid. Rt kW
fif;ﬁd . Fuel f; bought externally. R* mol/h

Py mat Charged power to electrical storage s;eK . R* kw

Pel e Discharged power from electrical storage s, eK 5. R* kw

Psgymat Charged power to electrical storage s;eK "¢, R* kw

Do mdt Discharged power from s, eK"2¢. R* kw

socts, mar | Energy stored in storage s;eK*. R* kWh

SOCy e Energy stored in storage s;eK"2C. R* kwh
insta Installed energy capacity for technology s,eKEs R* kWh
Sk, ¥y m,d,t .

in area a={land, roof}.

Vsif;,m,& ; Installed volume for technology sy € K. R* m3
n;'?nﬁt& ; Installed number of V2G chargers. N int
cons EL Power consumed by electrolyser s;, € KEL. R* kW

ky,m,d,t
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Variables Description Domain Units
gen,EL EL
f3sk‘y’m’d’t Hydrogen generated by electrolyzer s, € K. N moly,/h
cons,CHP +
f35cypf ma, | Hydrogen (fuel f;) consumed by CHP type Scip,, R moly,
3 (only for industrial archetype). h
flgt;:;if:,y,m,d,t glatural Q(Jazs;fUEl fi ) consumed by CHP type R Mol s
’ cHpy, , \935). h
fzg‘;’;"?:;m,u Bi9mass f, consumed by CHP type Scup, R* MOolyiomass
(biomass). h
H f . +
mskz,y,m,d,t Quantlt}}/ of hydrogen inside the hydrogen storage R molH2
Sk € K2,
h ; H
f3§k.y,m,d,t Hydrogen rate inflow to s, € K2 R* moly,/h
dch H
f35:,y,m,d,t Hydrogen rate outflow from s, € K"2. R* moly,/h
xgjylm,d’t Binary indicator charge/discharge in s;, € K*2. N [0,1]
eVJif,lm,d,t Number of captured number of EV’s that come in. N Positive integer
evy o Number of captured number of EV’s that go out. N Positive integer
evymat Number of captured number of EV’s that are N Positive integer
plugged in.
x;ﬁ,d,t Binary indicator for the increment of demand. N [0,1]
xffﬁ,ﬁyd't Binary indicator for the decrement of demand. N [0,1]
uiy’ffn,d,t Increased power demand. R+ W
udee 1 Decreased power demand. R+ W
Xsptymdt Binary indicator for start-up Vs, € K¢HP N [0,1]
x5t mar Binary indicator for shut-down Vs, € KHP N [0,1]
ugl e Binary indicator for CHP state Vs, € K¢HP. N [0,1]

Source: own elaboration.

Objective Function

The investment model can be configured with three different objective functions depending on the tariff
applied to the cost of electricity, Time of Use (TOU) — applicable to all cases with pure energy-based charges -
Peak Power (PP), or Bandwidth (BW) scenarios. And so, the objective function defined for the investment

model is the Eq. 18 that was described in Section 4.2.2, which is repeated below.

F = —Ben+ (Costift';ariff + Costiny + Costyy + Costyy + CoStrye + Costeyp + Costgen), tariff € {TOU, PP,BW}
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The different terms defining the objective functions are described below,

Table 46. Objective function for the Investment model

Term Equation
Ben The first term accounts for all the benefits obtained from selling energy to the electrical
market;
Ny
W -A .
Yyma "Bt lLel
Ben = Z( D e D 0ihae B K ev;’rm,d.t))
y=1 \meM,deD
Costsy,e | This term adds together all the cost related to the buy of the different fuels considered,
Ny
_ Wyma "Bt A buy fuelf;
COStfuel = z Z (1+R)y 1 flymdt Aymdé
y=1 \ meM,dED,teT fi€F
Costipy The third term Cost;,,, accounts for the investment costs from all years.

Costip, = Costipy, a4 + CoStipny, p

For the technologies with life stamp equal or greater than the investment period, then the
first sum is the investment cost multiplied by the capacity installed.

N
c _ CSL:K/GEN (Ny -y+1 inst
OStinv,A - (1 n R)y—l - LSSk . ) psk,ﬁ,m,&,f

spe KEGEN y=1 9,m,d,tewy,
Ny inv,ES
+ Csky (NJ/ -yt 1) X einst R
(14 R)Y~1- LS, SiPmd
speKES y=1 k 9,m,d,tewy,
N .
N > Csl:g,'Hz (N, —y+1) Z inst
A+ Ry 1-1S,, /, Uskomat
skEKH2 y=1 y.m,d,tewy,

In the case of the technologies that have a life stamp lower than the investment period,
then the computation is a little bit different.
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Term

Equation

LS
v2g an V2G

Costiny,p = Z (1 +R)y 1 Z n;,lfﬁt,&,f
9 maEew,
Ny N inv,V2G
Y ( y—y+1 G )
-1
y=LSpg+1 LSvzg 1 +R)> 9,1
LSyzg

invV2G sv,V2G
C - C
— —y . nl:\n,\t ~a
(1 + R)Ny_l ym,d,t

y=1 9,m,d,tewy,

lnv V2G
N Z < Ny_Y)_ Z ninst
1+R)>"t LS ymdt
Y=LSp2g ( ) v2g 9,m,d,tewy,

LSg
k inv,EL
C

_ TSky inst,EL
* z T+R T z Psemat

skEKEL y=1 y,m,d,tewy,

,EL
n z —y+1 . CSL:’;’ ) Z inst,EL
Is (1+R)¥ 1 Pseymat
y L55k+1 ,d,

Sk

m,
LS,
Sk CmvEL CstL
_ Z Sky Sy Z pinst,ELh
(1 + R)Ny—l Sk.y.m,d,t
y— f
N

mv EL
+ Z Cspy y~ Y. Z pmstEL A
(1+R)»1 LS, 19,0,

y= LSSk

Costg,

The fourth term Cost,, accounts for the operational costs from all years. At each year, it
is considered the total kWh or capacity installed for each technology and multiply this
term by the base

operational cost Ckf,,

Cmv ,GEN Cop ,GEN
Cost — Sk, Y i insAt o
op (1 + R)y 1 psk,y,m,d,t

sgeKGEN y=1 9,1m,d Eewy,

. inst
DD cex et WD W ARE
speKES y=1 p.im,d EeWy

Cmv V26 . Cop V26

N
Sy inst
* Z Z A+R»1 Z Moy mat

spekHt2 y 1 y.m,d,tewy,

Cmv B . op B

sy s B inst,B
* Z Z (1+R>1t Z Poini + Py 5/ma e

sgEKB y= 9,m,d,tewy,

Costgy

Cost depending on the power amount increased or decreased for demand respond
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Term Equation

services
Ny
W .
y,m,d d d
Z Z e (mar + Xy
y=1 \meM,deD,teT
Costgen Cost associated to the generation of electrical energy. Only applies in the Virtual

Community archetype.

Ny

_ Wymd * At
Costgen = Z Z m.cgen

y=1meM,deD

gen dch dch
psk y,m,d,t + Z psk,y,m,d,t + pv2g,y,m,d,t

teT sk€{Spy1.Spv2.Swr1.Swrz2} sgEKES
el,ToU N.
4 y
Costyy,, w A
el,TOU _ PLymd "Bt buy buy,el
COStbuy - 1’ pymdt ymdt
A +R)y- @
y=1 \meM,deD
el,PP N.
y
Costp,, w A
Cost®"PP = Z Z ymd ‘Bt peak Apeak) Z pbuy Jouvel
buy (1 + R)y—l Pym ymd,t ym,d,t
y=1 \meM,deD teT
el,BW N.
4 y
COStbuy Aflx PBW A
Cost®PP = Z t
buy . A+ R

y=1

out, mf out ,Sup exceed buy . qbuy.el
Z Wymd * (pymdt ymdt ) /1 + py m,d,t Ay,m,d,t

d€D,teT

Source: own elaboration.

The objective is to minimize F in the domain D given by all the constraints defined in this document. Consider
the following:
* g is the coefficient weighting the selected representative days.

e The objective function is considered from a Net Present Value point of view, and so, we are bringing
to the present all the benefits and costs. All monetary quantities q,, from year y are multiplied for

1
he term: ——.
the te RIS
. . . . . L inst _ instland inst,roof
e In order to simplify the objective function, it is assumed that Py ymat = Ps ymai sy nd
einst = einst,land inst,roof
symdt = Cspymai T s pmai
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Balance equations

Table 47. Balance equations for the Investment model

Term Equation
Eq. 29 The sum of loads is equal to the total generation Vvt € T,d € D,m e M,y € Y;
Electrical i JEL
balance Li’l,m,drt + Li;,}mrd,f + Ll;f;n,drt + u;/rllfn,d,f + Z pscljf;fm,d,t + Z p.g;’;,y,m,d,t + psgg,y,m,d,t
sgeKEL sgeKES
b el
FDyae = Pl tuoiae D PNt Y P
sgEKIEN sgeKES
+ pgzcgymdt
Eq. 30 | Thermal load is equal to the sum of thermal power generated by CHP and boiler type Bl
Thermal generation Vt € T,d € D,m € M and y € M, and depending on the archetype, for the
balance corresponding f; € F
gen,th,CHP gen,th,B
Lymdt psk,y,m,d,t + Sk,y,m,d,t
SkE{SCHPfLSvSCHPfZ} sk€{Sp1}
Eq. 31 High thermal load is equal to thermal power generated by high boiler generation, type
High thermal B2, \71’:t €T,deD,me M,y € M, and depending on the archetype, for the corresponding
balance fi €
(only in Lhigh,th _ gen,th,B
Industrial ymdt — Psymdt
Polygon) Sk€{Sp2}
Eq. 32 The sum of hydrogen (fuel f;) generated by the electrolyser, the hydrogen discharged
Hydrogen from the hydrogen storages and the hydrogen bought, is equal to the sum of the
balance hydrogen consumed by the CHP, the boilers and the hydrogen charged to the hydrogen
storageVteT,d €ED,me M,y €Y;
buy genEL dch
ymdt + Z f3sk,y,m,d,t + Z f3sk,y,m,d,t
SkEKEL SkEKHS
cons,B cons CHP
Z f3skymdt Z skymdt+ Z f3skymdt
skE KB sk€{Schpy ) siekHz
1,3
Eq. 33 The natural gas (fuel f;) bought is equal to the gas consumed by boilers and CHP V t €
Natural gas TLdeDmeM,y€eY;
balance buy cons,B1 cons,B2 cons,CHP
fly m,d,t fly m,d,t + fly,m,d,t + Z flsk,y,m,d,t
Sk‘ESCHPfL3
Eq. 34 The biomass (fuel f;) bought is equal to the biomass consumed CHP;, Vt€T,d €
Biomass DbmeM,yey;
balance buy cons,CHP
fzy mdt Z fzsk,y,m,d,t
SkE{SCHPfZ}
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Eq. 35 The total amount of power generation installed has to be lower or equal total amount of
Avoid electricaldemand Vt e T,d e Db me M,y €Y;
oversizing
el
Z Wy md * Z pfk‘i;;,d,t + Z pgkc,’}ll,m,d,t
Y,M,D,T sxEKGEN sgeKES
< Z Wy md * (L;l,m,d,t + Lgﬁ’n,d,t + Li;,]m,d,t)
Y ,M,D,T
Eq. 36 The total capacity of electrical storage installed has to be lower than the available
Avoid maximum electrical generation at vV (y,m,d,t) € W;
oversizing inst,roof inst,roof rate,ES inst,sg
( y,m,d,t + ey,m,d,t ) ’ Csk = ym,ad,t
Sk€{SES1,SES,} speKGEN
Eq. 37 The total installed power of CHP has to be lower than the peak power of thermal demand
Avoid per a security range:
oversizing Y 1
inst Tth
z Pspimai * —cop S L
i=1 M5k

Source: own elaboration.

Available roof and land

Table 48. Available roof and land equations for the Investment model

Term Equation
Eq. 38 The investment in roof area is limited by A7°%/;
inst,roof inst
Roof area Z esk,y,m,d,t ’ Ask + Z Z p;:,sy,m,d,t : Ask < Aroof
SkE{SES1.SES2} Y, M,D,T SkE{Spy2} Y,M,D,T
Eq. 39 | The investment in roof area is limited by A'*"%;
Land area
st -
Z Nysgymat Avzg + z Z Vseymat * Asg
Y.M.D,T skEKH2 Y,M,D,T
inst,land
+ Cspymdt Ask
Sk€{SEs1,SES2} Y.M,D,T
b D P A S A
skEKCEN\ {Spy,} Y. MD,T
Eq. 40 The installation of technologies is allowed only the first day of each year, Vt €T,d €
First  day D,me M,y € M,Vs, € K,and V a € {land, roof};
inst, . . inst, _
peryeat pinsta o = 0,if (y,m, d,t) € W, otherwise plSce, ;. = 0.
Eq. 41 Purchasing power has to be lower than its monthly peak power, Vm € M,y € Y;
P peak buy
e Pym = Pymat
power
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constraints

Eq. 42

Bandwidth
constraints

Purchasing power and selling power have to be bounded by the bandwidth power. The
power required outside the band is accounted for monthly in the corresponding variables.
vmeM,yeY;

buy __outinf BW
Pymac ~ Pym =P

sell out,sup BW
py,m,d,t - py,m <P

Eq. 43 Purchasing power and selling power cannot be happening at the same time.
b

Bounds for py‘uni”d’t <M-(1-x°)

bought

power

Eq. 44 Purchasing power and selling power cannot be happening at the same time.
Bounds for p;f,l,f,d,t <x®-M

sold power

Source: own elaboration.

Wind generation

Table 49. Wind generation parameters for the Investment model

Parameter Description Units/Domain
KWT Set of wind turbine types. KYT = {Syr1, Swr2}
P i Initial power of s, installed, Vs, € KW7. kw+
WT .. .
NSy Efficiency of s, in yeary. [0,1]
Source: own elaboration.
Term Equation
Eq. 45 Wind generation depending on the power installed Vt €T,d € D,m e M,y €Y, and
Wind Vsk € {Swr1, Swr2};
generation Ny

genel  _ _WT ,jpWT | wT 2 E inst
psk,y,m,d,t = Nspy LFy.m.d.t Psk.ini + psk,f/,ﬁz,&,f

Table 50. Wind generation equations for the Investment model

Source: own elaboration.

Solar Generation
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Table 51. Solar generation parameters for the Investment model

Parameter Description Units/Domain
KPY Set of PV panel types. The first type of PV is installed in KPY = {Spy1,Spv2}
land, whereas the second one is installed in roof.
P, ini Initial power of s, . kwt
ng’;’,y Efficiency of s, in yeary. [0,1]

Source: own elaboration.

Table 52. Solar generation equations for the Investment model

Term Equation
Eq. 46 Total solar power generated Vt € T,d € D,m € M and y € Y, for s, € {Spy1,Spy2};
Solar
eneration . t
g Phisimas = Ty - efinae wm+Z P
teWy

Source: own elaboration.

Electrical Storage

Table 53. Electrical Storage parameters for the Investment model

Parameter Description Units/Domain
KES Set of storage types. KES = {Sgs1, Spsa}

ngkcgl]ES Discharging Efficiency of s, in yeary. [0,1]

7)5255 Charging Efficiency of s, in yeary. [0,1]
S0CH** | Max. SOC allowed. [0,1]
SOCSTZin Min. SOC allowed. [0,1]
SOCSL'ZL' Initial daily SOC. [0,1]
SOCkainal Min. final daily SOC. [0,1]
Csrkafefs Power rate as compared to the capacity of the battery. R*,h71T

Source: own elaboration.

Table 54. Electrical Storage equations for the Investment model

Term

Equation

Eq. 47

Energy balance into the storage Vt € T,d € D,m € M and y € Y; and Vs, € KE5;
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Energy

Symdt —

balance y A dch
ini inst,land inst,roof chES . ch A Psiymadt
[ SOCs; Z Z (esk,i,rﬁ,&,f + esk,i,ﬁl,&,f) sy "Bt Psymat 4,ES
_ i=1 m,d tew; SkY
A, - pdch
ES ch,ES ch t Pspymadt
L SOCs, ymdt-1 T Nsey Bt Psymat = d,ES vt>1
Sk,Y
Eq. 48 The technology s, € K5 can only be in charge mode, or discharge mode Yt €T,d €
only DmeMandy€eY,;
charge/disch ch ES
p <X -M
arge mode Spy.m,d,t S,y m,d,t
dch ES
allowed Pseymat = (1 - xsk.y.m.d.t) M
Eq. 49 Power UpperboundVt €T, d e D,m e Mand y €Y, and s, € K5,
Bound of y
wer ch dch inst,land instroof \ = ~ratekES

powe Psgymat t Psgymat < Spim,d,t spim,dt Csi
through C- i=1 m,d,tew;

rate relation

Eq. 50 Maximum and minimum energy amount of energy allowed into the storage Vt € T,d €
. ES.
SOC bounds DmeM,y€eY;and s, € K*°;
y
i inst,tot Sk inst,land inst,roof
SOCH™ - egy” < S0Cy T 0 < SOCH™ z Z (esk,i,rﬁ,a,f + esk,i,m,a,f)
i=1 m,d,tew;
Eq. 51 Minimum final state of charge of the storage at the end of each day d e D,me M,y €
. ES.
Final daily Yiand s, € K™
SOC bound

y
Sk final inst,land
S0Cy m,q; = SOC, 2 Z (esk,i,m,&,t‘ te

i=1m,d,tew;

inst,roof)

sk,i,rﬁﬁ,f

Source: Modification of the model from Igualada Gonzalez et al. (2013)

Hydrogen Storage

Table 55. Hydrogen Storage parameters for the Investment model

Parameter Description Units/Domain
KH2 Set of types of Hydrogen Storages considered. K2 = {Su,}
R Gas constant. m3-P,
8.31446
K - mol
Tgreen Mean temperature inside the tank s;. K
nach, Discharging Efficiency of hg in year y. [0,1]
nsey Charging Efficiency of s in year y. [0,1]
CRsz Maximum mols per hour that can get out/in the tank per mol/(m3 - h)
m?3 of tank.
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Parameter Description Units/Domain
Q5 Maximum pressure allowed. P,
Quin Minimum pressure allowed. F,
Qi Initial daily quantity of hydrogen per m3. moly, /m?
Qfmal Final daily pressure. P,

Source: own elaboration.

Table 56. Hydrogen Storage equations for the Investment model

Term Equation
Eq. 52 Mol of H, equation in the storage Vt € T,d € D,m € M and y € M, and Vs,, € K''z;
Hydrogen m
balance Stey m,d.t y
ini . f d
sy inst A A Sspymdt 1
R - Tmean' vsklmdt+n5ky t f3skymdt nd =
_ Sk i=1 m,dtew, SkeY
| H A - f3y,m,d,t
k mskz,y,mdt 1+n5ky Af f3skymdt nd t>1
k.Y

Eq. 53 The hydrogen tank cannot charge and discharge hydrogen at the same time step

Bi-directionality
relation

VteT,deED,meM,y€Y, and Vs, € K'2;

Hy
0< f3sk ymdt — xsk,y,m,d,t M

d Hy
< <(1- .
0= f3Sk.y.m.d,t = (1 x5k.y.m,d.t) M

Eq. 54

Charge/
discharge bounds

The hydrogen charge and discharge is bound by the volume installed and the C-rate
considered Vt € T,d € D,m € M,y €Y, and Vs, € K'z;

d inst H;
< APPSO
f3sk y,m,d,t f3sk,y,m,d,t = : : vSk,l,m,d,t CRSk

Eq. 55
q Ktz
SOC bounds
y y
nst H. inst
Q;;lcm Z Z U;klﬁldt <R TTean'mskz,ymdt—QSmkax Z Z ;klmb?lE
i=1m,d,tewy, i=1m,d,tewy
Eq. 56 Minimum quantity of hydrogen stored at the end of each day d e D,m e M,y €7,
' and Vs, € K"z;
Final daily

pressure bound

y
. Tmean . ,,,Hz2 final inst
R Tsk mSk,y,m,d.tf Q Usk i,m,d,t

Source: own elaboration.

173

Study by IREC and R2M Solution under Service Contract no. 942132-1PR-2021




Electrolyzer

Table 57. Electrolyzer parameters for the Investment model

Parameter Description Units/Domain
KEL Set of electrolysers considered. KEL = {Sg,}
L heati lue of hyd t1oC kWh
LHVy, ower heating value of hydrogen a 6.9222 - 10-5
mol
Ny Electrolyser s, efficiency. [0,1]

Source: own elaboration.

Table 58. Electrolyzer equations for the Investment model

Term Equation
1. The power consumed by electrolyser depends on the total power installed Vt € T,d €
Eq. 57 D,m€ M,y €eY,and Vs, € KE;
Power Y
cons,EL inst,EL
;onst:jmed 0< Pspymat = Z Ds,imd,t
ounds i=1 m,d,tewy
2. Eq. | Relation between power consumed and hydrogen generated YVt €T, d ED,m € M,y €
58 Y,and,Vs, € KE%;
Hydrogen nsEL cons,EL
generation fo9emEL = Tk Sk mdt
Sk,ym,d,t LHVHZ

Source: (Nojavan et al,, 2017)

Combined Heat and Power

Table 59. CHP parameters for the Investment model

Parameter Description Units/Domain
KCHP Set of types of CHP depending on fuel type. KCHP = {Scup;, ,»Scup,}- The
first type can consume gas
and hydrogen while the
second type consumes
biomass.
nel? Heat and electricity power ratio of s, € K¢HP, [0,1]
77£2 Conversion factor from fuel f, (biomass) to electricity by [0,1]
CHP
12 Scp,-
TI? Conversion factor from fuel f; (natural gas) to electricity [0,1]
CHPf1’3

by SCHme-
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Parameter Description Units/Domain

n% Conversion factor from fuel f; (hydrogen) to electricity [0,1]

CHP

fis | by SCHme-

uint Initial daily state of s, € K¢HP, {0,1}

TSt Minimum uptime of s;, € K¢HP, hours

TSt Minimum shutdown time of s, € K¢HP. hours
sudax Maximum number of times that a s, € K°#F can be Positive integer

opened.

Source: own elaboration.

Table 60. CHP equations for the Investment model

Term Equation
Eq. 59 Lower bound for power installedin V¢t € T,d € D,m € M and y € Y, Vs, € K°HF;
. y
ower ,
geneel inst
consumed 0= pgymac < Z Z Psp,im,d
bound i=1 m,d,tew,
Eq. 60 Bound of power generated by state of CHP, VteT,dE D,m e Mandy €Y,Vs, €
q. KCHP.
Power gemel cup
consumed 0< Psymat = Uspymdt” M
bound
Generated power equals the fuel consumed by the conversion factor to electrical power,
VteT,deD,meMandy €Y. For the natural gas CHP,
Eq‘ 61 gen,el _ f cons,CHP cons,CHP
Power pSCHPf y.m,d,t 15C1—1pf y.m,d,t nSCHPf 3SCpr ymd,t nSCHPf13
consumed For the biomass CHP,
bound
gen,el cons,CHP
psCpr ym,dt fZSCHp Yt nsCHPf
Eq. 62 Relation between thermal power and electrical power Vte T, d e Dome Mandy €
Y,Vs, € K‘HP,
Heat
generation gen,th,CHP __ 1 gen,el
spymdt — cHP Pspymdt
Nsk
Eq. 63 Initial daily state operation Vd € D,m € M,y € Y, and Vs, € KHF;
Initial state u_g:;m,d,to = yrerr
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A constraint to know if CHP changes the state on to off oroff toon Vt € T, d € D,m €

Eq. 64
M,y €Y, and Vs, € K¢HP;
Change of
c c _ d
state us:;m,d,t - us,f,;m,a,t—l = x::,y,m,d,t - xssk,y,m,d,t
Eq. 65 A minimum uptime for the CHP plant Vt € T, d € D,m € M,y € Y, and Vs, € K¢HP;
t
Ti limit CHP
fme fim Z su x;:,y,m,d,t Susk,y,m,d,t
l=L’—TSk +1
Eq. 66 A minimum shutdown time for the CHP plant Vt €T, d e Db me M,y €Y, and Vs, €
Q- K CHP.
Time  limit .
switch down
z d xssg,y,m,d,t < ujcl,lririd,t
=t-Tgl+1
Eq. 67 A minimum shutdown time for the CHP plant Vt €T, d € Db m e M,y €Y, and Vs, €
Q- K CHP.
Maximum

number  of
times that
CHP can be
opened per
day

su max
z :xsk.y.m.d.t = SUSk

teT

Source: own elaboration.

Vehicle-to-Grid

Table 61. V2G parameters for the Investment model

Parameter Description Units/Domain
Neagey Discharging Efficiency in year y. [0,1]
N55y Charging Efficiency in year y. [0,1]

socrin Minimum SOC allowed. [0,1]

socxk** | Maximum SOC allowed. [0,1]

socin Initial state of charge per EV. [0,1]

socar Final state of charge at the departure time. [0,1]

Eb,, EV battery capacity. kWh

S:J"Z‘;" Maximum charging & discharging power from V2G kw
charger.

EVS® Number of EV that are connected at first time step of Positive integer value

the day.

Source: own elaboration.
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Table 62. V2G equations for the Investment model

Term

Equation

Eq. 68

Number of
EVs that come
in

Let EV°™ be the number of vehicles that would ideally try to be connected at each time
step,

con
E ymd,1

=EVy a1 +EV md,t

- EVL?IOLn +E ymdl _EVyo;erdl’vy:m:d:

E con

ymdt = —EVymanVy,md,t > 1

Then, the number of EVs that can go in is;

evymdt = EV mdtvy'm d,

Eq.69
EVs connected
bounds

Then, the number of connected EVs is bounded as follows;

con

on
evymdt <E ymdtvy'm'd't

inst
Z nng,i,ﬁlﬁf vy,m, d
dfte

Eq.70 The number of connected EVs is;
EVs connected
balance ev}c}omnd 1= EVlfl?.n + evy m,d,1 ev;%,d,lvy' m,d
evymae = eVymar—1 + eV — evylh 0 Vy,m,d, vt > 1
Eq.71 Maximum energy stored allowed Vt € T,d E D, m € Mand y €Y;
S0C upper socynar < SOCH™ - evyShae - gv,y
bound
Eq.72 The minimum SOC allowed Vt € T,d € D,m € M and y € Y depends on the number of
EVs plugged in, the final expected SOC for the EVS that will go out in the next time step,
S0OC lower L .
and the initial SOC of the EVs that come in;
bound
SOCymde _
evyimae " SOCH™ - By, + evyit a e - (SOCE — SOC"”") oy VE>1d,my
evjc/f)rz,d,t : SOCelLll : Egvy + ev;%,d,t+1 : (SOngld SOC‘?,}! ev ) t=1,vd, m,y
Eq.73 S0C SOC;?;n,d,t
balance D¢ Pgyman
ev;?r:zl,d,im SOCeLL” Egv + 77v2gy t 'pgglg,y,m,d,l - d — ’ Vd' m,y
_ 771;2g,y
B t° szl dt
v2g,y,md,
LSOC;T;n,d,t—l + Uchzlg,yAt . pggg,y,m,d,t -—a vt > 1' d' m,y
nv2g,y
Eq.74 Maximum charge and discharge power given by the chargers, Vvt € T,d € D,m € M,y €
Charge and | Y;
discharge max
bounds vagymdt+pv2gymdt<evymdt v2g
Eq.75 Final | Minimum final SOC perday Vd € D,m € M,y €Y,
daily SOC
soc;f;n‘d_tf > evyona t -SOCHS - Edyy
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Source: Modification of the model from Meenakumar et al. (2020).

Demand Response

Table 63. Demand response parameters for the Investment model

Parameter Description Units/Domain

55’;‘3 Load increase share. [0,1]
Sdec Load decrease share. [0,1]
Sgrzex Load increase share. [0,1]
yinc Initial state of increment at first time step of every day. [0,1]
ydec Initial state of decrement at first time step of every day. [0,1]
T4r Maximum time of demand response. hours
N4T Number of activations per day. N

Source: own elaboration.

Table 64. Demand response equations for the Investment model

Term Equation
Eq.76 Initial state of demand response, Vy € Y,m € M,d € D;
Initial state inc inc
uy,m,d,to =U
u%ﬁ,d,to — Udec
Eq.77 Upper bound of decreased amount of power demand Vt € T,d € D,m € M,y €Y;
Decrease p a flex g
demand 0< xy,ircl,d,t < uy,encl,d,t “Dhp,e * Sar “Sar’
Eq.78 Upper bound of increased amount of power demand Vt € T,d € D,m € M,y € Y;
Increase . . Flex o
demand 0<xymat=<Umar DnptSar *Sar
Eq.79 Consecutive time step of demand response activation vVt € T,d € D,m € M,y €Y;
Time limit

t+1
dec inc
§ (xy.m.d.t + xy.m.d.t) < Tar
i=t—Tgr+1

Source: Madification of the model from Heitkoetter et al. (2021).

Boiler

Table 65. Boiler parameters for the Investment model

Parameter

Description Units/Domain

KB

Set of Boilers considered

K® = {51, SB2}
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Parameter Description Units/Domain
PJ | i Installed power of boilers in year y, Vs, € K5. kwt
N8 fi Conversion from fuel f;, i = 1,3, to thermal power kwt
moly,
gtex Load increase share. [0,1]
yinc Initial state of increment at first time step of every day. [0,1]
ydec Initial state of decrement at first time step of every day. [0,1]
T Maximum time of demand response. hours
Nér Number of activations per day. N

Source: own elaboration.

Table 66. Boiler equations for the Investment model

Term Equation
Eq.80 gen,th,B B .fcons,B
Relation Spymdt Nsifi Jisgymat
between skEKB fe{f1.fz}
power and

consumption

Eq.81 Power | Upper bound of decreased amount of power demand Vt,€ T,d € D,m € M,y € Y;
generation
bound gen,th,B mst B

Psiymat = Pé y,imi P, imdt
Eq.82 Limit power installed by the initial power installed at first timestep, Vy € Y;
Installed

power bound
boiler

PB

Sk.y,ini

Eq.83 Decide
gas or
hydrogen

At each time step only gas or hydrogen consumption is allowed Vt,€ T,d € D,m €
M,y €Y, and Vs, € K&;

f cons,B
3

Spymdt = (1 - ufk.y,m,d,t) -M

cons,B
flskymdt = uskymdt M

Source: own elaboration.
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Annex 2. Mathematical Formulation for MODECO’s Operational Model

Sets and parameters

Table 67. Sets for the Operational model

Set Description Elements
T Set of time intervals. teT
Ny Set of numbers of Electrical Storage. Nes € Nps
Nenp | Set of numbers of CHP. Nenp € Nenp
D Set of days. deDb
M Set of months. meM
] Discount rate scenarios jE]J
L Price scenarios lel
Source: own elaboration.
Table 68. Parameters for the Operational model
Parameter Description Units Source
Curves
Hipy Thermal base load at time t. kWhy,
Hfp e High thermal base load at time t kW hep,
Dpp e Heat pumps demand at time t kW
Depr ¢ Electrical base load demand at time t kW
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Parameter Description Units Source
Pyt Power given to the net from PV at time t kW Based on
Investment
outputs
Puee Power given to the net from WT at time t kW Based on
Investment
outputs
Ny ¢ Number of EV connecting to a charger station at N Based on
the beginning of time t. Investment
outputs
NEdV't Number of EV disconnecting to a charging station N Based on
at the beginning of time t Investment
outputs
NEC‘% Number of EV plugged in N Based on
Investment
outputs
Costs
/1’:“3’ Cost for energy bought at time t. €/kWh UCED output
Asett Price for energy sold at time t. €/kWh UCED output
A’;efgen Network cost for energy generation at time t €/kW
Abeak Peak power cost. €/kW
Mix Fix cost for using the red. €/kW
Jexceed Cost for exceeding the power band. €/kW
Ah2 Cost for hydrogen consumption at time t €/kWh
2 Cost for biomass consumption at time t €/kWh
Af Cost for gas consumption at time t €/kWh
A%}b,t Cost for the EV entering the charging station at €
time t
e Cost for closing the CHP at time t. €/kWh
n ,t
fl’ﬁhp’t Cost for opening the CHP at time t. €/kWh
A9r Demand response cost. €/kW

Parameter per technology

181

Study by IREC and R2M Solution under Service Contract no. 942132-1PR-2021




Parameter Description Units Source
Pz Maximum power consumed by the electrolyser. 1474 Investment
output
Ppand Maximum selling/buying power of the band. 11474
Pz Lower limit of power in electrolyser. kW Investment
_ output
NH2 Maximum rate of hydrogen molar in electrolyser. Nm3/h Investment
Bt output
LHVy, Lower heating value of hydrogen. kWh
mol
NEeL Electrolyser efficiency. [0,1]
iz Hydrogen tank pressure in the first time. Pa
W Upper limit of hydrogen tank pressure. Pa
Q2 Lower limit of hydrogen tank pressure. Pa
R Gas constant. m3 - Pa
K - mol
Tieen Mean temperature inside the vessel. K
yH2 Overall tank volume. m?3 Investment
output
N;Tay Number of demand response activations per day. N
Tdr Maximum consecutive time steps allowed of hours
demand response.
thf%% ors Total number of chargers available. N Investment
output
EP, Energy capacity of an individual EV Battery. kWh
PR Maximum charging power of a V2G charging node. 1474
EVET Initial number of EV plugged in the charging N Investment
station. output
Eqyp Initial state of charge of battery Pool. [0,1]
néh Charging efficiency of the EV. [0,1]
ndch Discharging efficiency of the EV. [0,1]
SO0Cey o Initial state of charge of individual EV arriving at [0,1]

the charging station
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Parameter Description Units Source
SOCEVf Final state of charge of individual EV departing at [0,1]
' the charging station
SocR™ Maximum state of charge for Individual EV Battery. [0,1]
socmin Minimum state of charge for Individual EV Battery. [0,1]
socin Initial State of charge (SOC) of an individual EV [0,1]
Battery.
50(;5" Final expected SOC of an individual EV Battery. [0,1]
P es Minimum power for each type of Electrical Storage kW Investment
output
Pes Maximum power for each type of Electrical Storage kW Investment
output
SOCpes Initial state of charge for each Electrical Storage at [0,1]
time initial
nggg Discharge Efficiency of the Electrical Storage for [0,1]
each type of battery
77;}55 Charge Efficiency of the Electrical Storage for each [0,1]
type of Battery.
SOCpes Maximum state of charge for Electrical Storage for [0,1]
each Electrical Storage.
SOCes Minimum state of charge for Electrical Storage for [0,1]
each Electrical Storage.
Ees Electrical Storage capacity for each type of kWh Investment
Electrical Storage. output
HRCHPb Heat rate of biomass to power in CHP.
Cch}ﬁ: Conversion factor from gas to electrical power
CCH;}‘, Conversion factor from hydrogen to electrical
power
Cf,f,’; Conversion factor from gas to thermal power
CCHL% Conversion factor from hydrogen to thermal power
P, chp Maximum Electrical power for each CHP. kW Investment
output
P, cnp Minimum Electrical power for each CHP. 11474 Investment
output
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Parameter Description Units Source
H,chp Maximum Thermal power for each CHP. kW hep Investment
output
Upenp Initial state of the CHP for each CHP at initial time. [0,1]
T:ghp Minimum off time for each CHP. hours
;}‘hp Minimum uptime for each CHP. hours
Pfchp Theoretical Electrical power B for each CHP. kW Investment output
Pfc,w Theoretical Electrical power D for each CHP. kW Investment output
chhp Theoretical thermal power C for each CHP. kWht Investment output
Py Maximum power for Electrical Storage. kW Investment output
sine Load increase share. [0,1]
Sdec Load decrease share. [0,1]
Sgrle" Flexible Share. [0,1]
Ui Initial state of increment at time initial. [0,1]
uges Initial state of descend at time initial. [0,1]
N;Ta”y Number of demand response activations per day hours
Ny Maximum time of demand response hours
H2¢atlowed If hydrogen is allowed in the archetype [0,1]
P2, Installed power for boilers kW Investment output
PpHZ Maximum power for hydrogen tank kw Investment output
prvr Installed power of PV on roof kW Investment output
prvi Installed power of PV on land kW Investment output
pwTt Installed power of low wind turbine kW Investment output
Hi? Conversion hydrogen to heat in the boiler
HE Conversion gas to heat in the boiler
nkind Efficiency of PV land in year [0,1]
n;?/"f Efficiency of PV roof in year [0,1]
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Parameter Description Units Source
niow Efficiency of WT low in year [0,1]
U%?h Efficiency of WT high in year [0,1]
Source: own elaboration.
Variables
Table 69. Variables for the operational Model
Variable Description Units/Domain
v2gmn V2G vehicles entering the charging station at time t. N
v2g2¥ | V2G vehicles departing the charging station at time t N
Covt Energy level of EVs Battery Pool at time t. kWh
peh, Charging power of EVs Battery Pool at time t. kW
pden Discharging power of EVs Battery Pool at time t. kW
Upes ¢ State of the EVs Battery Pool {1 is charging, O [0,1]
otherwise} at time t.
pfl’;slt Charging power for each type of Electrical Storage at 1474
time t.
pgggft Discharging power for each type of Electrical Storage at kW
time t.
socpes, | State of charge for each type of Electrical Storage at [0,1]
time t.
Upchp, | State of the CHP {1 is open, O closed} at time ¢. [0,1]
xf#’lp,t Change off to on for each CHP at time ¢. [0,1]
x:l‘jhp‘t Change on to off for each CHP at time ¢. [0,1]
Pnehw, | Electrical power for each CHP at time ¢. kW
h,cnp, | Thermal power for each CHP at time ¢. kWi
ug}ft State of increment {1 is incrementing, O otherwise} at [0,1]
time t.
ugﬁft State of descend {1 is descending, O otherwise} at time [0,1]
t.
xéﬁft Increased power at time t. kW
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Variable Description Units/Domain
x3e¢ Decreased power at time t. kw
pf“y Buying power at time t from the grid. kW
psett Selling power at time ¢ to the grid. kw
uf“y State of direction in the grid tie {1 buy, O sell} at time t. [0,1]
f;leak Peak power per month. kW

le;:;r}:d,t Buying exceed power of the band at time t. kW
zpell, . | Selling exceed power of the band at time t. kw
Devt Electrical power consumed by electrolyze at time t. kW
uf’? Electrolyser and CHP cannot produce or consume [0,1]
hydrogen from the storage at the same time.
nf Produced hydrogen mol/H by electrolyze at time . m_ol
H
ql? Pressure level of the tank. Pa
nggm,’t Consumed hydrogen molar/H by CHP. mol
H
Pﬁ?,t Power charged in the hydrogen Storage. kW
Pi‘fsc,’tl Power Discharged in the hydrogen Storage. kW
ng‘]’,f‘gl Total number of EV in the charging Station at time t N
Pwtt Electrical power for wind turbine at time t kw
Dpu,t Electrical power for photovoltaic at time t kw
hp,t Thermal power produced by the boilers at time t kW,
h2p, Hydrogen consumed by the boilers at time t
h2¢yp, | Hydrogen consumed by the CHP at time t
bt Gas consumed by the boilers at time t
Xp,t The boiler is consuming gas or hydrogen [0,1]
f"”ghf Gas bought for the boiler or the CHP
hzlt"’ughf Hydrogen bought
pbought | Biomass bought
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Variable Description Units/Domain
Gehprt Gas consumed by the CHP at time t
bcup ¢ Biomass consumed by the CHP at time t
hzzifh Hydrogen consumed by boilers for high temperature at
' time t
gzitgh Natural gas consumed by boilers for high temperature
' at time t
Xert Electrolyzer is active or not [0,1]

Source: own elaboration.

Objective Function

Table 70. Objective function for the Operational model

Objective Equation
function
Peak Power | Min (Peak power cost) + (buy/sell energy from the grid) + (demand responds activations

cost) + (CHP operation costs).

Min D (CPek - phe™y i, ) (A - pp™ = At gt 4 2% (al, + s
meM teT
netgen
+ /11: gen (ppv,t + Pwt,t +
P?ﬁ,’é + ZneseNES(ng?,t)) + Z(nchpe]vchp)(li%hp,t ' xigchp,t + Ailéhp,t ’ xrslléhp_t) + /1?2 '
hzbought + /1? % bbought +
t t

AL x g =2y, v2gi™)

Bandwidth | Min (buy/sell energy from the grid) + (fixed and variable band costs) + (demand responds

activations cost) + (CHP operation costs)

: g buy _ buy sell sell ix exceed buy sell
Min At (/11: "Dt - /1t ‘et VUL Pband + 2 * (Zband,t + Zband,t
teT
dr (..inc dec
+ A (xdr,t + xdr,t) +
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net
gen dch
/1t : (ppv,t + Pwet T Peve
+ ( dch )) + /15 sd + Asu L 4SU +
1% nést chpt xnnchp‘t nChp,t xnchp’t
NesENES (nchpENChP)

/1};2 hzbought +Ab bbought +/1g g?ought AEVt v2g§"

Time of | Min (buy/sell energy from the grid) + (demand responds activations cost) +(CHP operation
Use costs);

t
Min A ey (A7 - pl™ — 256 - peeth 297 (xlne, + x855) + A7 % (Ppue + Dt +

pglf’g + Znese]\fes(p es t)) + z:(nchpe]\fd’lp)(/1 chp t X nchp t + /1 nchp t fllclhp't) + /1;12 :

hz?ought + /1? % bfought +

b h i
2w g oMot — g L v2gim)

Source: own elaboration.

Balance Equations

Table 71. Balance constraints for the Operational model

Term Equation
Eq.84 Power | The electrical power balance must be satisfied Vt € T;
balance
dch j
pt Wt vat + Pwtt + Z (pnfhp t) + pev + Z pngst + ngct = ptsell + Del,t + xg;lﬂ,ct
NChp Nes
+ pev t
h
Z(prcles,t) + Delt
N€S
Eq.85 The thermal power balance must be satisfied Vt € T;
Thermal
power Z hochp o + Ry = Hep e
balance Achp
Eq.86 Hydrogen balance must be satisfied Vt € T;
Hydrogen dch bought _ high
Balance ni? + pher + h2,79% = h2,, + h2,, 2"+ phte + h2cupy
Source: own elaboration.
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Peak Power

Table 72. Peak power constraints for the Operational model

Term Equation
Eq.87 The Peak power is computed monthly and it's the maximum power bought for each
Monthly month Vt € T,,;
peak power buy pealk

Pe © = Pm

Source: own elaboration.
Time-of-use
Table 73. Time of Use constraints for the Operational model

Term Equation
Eq.88 With the help of Eq.96 Time of Use tariff is only allowed to sell or buy power at the same
Bought time. This equation determines the bought power Vt € T;
power buy buy

p  =u, M
Eq.89 With the help of Eq.95 Time of Use tariff is only allowed to sell or buy power at the same
Sold power | time. This equation determines the sold power Vt € T;
it s (1= )

Source: own elaboration.

Bandwidth

Table 74. Bandwidth constraints for the Operational model

Term Equation
Eq.90 With the help of eq.92 Bandwidth tariff is only allowed to sell or buy power at the same
Bought time. This equation determines the bought power Vt € T;
power buy buy

Py <u, M
Eq.91 With the help of eq.91 Bandwidth tariff is only allowed to sell or buy power at the same
Sold power | time. This equation determines the sold power Vt € T;
pgell < (1 _ u?uJ’) M

Eq.92 A constraint that tells how much we are beyond the buying limit of the band Vt € T;
Exceeded buy buy
bought Pe "~ Zpanat = Ppana
power over
the band
Eq.93 A constraint that tells how much we are beyond the selling limit of the band Vt € T;
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Exceeded sell _ sell o
243 Zpana,r < Pranda

sold power
over the
band

Source: own elaboration.

Vehicle-to-Grid

Table 75. V2G constraints for the Operational model

Term Constraints
Eq.94 Electrical vehicles entering the charging station vVt € T.
EVin

v2g,§" < Ngv:

Eq.95 Electricals vehicles exciting the charging station vVt € T.
EV out
v2g*t <M

Eq.96 Defining how many EV are available vVt € T.
EV definition total con

Neyt = Npye
Eq.97 An upper limit for how many EV available Vt € T.
EV upper total total
limit Ney,t < Nchargers

Eq.98 EVs | The balance of EV available at the charging station.
plugged in

ntotal _ ngs' + v2gt —v2gitt t=1
evt niotEl, + v2g"t —v2gfMt; vt € [2,T]
Eq.99 The balance for the energy available having in to account the loss efficiency for charging
Energy and discharging Vt € T ;
balance
Covt = C€epi—1 T A
pést :
: (Pg{;l,t My — o — V292" *SO0Cpy , - EZ, +v2g{" *S0Cgy ,
ev
! Egv)
Eq.100 A lower limit for the SOC of EVVt € T ;
SOC bounds , ,
Cene = NS SOCIIM - L, + v2g2it,, - (SOCzy, — SOCH™) - EL,

Eq.101 An upper limit for the SOCof EV Vt € T ;
s0C upper max total b
limit et S SO0CH™ -Ngyt - Egy
Eq.102 A lower limit for the energy available vVt € T ;
Limit energy

Péne + Dést < N PR
Eq.103 A lower bound for the final SOC.
Final SOC
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b total
€ev,f = Eev,o : Eev *MNeyr

Source: Modification of the model from Meenakumar et al. (2020).

Electrical Storage

Table 76. Electrical Storage constraints for the Operational model

Term Constraints
Eq.104 An upper and lower limit for charging that cannot be surpassed Vt € T, vn® € NES;
Charging
bounds Upest Ppes < prcles,t =< Upesy * Pres
Eq.105 An upper and lower limit for discharging that cannot be surpassed Vvt € T, ¥n® € NE5;
Discharging 4
bounds (1 — unes_t) “Ppes S ples, < (1 — unes‘t) - Pes
Eq.106 An initial balance of the energy available before the loss of energy for charging or
Initial  SOC | discharging the electrical storage VYn® € NZ5;
balance
pdes
SOCpesy - Epes = SOCpes - Epes + n;}és . p,cles‘1 - nd—c;ll
nES
Eq.107 An upper and lower limit for the SOC Vt € T, vn® € NE5;
SOC bounds )
SOCyes" < socpesy < SOCyes™
Eq.108 A balance of the energy available before the loss of energy for charging or discharging
SOC balance | the electrical storage Vt € T, Vn® € NE5,
pd es
Epes - S0Cpes, = Epes - SOCpes 1 + Ay <nffés “Disnest — %)
Y Npes
Eq.109 A constraint to impose the final state of charge is at least the same as the initial state of
SOC Final charge.

t = card(T)

Epes - socyesy < SOCpesq - Epes

Source: Modification of the model from Igualada Gonzalez et al. (2013).

Combined Heat and Power

Table 77. CHP constraints for the Operational model

Term Equation
Eq.110 An upper and lower limit for power production that cannot be surpassed Vt € T,
Power vnehp e NCHP.
bounds
unchp't . Pnchp < pnchp't < unchp‘t . Pnchp
Eq.111 An upper and lower limit for heat production that cannot be surpassed vVt € T, vn‘"? €
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Thermal NCHP.
power
generation 0<h,chp, <Uychp,  H chp
bound ' '
Eq.112 Defining if the plant is open or closed at time initial ¥Yn" e N¢H?,
Initial state UnChP,o = Upenp
Eq.113 A constraint to know if the plant changes the state on to off or offtoon vt e T,
Change of vnchp e NCHP.
state ’
unchp‘t - unChp,t—l = x:lléhp‘t - xrsltcihp't
Eq.114 A minimum uptime for the CHP plant Vt € [T5¢y, ,T], Vn"? € NP,
Time limit -
t
x® <U,ch

zl t=T Chp+1 el £ = I
Eq.115 A minimum shutdown time for the CHP plant Vt € [TCI?P Lehp, T], VP € NCHP;
Time limits —_
switch down ¢ .

S
<

Zl =75, ,+1 Tnchre = ni e
Eq.116 Limits the Feasible Operating Region of the CHP below the line AB of the trapezoid Vt €
Polygon T Vnch? g CHP.
model of ' '
CHP A 0 < (Pfchp - Pnchp) ° (hnchp‘t) + (Pnchp - pnchp't) * anhp
Eq.117 Limits the Feasible Operating Region of the CHP above the line BC of the trapezoid Vt €
Polygon T vnchp e NCHP.
model of ' '
CHP B (Prerne = Prenp) * Hcnp = (Pcnp = Prenp)enp, 2 = (1 = penp - M)
Eq.118 Limits the Feasible Operating Region of the CHP above the line CD of the trapezoid Vt €
Polygon T , vnch? € NCHP.
mode of
CHP C

(pnchp't - Pnchp) . (anhp chp) ( CHPnchD — Chp) (hnChp,t - chhp)

( Uy chp t) M

Source: (Mansouri et al., 2020).

Demand Response

Table 78. Demand response constraints for the Operational model

Term

Equations
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Term Equations

Eq.119 Defining the initial State of increment and decrease for demand response;
Initial state . .

UG = uiisy

g =i
Eq.120 An upper and lower limit for decrease demand response Vt € T;
Decrease dec dec flex dec
demand 0 =< xgrt < Ugrt * Drpe * Sy~ * Sar
Eq.121 An upper and lower limit for increase demand response Vt € T;
Increase inc inc flex inc
demand 0 < xgre < Ugrt DnprSar  *Sar
Eq.122 The demand response is not allowed to be performed consecutive for more than an
Time limit upper limit vVt € [T —1,T — 1];

t+1
(ulp, +ude) < 197
i=t-Tar+1
Eq.123 The demand response is not allowed to be performed daily for more than an upper
Activations limit vd € D;
per day d-dh
(ulfs, + udss) < Ng& -7
t=(d—1)-dh+1

Source: Modification of the model from Heitkoetter et al. (2021).

Electrolyser

Table 79. Electrolyzer constraints for the Operational model

Term

Constraints
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Term

Constraints

Eq.125 An upper and lower limit for the electrolyze power Vt € T;
Power —
bounds Pp, < Perr < Py
Eq.126 The produced hydrogen molar is not allowed to surpass an upper limit Vt € T;
Hydrogen .
bound nglz,t < Ngf
Eq.127 A loss of efficiency for producing hydrogen molar Vt € T;
Hydrogen
generation

nz _ MEL Pelt

et LHVy,
Source: Madification of the model from Nojavan and Zare (2018).
Hydrogen Storage
Table 80. Hydrogen Storage constraints for the Operational model

Term Constraints
Eq.127 The initial pressure of the tank is defined
Initial state
q5% = Q¢”

Eq.128 An upper and lower limit for the pressure of the tank Vt € T;
Pressure o be s
bounds Q"% < q;° < QH?
Eq.129 A provision of the dynamic model for the hydrogen storage pressure Vt € T;
Storage R - Tjnean
balance qh? = qH2 + Vinz (néZ — (HR™ - p o neno ) - At
Eq.130 An upper and lower limit for the power charged in the hydrogen storage Vt € T;
Charge ch H =
Bound 0 <Drse < Uelt * Prs
Eq.131 An upper and lower limit for the power discharged in the hydrogen storage Vt € T;
Discharge deh 2 —
Bound 0 <ppst < (1 - uel,t) * Pps

Source: Madification of the model from Nojavan and Zare (2018).

Boilers
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Table 81. Boilers constraints for the Operational model

Term Constraints
Eq.132 High thermal balance Vt € T:
High thermal
balance
gy " HE + h2,"  HP?+ = HE,,
Eq.133 Thermal balance Vt € T:
Thermal h2 G
balance hpe = h2pe - Hy® + gy - Hy
Eq.134 An upper and lower limit for the hydrogen Vt € T.
Bounds h2 b
0< hzb,t < Pt M- Xbt
Eq.135 An upper and lower limit forthe ga VE € T s.
Bounds gas b
0<gpe <Phge M- (1—xp)
Eq.136 An upper and lower limit for the thermal power of the boiler Vt € T;
Boiler bound

b
0< hb,t < Pinst

Source: own elaboration.
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Annex 3. Technical parameters for energy assets in the investment and operational models

The parameters used for each energy asset category are presented below, highlighting in yellow those
included in the investment model and in green those used in the operational one. The parameters without
colour are used in both models.

Only investment.

Only operational.

Both models.

In addition to the presented parameters, the operational model requires as inputs the installed capacity per
technology and year decided by the investment model. This is not always indicated in the presented tables but
it must be considered as a required input. Moreover, there are some yearly, daily or hourly vectors that are
also inputted to the model and are not discussed in this document as the assumptions behind these data
have been already discussed the main document body and are available at the Annex database.

For the investment model, all technologies have a parameter indicating the area occupied per unit of capacity
installed. However, this area is only considered relevant when dealing with ground-mounted solar PV and wind
turbines as they compete for the same available surface. Furthermore, rooftop solar PV is restricted by the
available rooftop space. In the industrial archetype, the area occupied by the hydrogen storage is also added
as a constraint related to the available land space. For all other technologies, a negligible area value is used
(1E-20) to make their space usage insignificant to the decision-making process.

Solar Photovoltaics

Solar PV technologies are distinguished by the equipment location, using different parameters whether it is
installed on rooftop or on the ground, as the investment model decides the installed capacity considering the
available surface for each case. Weather data and other parameters needed to calculate generated power
from solar irradiation are not given as the solar production is calculated based on the Load Factor Curves
available at the Annex database.

Table 82. Scalar parameters for PV solar technologies

Parameter Description Value Units
ETA_PV_ROOF | Efficiency of PV solar systems in rooftop. 100% %
ETA_PV_LAND | Efficiency of PV solar systems ground mounted. 100% %
A_PV_ROOF Area per capacity unit of PV solar rooftop. 5.10 m?/kWe
A_PV_LAND Area per capacity unit of ground-mounted PV solar. 294 m?/kWe

Source: Own elaboration with data from Driicke et al. (2021); Urbina (2014); Mller et al. (2021); and Cagle et al. (2022).

As observed in Table 82, efficiency values are set at 100% as the Load factor curve already incorporates the
typical PV solar panels efficiency. Using the provided hourly load factors for solar PV, an annual capacity
factor of 10.9% is calculated for the German case and 18.3% for Spain. These values are close to the
average capacity factors reported for both countries, which varies between 10% and 149% for Germany
(Driicke et al., 2021) and is estimated above 20% for Spain(Urbina, 2014). The values used for MODECO
correspond to a specific region within the country and not an average national value, which explains the
discrepancies.

Regarding the surface used per type of solar PV installation, a value of 5.052 m2/kWe is established for
rooftop systems based on the value defined by Miiller et al. (2021) for glass-back sheet modules. For ground
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mounted systems, Cagle et al. (2022) proposed a value of 34 We/m2 (equivalent to 29.4 m2/kWe). It is
assumed that PV systems on the ground require a larger surface considering the needed space between
module lines.

Wind turbines

Onshore wind turbine investments are possible in the Industrial polygon, Rural town and Virtual community
archetypes, where two types of turbines can be installed based on their specific capacity which in turn is
related to the turbine’s rotor diameter!”. The LOW specific capacity is considered to have a hub height of 200
m, and the HIGH specific capacity a hub height of 50 m following the criteria used by the authors of the wind
investment and operational costs (loannis Tsiropoulos, Dalius Tarvydas, and Andreas Zucker 2018). The two
models differ in the required investment per technology, but also in their power generation and land use
efficiencies.

Table 83. Scalar parameters for Wind turbine technologies

Parameter Description Value Units
ETA_WT_LOW | Efficiency of wind turbines with LOW specific capacity. 100% %
ETA_WT_HIGH | Efficiency of wind turbines with HIGH specific capacity 100% %
A_WT_LOW Area per capacity unit of wind turbines LOW. 160 m?/kWe
A_WT_HIGH Area per capacity unit of wind turbines HIGH. 67.5 m?/kWe

Source: Own elaboration with data from loannis Tsiropoulos, Dalius Tarvydas, and Andreas Zucker (2018); Dalla Longa et al. (2018); Sun,
Yang, and Gao (2019); Obane, Nagai, and Asano (2020).

As done with solar, a 100% value is used for the wind turbines efficiencies (ETA_WT_LOW and ETA_WT_HIGH)
given that the actual efficiency is already incorporated in the load factor values. The area occupied per
installed capacity unit is established using a reference rotor diameter (RD) defined for each wind turbine type.
The HIGH specific capacity turbine is assumed to have a rotor diameter of 90 meters based on the Vestas
V90 model used as a reference for large turbines (base capacity of 3 MW) in a JRC study on wind potential in
Europe (Dalla Longa et al., 2018). The LOW specific capacity model is assumed to have a rotor diameter of 40
meters as defined for small-sized turbines (base capacity of 250 kWe) in the aforementioned JRC'’s study. The
land surface needed per each turbine unit is calculated as 25RD2 based on the optimal value suggested by
Sun, Yang, and Gao (2019) A similar relation (30RD2) is suggested by Obane, Nagai, and Asano (2020).To
obtained the area per capacity unit, the obtained surface is divided by the applicable reference capacity,
obtaining the values described in Table 83.

Smart V2G Chargers

Most of the scalar parameters required for the V2G chargers modelling are presented in Section 3.3.2, except
for the State of Charge (S0C) operational range for the individual EV units (SOC_MAX_EV and SOC_MIN_EV),
which is set as 95%-5% a suggested by Wang et al. (2020) and Fan et al. (2019). The SOC level of the EV
arriving (SOC_INI_EV) and departing (SOC_FIN_EV) from the charging station is set based on the findings
from Corchero Garcia (2015) as explained in this document. The maximum charging/discharging power at
individual charger correspond to the charging stations capacity (11 kWe) assumed for V2G chargers. The
charging and discharging efficiencies are considered 95%.

Additionally, the models require to establish the initial number of EV at the start of the day (EV_CON_INI) as
well as the associated aggregated energy capacity to that number of vehicles. The first is set as zero for the
investment model as the definitive number of installed chargers is unknown prior to the optimization process.
For the operational model, in which the number of installed chargers is a given input, it is assumed that at the
start of the day (00:00), 25% of the installed chargers are occupied.

17 A wind turbine’s specific capacity or specific power is a parameter that relates the swept area of its rotor to the installed power (watts).
It is measure in watts per square meter (W/m2) (Bolinger et al., 2021).
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Table 84. Scalar parameters for EV smart chargers

Parameter Description Value Units
ETA_CH_V2G Charging efficiency of EV batteries. 95% %
ETA_DCH_V2G Discharging efficiency of EV batteries. 95% %
A_V26G Sgrface occupled by an |nd|V|dgal charger 16-20 | m2/unit

(disregarded in the final scenarios)
E_B_V2G Energy capacity of individual EV batteries. Calculated based.on kWe
average fleet capacity.
P_MAX_CH_V26 Maximum charging/discharging at individual 11 KWe
charger
Initial number of EV (previous to optimization) at EV
EV_CON_INI the start of the day (00:00). 0 number
Aggregated energy capacity of battery pool at the .
EV_POOL_INI start of the day (00:00). EV_CON_INI *E_B_V2G kWe
SOC_MAX_EV Maximum SOC for individual EV. 95% %
SOC_MIN_EV Minimum SOC for individual EV. 5% %
SOC_INI_EV SOC. level of individual EV arriving at the charging 58% %
station.
SOC_FIN_EV S0cC lgvel of |.nd|V|dual EV departing at the 84% %
charging station.

Source: Own elaboration with data from Wang et al. (2020); Fan et al. (2019); and Corchero Garcia (2015).

Combined Heat and Power

In all archetypes, two configurations — small and large units — of Combined Heat and Power (CHP) fuelled by
gaseous fuels (natural gas or hydrogen) were initially considered as a potential investment option for all
archetypes except the Virtual community. However, after modelling the archetype’s electrical and heat
demand, only the small-sized configuration (< 20 MWe) is kept. The same is done for the biomass-fuelled
CHP units, which are considered an investment option only in the Rural town archetype.

Given the complexities of the investment decision model, a simplified mathematical model is used for both
CHP types, assuming a linear relationship between heat and electrical production, and varying mainly the
thermal and electrical efficiencies depending on the CHP’s assumed configuration per type of fuel used. For
the operational model, in which the installed capacity is already known, a more complex model is selected,
using a trapezoid with four theoretical operating points representing the unit’s Feasible Operational Region
(FOR). As noted in Table 85, the higher complexity of the approach used in the operational model translates
into a higher number of inputs than in the investment model.
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Table 85. Scalar parameters for biomass-fuelled CHP

Type Parameter Description Value Units
CHP_R_POWER_B Installed capacity for biomass- Result from investment KWe
fuelled CHP model
MIN_EL_B Minimum operational power output CHP_R_POWER_B * 0.4 kWe
MAX_EL_B Maximum operational power output CHP_R_POWER_B * 1 kWe
. CHP_R_POWER_B *0.85 *
MAX_TH_B Maximum useful heat output [1/CHP_CONV._B] kWt
B_POINT_B Theoretical operating point B MAX_TH_B kWt
. . . D_POINT_B *
C_POINT_B Theoretical operating point C [1/CHP_CONV_B] kWt
D_POINT_B Theoretical operating point D MIN_EL_B kWe
o . .
= Initial state of CHP biomass at
s |UINLB optimization start (on/off) 1 [1,0]
o
N
Yy B_CONV_EL Fuel to electricity ratio (biomass 0.1927 | kWe/mol
-
-
‘zt B_CHP_CONV Heat to power ratio (CHP -biomass) 22222 | kWt/kWe
n
ETA_EL_CHP_B H.P electrical efficiency (CHP - 035 %
biomass)
ETA_H_CHP_B CHP heat efficiency (CHP - biomass) 0.78 %
C_OFF_B CHP shutdown cost (CHP -biomass) 0 Euros
C_ON_B CHP start-up cost (CHP - biomass) See Eq. 138 Euros
T _SD_B Minimum off time (CHP biomass) 3 h
T_SU_B Minimum on time ( CHP - biomass) 4 h
Maximum amount of times per day
MAX_ON_B that the CHP unit can be turn off and 1 Units

turn on again

Source: Own elaboration with data from Algie and Wong (2002); Alipour, Zare, and Mohammadi-lvatloo (2014); Nazari-Heris,
Mohammadi-ivatloo, and Nazarpour (2019); Eurostat (2017); Sims et al. (2007); Forest Research (2022); Pettersen (1984); Dimoulkas
and Amelin (2015); Yu, Zhang, and Guan (2022); Gambarotta et al. (2015); Facci, Andreassi, and Ubertini (2014); U.S. Energy Information
Agency (2020); and Ghaffarpour et al. (2018).
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Table 86 Scalar parameters for gas-fuelled CHP

Type Parameter Description Value Units
CHP_R_POWER_G Installed capacity for gas-fuelled Result from investment KWe
CHP model
MIN_EL_G Minimum operational power output CHP_R_POWER_G *0.4 kWe
MAX_EL_G Maximum operational power output CHP_R_POWER_G *1 kWe
. CHP_R_POWER_G *0.85 *
MAX_TH_G Maximum useful heat output [1/CHP_CONV._B] kWt
B_POINT_G Theoretical operating point B MAX_TH_G kWt
. . . D POINT G *
C_POINT_G Theoretical operating point C [1/CHP_CONV_G] kWt
D_POINT_G Theoretical operating point D MIN_EL_G kWe
_- Initial state of CHP gas at
; U_INLG optimization start (on/off) 1 [1,01
=
8 G_CONV_EL Fuel to electricity ratio (natural gas) 0.09832 | kWe/mol
\'/
= H_CONV_EL Fuel to electricity ratio (hydrogen) 0.03033 | kWe/mol
<
=
4 G_CHP_CONV Heat to power ratio (CHP -gas) 1.81818 | kWt/kWe
HP electrical efficiency (CHP - o
ETA_EL_CHP_G biomass) 0.42 o
ETA_H_CHP_G CHP heat efficiency (CHP - biomass) 0.76 %
C_OFF_G CHP shutdown cost (CHP -biomass) 0 Euros
C_ON_G CHP start-up cost (CHP - biomass) See Eq. 138 Euros
T SD_G Minimum off time (CHP gas) 3 h
T_SU_G Minimum on time ( CHP - gas) 4 h
Maximum amount of times per day
MAX_ON_G that the CHP unit can be turn off and 1 Units

turn on again

Source: Own elaboration with data from Algie and Wong (2002); Alipour, Zare, and Mohammadi-lvatloo (2014); Nazari-Heris,
Mohammadi-ivatloo, and Nazarpour (2019); Eurostat (2017); Sims et al. (2007); EUROGAS (2011); Dimoulkas and Amelin (2015); Yu,
Zhang, and Guan (2022); Gambarotta et al. (2015); Facci, Andreassi, and Ubertini (2014); U.S. Energy Information Agency (2020); and
Ghaffarpour et al. (2018).

The technical parameters applicable per fuel differ as they represent different CHP configurations. In the case
of natural gas CHP, the small-sized equipment is assumed to be a gas turbine associated to a Heat Recovery
Steam Generator (HRSG) from which heat is transferred to the district heating network (Figure 87). In the case
of the biomass units considered for the Rural town archetype, a regular steam turbine cycle coupled with a
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HRSG unit (Figure 88) is considered. As small-sized biomass units are now the only option, pellets are used as
the default biomass fuel type.

Figure 87. CHP assumed configuration considered for small natural gas-fuelled units.
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Source: Own elaboration.

Figure 88. CHP assumed configuration for small biomass-fuelled units.
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The parameters referring to the theoretical operational points are based on the simplified feasible operational
region defined for both CHP. The required operating points (B_POINT, C_POINT, D_POINT) are based on the
simplified model proposed by Algie and Wong (2002); Alipour, Zare, and Mohammadi-lvatloo (2014); and
Nazari-Heris, Mohammadi-ivatloo, and Nazarpour (2019).The trapezoid FOR and the required operating points
are indicated in Figure 89. As observed, these can be calculated as a percentage of the equipment’s rated
power under normal conditions; which is the value obtained by the investment model. Point A represents the
upper limit of the active power output of the CHP unit, defined as 115% the rated power, based on typical
requirements for rotating units as explained by (Algie and Wong, 2002). In the parameters listed in Table 85
and Table 86, Point A can be considered the unit’s maximum electrical output (MAX_EL_G and MAX_EL_B) and
Point B is the amount of heat produced at the rated power under normal conditions. This is calculated
considering the electricity to useful heat ratio (CHP_CONV) defined for each case. Finally, Point D is set as
50% the rated power, and Point C, the corresponding heat production at that point.
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Figure 89. Simplified feasible operational region considered for units (operating points in green)
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Source: Own elaboration based on the model proposed by Algie and Wong (2002).

The fuel to electricity (B_CONV_EL, G_CONV_EL, H_CONV_EL) and power to heat (CHP_CONV_B,
CHP_CONV_G) ratios are calculated for each CHP configuration considered in MODECO, based on the
applicable efficiency values. For the fuel to electricity ratio, the system’s electrical efficiency (n) is considered
as well as the fuel's Low Heating Value (LHV), density (p) and molar mass (M) as indicated in Eq. 137. The
fuel to heat ratio is defined based on the default power-to-heat values established in the reporting template
for heat and power generation aligned with Directive 2012/27/EU of the European Parliament and the Council
of 25 October 2012 on energy efficiency (Eurostat, 2017). The considered efficiency values and fuel
characteristics used to calculate the fuel-to-electricity ratio are listed in Table 87.

El. 137 Fuel to electricity ratio for fuel X (biomass, natural gas or hydrogen)

[« 3Ll m [l na

KWh
m3

X _CONV_EL = LHV [

Table 87 Efficiency and fuel characteristics considered for each CHP configuration

CHP Fuel Configuration Nei1 [%] LHV p [kg/m3] M [kg/mol]

size [kWh/m?]
Small Natural gas Fig. 1 42% 9.749 0.668 0.01604
Large Natural gas Fig. 2 55% 9.749 0.668 0.01604
Small Hydrogen Fig.1 42% 2997 0.084 0.00202
Large Hydrogen Fig. 2 55% 2.997 0.084 0.00202
Small Pellets Fig. 3 35% 875 250 0.15731
Large Woodchips Fig. 3 35% 3,120 650 0.15731

Source: efficiency values correspond to the upper limits per technology stated by Sims et al. (2007); LHV for natural gas is taken from
EUROGAS (2011), and density at Normal Temperature and Pressure (NTP) and molar mass correspond to the values applicable to
methane (CH4); LHV and density for biomass is taken from Forest Research (2022) and the molar mass from biomass is roughly
approximated by considering the molar mass of cellulose (CeH100s, 162,139 g/mol), hemicellulose (CsHgO4, 132.114 g/mol) and lignin
(CoH7.9202.40(0CH3)092, 183.03 g/mol) - the latter defined based on the composition found in spruce (Picea abies) samples reported by
Pettersen (1984) -considering a distribution of 50%, 30%, and 20%, respectively, based on the typical shares for dry wood presented by
Pettersen (1984).
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The equipment minimum up and down times are set as 4 and 3 hours, respectively, as done in Dimoulkas and
Amelin (2015). U_INI_G and U_INI_B are binary variables indicated the state of the CHP unit prior to the
optimization [1 = on, O = off]. Shutdown costs are assumed as zero for all cases, whereas start-up costs are
considered as a value dependent on the system’s installed capacity, which is why different approaches are
taken for the investment and operational models. In the first case, no costs are considered and instead a
restriction is imposed over the number of times per day that the unit can be turn off and turn on. This is
assumed as one per day given that generators do not usually start up more than twice per day (Yu et al,
2022), and this is a common assumption made in similar optimization problems.

Finally, the start-up costs considered for the operational model are calculated considering the extra fuel
required to warm-up the engines —assumed as the required fuel to operate the machine for 10 minutes at
nominal power as done by Gambarotta et al. (2015) - plus the additional equipment wear costs. In the work
done by Facci, Andreassi, and Ubertini (2014), the latter costs are hypothesized as equivalent to the value of
one hour of maintenance. A similar approach is done in MODECO assuming that maintenance costs for this
type of technology represent around 50% of the total operational expenses (U.S. Energy Information Agency,
2020)- without considering fuel costs — and a maintenance period of 48 hours per year as done by
Ghaffarpour et al. (2018)As the operational expenses (OPEX) are defined as a percentage of the investment
cost (CAPEX), and the CAPEX depends on the final rated power installed (MAX_EL_B), the Eq. 138 is applied to
calculate the start-up cost for each case using the applicable parameters to each CHP type (gas or biomass).

Eq. 138 CHP start-up cost calculation

1 [h] 1
Startup cost = 5 * CHP_R_POWER[kW,] *

FUEL_COST [EUR] +
* -
kW h,, - mol

CONV_EL
mol

EUR
kW,

CAPEX[ ] * CHP_R_POWER[kW,] * %OPEX * 3=

Electrolyzer

The electrolyzer efficiency is set as 67.5% considering that the power-to-hydrogen efficiency for PEM
electrolyzer ranges between 65% and 70% for PEM technologies (Hu et al,, 2022). The same authors report
that the minimum operating load for PEM electrolyzers can be defined between 0-10%, so the upper limit is
used as an assumption for the P_MIN_PCTG_EL parameter. For the Low Heating Value (LHV) of hydrogen gas,
the value reported by Rau, Willauer, and Ren (2018) is used. For the operational model, the upper power limit
considered is the installed rated power defined by the investment model, and the lower limit is based on the
defined minimum operating load.

Table 88 Scalar parameters for the PEM electrolyzer

Parameter Description Value Units
EL_R_POWER Rated power Result from investment kWe
ETA_EL Power-to-hydrogen efficiency. 67.5% %
A_EL Area per unit capacity installed. 1E-20 | m?kWe
MAX_P_EL Maximum power. EL_R_POWER kWe
MIN_P_EL Minimum power. EL_R_POWER * KWe

P_MIN_PCTG_EL
P_MIN_PCTG_EL Minimum operating load. 0.1 %
LHV_H2 Lower heating value of hydrogen (H;) 0.067 | kWh/mol

Source: Own elaboration with data from Hu et al. (2022); and Rau, Willauer, and Ren (2018).
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Hydrogen tank

The tank’s technical characteristics are defined based on the information presented by (Nojavan et al,, 2017).
The maximum and minimum pressure inside the vessel are defined as 1,380,000 Pa and 200,000 Pa, and the
mean temperature is set at 313 K. The initial daily pressure and minimum daily pressure are both stated as
1,000,000 Pa. The area occupied per unit of volume storage is (A_HS) is defined considering a vertical
orientation and the diameter and nominal volume of a commercial hydrogen storage tank for industrial
applications (Figure 90). It is assumed that the tank requires a square surface whose sides’ lengths are equal
to the tank diameter.

Figure 90. Reference hydrogen tank dimensions and occupied surface area

2.45m
D

N

50 m3 L 12m

Surface area [

Source: Own elaboration based on the technical sheet from Lapesa Grupo Empresarial (n.d.)

Finally, the ratio between tank volume and the maximum hydrogen hourly flow (C_RATE_HS) is calculated
considering the density of hydrogen at 13.8 bar and 313 K (1.16600 kg/m3) and the gas molar mass
(0.00202 kg/mol). The density value is calculated using the data reported in the Hydrogen Tools published by
the U.S. Pacific Northwest National Laboratory (n.d.). A discharge duration of 24 hours is considered. No losses
from the storage unit are considered so efficiencies are set as 100% (ETA_CH_HS, ETA_DCH_HS).

Table 89 Scalar parameters for the Hydrogen storage tank

Parameter Description Value Units
ETA_CH_HS Charging efficiency 1 %
ETA_DCH_HS Discharging efficiency 1 %
A_HS Area per volumgtrlc unit (m3) of 0.09 m2jm?

hydrogen storage installed
Q_MAX_HS Maximum pressure inside the tank 1380000 Pa
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Parameter Description Value Units
Q_MIN_HS Minimum pressure inside the tank 200000 Pa
R_GAS_CONSTANT | R gas constant. 8.3145 m?* Pa/K mol
TA_MEAN Mean temperature inside the vessel 313 K
P_MAX_CH_HS Maximum hydrogen rate inflow Result from investment mol/h
P_MAX_DCH_HS Maximum hydrogen rate outflow Result from investment mol/h
Q_INI_HS Initial daily pressure 1000000 Pa
Q_FIN_HS Minimum final daily pressure 1000000 Pa
C_RATE_HS Ratio between tank volume and 24.07499 mol/ m*h

maximum hydrogen hourly flow
(in/out)

Source: Own elaboration with data from Nojavan, Zare, and Mohammadi-Ivatloo (2017); Lapesa Grupo Empresarial (n.d.); and U.S. Pacific

Northwest National Laboratory (n.d.).

Batteries

The technical parameters for Li.-ion batteries are listed in Table 90, as observed, all parameters are equal for
energy and power-based equipment except for the C-rate, which is based considering the applications
described by Tsiropoulos, Tarvydas, and Lebedeva (2018). The charging and discharging efficiencies
(ETA_DCH_ES, ETA_CH_ES), and the maximum and minimum State of Charge (SOC) are based on the values
projected for 2030 by (Nastasi et al,, 2021). The initial (SOC_INI_ES) and final (SOC_FIN_ES) are defined as
509% within MODECO.

Table 90 Scalar parameters for energy and power based batteries (0.35 C-rate)

Parameter Description Value Units
ETA_DCH_ES_ENERGY | Discharging efficiency for energy-based batteries. 97.5% %
ETA_CH_ES_ENERGY Charging efficiency for energy-based batteries. 97.5% %
MIN_CH_ENERGY Minimum charging power for energy-based batteries. 0 kWh
MAX_CH_ENERGY Maximum charging power for energy-based batteries. kWh
MIN_DCH_ENERGY Minimum discharging power for energy-based batteries. 0 kWh
MAX_DCH_ENERGY Maximum discharging power for energy-based batteries. kWh
SOC_INI_ES_ENERGY Initial State of Charge (SOC) at the start of the day. 50% %
SOC_FIN_ES_ENERGY | Final State of Charge (SOC) at the end of the day. 50% %
C_RATE_ES_ENERGY C-rate for energy-based batteries 0.35 -
SOC_MAX_ES_ENERGY II\D/I;tilenr':z;n State of Charge (SOC) for energy-based 950 y
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Parameter Description Value Units
SOC_MIN_ES_ENERGY | Minimum State of Charge (SOC) for energy-based batteries. 5% %
ETA_DCH_ES_POWER Discharging efficiency for power-based batteries. 97.5% %
ETA_CH_ES_POWER Charging efficiency for power-based batteries. 97.5% %
MIN_CH_POWER Minimum charging power for power-based batteries. 0 kWh
MAX_CH_POWER Maximum charging power for power-based batteries. kWh
MIN_DCH_POWER Minimum discharging power for power-based batteries. 0 kWh
MAX_DCH_POWER Maximum discharging power for power-based batteries. kwWh
SOC_INI_ES_POWER Initial State of Charge (SOC) at the start of the day. 50% %
SOC_FIN_ES_POWER Final State of Charge (SOC) at the end of the day. 50% %
C_RATE_ES_POWER C-rate for power-based batteries. 0.35 -
SOC_MAX_ES_POWER | Maximum State of Charge (50C) for power-based batteries. | 95% %
SOC_MIN_ES_POWER Minimum State of Charge (S50C) for power-based batteries. 5% %

Source: Own elaboration with data from Nastasi et al. (2021); Tsiropoulos, Tarvydas, and Lebedeva (2018)

Boilers

The fuel-to-heat ratios shown in Table 91 are calculated for natural gas and hydrogen considering the
physical properties of both fuels at NTP conditions, as well as the combustion efficiency (Nwmbs) — assumed as
85% for residential (Vakkilainen, 2017) and industrial (Vanwortswinkel and Wouter, 2010) boilers — as shown
in Eq. 139. The data for natural gas can be consulted in Table 87. In the case of Hydrogen, a LHV of 2.997
kWh/m3, density (p) of 0.090 and molar mass (M) of 0.00202 kg/mol are considered. Finally, the model also
requires a limit on the maximum thermal capacity from boilers installed in the community. This is set equal to
the capacity available in the starting year (2025), as afterwards the heat generated from boilers decreases
due to the assumed growth in other technologies (heat pumps and solar thermal), which is defined
exogenously.

Table 91 Scalar parameters for boilers

Parameter Description Value Units

G_CONV_B Fuel (natural gas) mol to heat ratio in 0.22388 | kWt/mol
residential and commercial boilers.

H_CONV_B Fuel (hydrogen) mol to heat ratio in residential 0.068604 | kWt/mol
and commercial boilers.

G_CONV_IB Fuel (natural gas) mol to heat ratio in industrial 0.201320 | kWt/mol
boilers.

H_CONV_IB Fuel (hydrogen) mol to heat ratio in industrial 0.062104 | kWt/mol
boilers.
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P_INST_B_INI | Boilers thermal capacity installed each year. Defined each year based kWt
on demand.

P_MAX_B Maximum boiler capacity installed. Equal to installed in kWt
2025.

Source: Own elaboration with data from Vakkilainen (2017); Vanwortswinkel and Wouter (2010).

Eq. 139 Fuel to electricity ratio per fuel (biomass, natural gas or hydrogen)

kWh
m3

k.
LHV fyel [ ]*Mfuel [m—‘Zl]

k.
Pfuel [m_%]

FUEL_CONV_B =

comb

As the considered residential boiler costs are given per unit basis in the used database, these are converted to
euros per kilowatt thermal to be used in the investment model. To do so, it is assumed a thermal load of 25
kWt per single-family household (Schiro et al.,, 2020).For flats, a smaller number is assumed (20 kWt) given
their smaller surface. In the case of the boilers in multifamily buildings, the boiler unit in which costs were
based are scaled to serve all dwellings in the building. Thus, an average number of 12 dwellings per building
unit is assumed considering the available data reported in the Entranze database for European countries
(Entranze Project, 2008). Furthermore, it must be considered than in the original database costs are
differentiated per multifamily and single-family units, but in MODECQ’s investment model only one type of
boiler is considered so the average cost between these two boiler types is assumed. For industrial boilers, the
costs are already given per kilowatt thermal basis, so no conversion is needed.

Demand response

Finally, the parameters used to model the demand response program are listed below. The only value, which
was not mentioned in that document is the maximum number of activations per day that is set as 3
activations per day. This value is in line with the range (1-12 activations per day) analysed by Priiggler (2013)
and is aligned with the upper value proposed by Zimmermann et al. (2016) for the maximum number of
activations expected for shiftable loads (1,100 per year or 3.014 per day).

Table 92 Scalar parameters for demand response

Parameter Description Value Units
C_DR Variable cost for demand response. 010 €/kWh
S_INC Available load increase share. 75% %
S_DEC Available load decrease share. 0% %
S_FLEX Share from demand that participates in demand 40% %
response.
U_INC_INI | Initial state of increment at start of the day. 0 [1,0]
U_DEC_INI | Initial state of decrement at first time of the day. 0 [1,0]
T_DR Maximum time of demand response activation. 3 h
D_DR Maximum number of demand response activations per 3 -
day.

Source: Own elaboration with data from Priiggler (2013); and Zimmermann et al. (2016).

207

Study by IREC and R2M Solution under Service Contract no. 942132-1PR-2021



Annex 4. Gap values obtained for the scenarios executed in the EC investment model

Table 93. Gap values reported by the EC investment model for the base case tariff scenarios

Y Dii:::nt Archetype No Charges TOU Bandwidth P:e\:::r
Business park <0,01% <0,01% 0.17% | < 0,01%

Industrial polygon <0,01% <0,01% <0,01% | <0,01%

Germany 1.3% Urban district <0,01% <0,01% <0,01% | <0,01%
Rural town 0.65% 4% <0,01% | <0,01%

Virtual community <0,01% <0,01% <0,01% | <0,01%

Business park <0,01% <0,01% <0,01% | <0,01%

Industrial polygon <0,01% <0,01% <0,01% | <0,01%

Spain 3.0% Urban district < 0,01% < 0,01% <0,01% | <0,01%
Rural town < 0,01% < 0,01% <0,01% | <0,01%

Virtual community 0.58% <0,01% <0,01% | <0,01%

Source: own elaboration with data from MODECO investment model

Table 94. Gap values reported by the EC investment model for the price rate sensitivity cases

Country Discount rate Archetype TOU_Flat | TOU_PPA
Business park <0,01%
Industrial polygon 1.25% 5%
Germany 1.3% Urban district 1.94%
Rural town 5.70%
Virtual community 0.54%

Source: own elaboration with data from MODECO investment model
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Table 95. Gap values reported by the EC investment model for the discount rate sensitivity cases

Country Discount rate Archetype TOU Bandwidth | Peak power
Business park <0,01% 0.13% <0,01%
Industrial polygon < 0,01% 0.04% 0.04%
Germany 2.5% Urban district <0,01% <0,01% < 0,01%
Rural town 2.2% <0,01% 0.11%
Virtual community <0,01% <0,01% 0.02%

Source: own elaboration with data from MODECO investment model
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Annex 5. Gap values obtained for the scenarios executed in the EC operational model

Table 96. Gap values reported by the EC operational model for the base case tariff scenarios

Country | Discount rate Archetype Year TOU Bandwidth | Peak Power
<

Business park 0,01% <0,01% 0.03%
<

Industrial polygon 0,01% <0,01% <0,01%
2025 <

Urban district 0,01% < 0,01% < 0,01%

Rural town 1.99% <0,01% <0,01%
<

Virtual community 0,01% <0,01% < 0,01%

Business park 0.29% < 0,01% 0.08%
<

Industrial polygon 0,01% <0,01% <0,01%

Germany 1.3%

Urban district 2030 0.03% < 0,01% < 0,01%

Rural town 1.72% <0,01% 0.11%
<

Virtual community 0,01% < 0,01% < 0,01%

Business park 1.05% <0,01% 0.23%
<

Industrial polygon 0,01% <0,01% <0,01%

Urban district 2040 0.37% <0,01% 0.46%

Rural town 0.49% <0,01% 0.45%
<

Virtual community 0,01% <0,01% <0,01%
<

Business park 0,01% <0,01% 0.58%
<

Industrial polygon 0,01% <0,01% <0,01%
Spain 3.0% 2025 <

Urban district 0,01% <0,01% 0.61%

Rural town 0.08% <0,01% 0.87%
<

Virtual community 0,01% <0,01% <0,01%
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Business park 0.29% <0,01% 2.42%
<

Industrial polygon 0,01% <0,01% <0,01%

Urban district 2030 1.46% < 0,01% 1.99%

Rural town 0.15% <0,01% 4.04%
<

Virtual community 0,01% <0,01% <0,01%

Business park 0.05% <0,01% 0.44%
<

Industrial polygon 0,01% <0,01% <0,01%

Urban district 2040 0.87% <0,01% 2.26%

Rural town 0.44% < 0,01% 4.78%
<

Virtual community 0,01% < 0,01% <0,01%

Source: own elaboration with data from MODECO operational model
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