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Abstract: Currently, the transmission system operators (TSOs) from Portugal and Spain do not
procure a frequency containment reserve (FCR) through market mechanisms. In this context, a virtual
power plant (VPP) that aggregates sources, such as wind and solar power and hydrogen electrolyzers
(HEs), would benefit from future participation in this ancillary service market. The methodology
proposed in this paper allows for quantifying the revenues of a VPP that aggregates wind and solar
power and HEs, considering the opportunity costs of these units when reserving power for FCR
participation. The results were produced using real data from past FCR market sessions. Using
market data from 2022, a VPP that aggregates half of the HEs and is expected to be connected in the
country by 2025 will have revenues over EUR 800k, of which EUR 90k will be HEs revenues.

Keywords: FCR cooperation; virtual power plant; revenue analysis

1. Introduction

Although the European Commission approved guidelines in 2017 that aimed at the
creation of balancing markets [1], in 2023, Portugal and Spain did not yet have a functioning
FCR market [2]. The existing situation and a possible alternative can be described according
to Figure 1, as follows.

FCR market
not existent in

Portugal and Spain

Current BSPs
not remunerated

(mandatory service!)

Potential BSPs
unable to assess

potential revenues

Possible solution

No pressure for
creation of 
FCR market

Join existing
FCR Cooperation

Figure 1. Problem formulation.
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The non-existence of an FCR market in these countries implies that the costs that
consumers pay regarding this service are not transparent and are probably inefficient
due to the lack of competition. The only allowed balancing service providers (BSPs) of
FCR in Portugal and Spain are conventional power plants (e.g., hydro, coal, natural gas).
Besides not being a market subject to open competition, the BSPs are providing an FCR
as a mandatory and non-remunerated service. On the other hand, as renewable energy
generators, hydrogen electrolyzers (HEs) could become BSPs and generate additional
revenues in the FCR market that would complement their main sources of revenues (by
selling energy and hydrogen, respectively). While these actors might be interested in
providing an FCR, they are naturally against providing this service if they cannot profit
from it. They end up not constituting the critical mass that is needed for opening up a
new FCR market. It is up to regulators of both countries to either keep this situation or
to open up this sector to transparent market mechanisms. There are at least three ways
for the regulator to ensure the existence of an FCR market: either a national market is
created in each country, an international market with these two countries is created (like the
present-day energy market), or these countries integrate an existing and wider international
market. This study explored the latter option.

1.1. FCR Cooperation

The FCR Cooperation is an international market that is presently open to nine Euro-
pean countries [3]. In general, it is expected that such a market integration is a benefit for
the participants, which can share resources in a wider market, leading to market efficiency.
Since Spain’s bordering country (France) already participates in this market, Portugal and
Spain may aspire to integrate it in the near future. Spain and Portugal’s transmission grids
are operated by different TSOs; therefore, each of them would join the FCR Cooperation
as a separate entity. BSPs from the participating countries provide supply bids to the FCR
Cooperation, whereas TSOs demand them to ensure that the system frequency stability
is kept close to 50 Hz. The product traded in this day-ahead market is valid for 4 hours;
therefore, there are six daily market sessions.

According to the market rules [3], in this market, there is an international price, called
the “cross-border marginal price” (CBMP), and in each country, there is a “national” local
marginal price (LMP), which may or may not differ from the CBMP, as follows. For each
country participating, there is a minimum and maximum aggregated volume [MW] of
bids from BSPs that can be accepted in the process of market clearing. These are known
as the “core” and “export limit” constraints, respectively: the maximum is due to the
interconnection capacity and the minimum ensures that all countries participate to solve
the frequency deviations (which affect all of the interconnected area).

If the aggregated volume of accepted bids from BSPs from a country is not hitting any
constraint (“hitting a constraint” means that the aggregated volume of BSPs from a country
is exactly equal to the “core” or “export limit” of that country [3]), the LMP in this country
equals the CBMP. In case the sum of the accepted bids from the BSPs of a given country hits
the “core” constraint, the local marginal price (LMP) in that country will be the price of the
last bid, which will be higher than the CBMP; conversely, if the “export limit” constraint is
hit, the LMP in that country is lower than the CBMP. The CBMP is the most expensive bid
accepted in the session in a country where no constraints are hit.

1.2. FCR Activation and VPP Participation

The units participating in the FCR have a local controller that, according to the fre-
quency of the grid, increase or decrease the output of the controlled unit. The basics behind
an FCR can be explained using Figure 2 as an example.
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Figure 2. Example of a frequency variation and the need for FCR upward and downward activations.

When the frequency falls below 50 Hz (underfrequency), this means that the load in
the system is greater than the generation, hence upward reserve activation (i.e., increase
in generation) is required. The opposite is also true and results in downward reserve
activation. According to [4], the FCR reserve activation is proportional if the frequency
deviation is ±200 mHz; when the frequency deviation from 50 Hz is higher than ±200 mHz,
the full reserve should be activated. Taking this into consideration and using the frequency
variation presented in Figure 2, the output of a BSP unit (e.g., a combined cycle gas turbine
power plant) reserving 5 MW for an FCR would be the one presented in Figure 3. Since
the plant in the example has a maximum capacity of 100 MW, in order to provide 5 MW
of upward reserve, this means that at the nominal frequency, the plant can provide a
maximum of 95 MW for the energy market, thus reserving 5 MW of headroom for the FCR
market. In this case, reserving this headroom for the FCR market means that the plant is
permanently missing the opportunity to sell these 5 MW to the energy market. This missed
opportunity represents an opportunity cost.
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Figure 3. Active power response to frequency variation and concept of headroom.

Currently, in the FCR Cooperation, only symmetric bids are accepted, meaning that
when a bid of, e.g., 5 MW is accepted, the BSP must guarantee that when the FCR is
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activated, it can provide up to 5 MW downward and upward depending on the frequency
value. The FCR Cooperation does not remunerate the activated energy; only the accepted
power is remunerated.

The VPP envisioned in this paper has three components: solar units, wind units, and
HEs. The first hybrid power plant in Europe that includes solar and wind farms and will
include HEs in the future is presented in [5]. Technically, if the resources are available, it is
possible to control the output of all of these units to allow for FCR provision, as shown for
wind farms [6], solar units [7], and HEs [8].

Each component of the VPP is capable of both upward and downward reserve provi-
sion. The real-world demonstration of both upward and downward FCR provision of a
300 MW solar unit is presented in [9]; instead of operating at an estimated available peak
power, the plant reserves 30 MW headroom, like the previous comments about Figure 3
emphasize. Of course, with no headroom, only downward provision will be possible
for wind and solar units; on the other hand, with no headroom, an HE can provide only
upward reserve.

As shown in Figure 3, reserving headroom leads to opportunity costs. The contradic-
tion is the following: reserving headroom allows for FCR provision but also diminishes the
potential revenues of a solar unit on the energy market. It should be taken into account
that the main purpose of a solar unit is to deliver energy to the grid on the energy market;
similarly the HEs take energy from the grid mainly to produce hydrogen that is sold on the
hydrogen market. FCR provision should be seen as an additional revenue for these units.
The fact that FCR needs to be delivered as a symmetric product encourages the aggregation
of solar and wind units that are solely downward providers with HEs that are only upward
providers because the headroom is avoided completely for each of the components when
they are aggregated. This is the aggregation proposed in this paper, which is done through
a virtual power plant (VPP).

The concept of the VPP downward reserve provision is illustrated in Figure 4, still
using the frequency evolution presented in Figure 2.
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Figure 4. VPP downward reserve provision and associated opportunity costs.

Likewise, the HE upward reserve provision is illustrated in Figure 5.
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Figure 5. VPP upward reserve provision and associated opportunity costs.

From these examples it can be concluded that opportunity costs may be occurring in
every instant for the VPP as a whole, but only half of the time for each of its participants,
allowing them to operate with no headroom. It must be taken into account that this example
has extreme variations in the frequency for demonstration purposes, but in reality, the
frequency is closer to 50 Hz most of the time, allowing the VPP participants to dedicate their
units to the energy market in normal conditions and only incur opportunity costs when
contingencies happen. One relevant question that arises is, thus, what is the volume of
opportunity costs in this case? To answer this question, it is necessary to assess the usage of
upward and downward reserves in existing grids. For instance, the data from three years of
market sessions in France spanning data from mid-2020 to the end of 2022 [10] is organized
from the highest to lowest percentage of reserves activated in Figure 6. The value read on
the y-axis is the ratio between the activated energy (MWh) to the contracted power (MW)
of the upward/downward reserve. This plot shows that the maximum value of either
upward and downward reserves that were measured was around 40% and the minimum
was close to 0%. The average and mean values were around 10%. Whether this small
percentage translates into low or high opportunity costs for participants in a VPP was one
of the motivations behind this study.
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1.3. Motivation, Literature Review, and Paper Organization

As previously mentioned, eventually Portugal and Spain may consider joining the
FCR Cooperation. The present study was motivated by the following:

• Potential BSPs are interested in assessing the order of magnitude of revenues. This is
currently not known because the FCR in Portugal and Spain is mandatory and not
remunerated. BSPs will be able to assess how much this market is potentially worth.

• A VPP including HEs and wind and solar plants is a particular case of the previous
point and this study adopted this point of view.

• Assessment of opportunity costs of the VPP have to be taken into account.

The identified literature gap is now briefly outlined. From the broader to the most
concrete, the main topics of interest for the present study were (1) the economic analysis of
ancillary services provision by DERs; (2) the context of the FCR Cooperation; (3) focusing
aggregation via VPPs; and, especially, (4) the participation of HEs. Although all these topics
were previously addressed separately, it was found that no study covered them all.

Topic (1) consists of a vast and growing body of work: the interested reader is directed
to the review presented in [11], which classified over 60,000 works about ancillary services
provision by DERs, and concluded that around one fifth of the recent studies addressed
scheduling, particularly bidding strategies on balancing markets. However, the particular
market of topic (2) is much less covered; an example would be [12], where electric vehicles
FCR provision is analyzed from a policy-making perspective; this paper also covers topic (3)
as it deals with aggregation. Still on topic (3) but from a more technical perspective, [2]
addressed the prequalification process of aggregation. The participation of VPPs in the FCR
Cooperation is already a reality: NextKraftwerke claims to be the largest VPP operating in
Europe and participates in this market [13].

Covering topics (1) and (4), [8] proposed a techno-economic analysis for FCR provision
in Belgium using a 25 MW HE. Regarding these topics, this paper is the literature case
that comes closer to the aims of the present paper. The authors [8] used a dynamic model
for the HE, where the HE power consumption depends on the grid frequency. However,
the opportunity costs implied in the participation of HEs in the FCR market were not
analyzed in this study since they are implicit in the results. Another difference between this
and the present paper is the fact that in [8], the HEs consumed electricity procured in the
energy market, whereas the present study assumed that power purchase agreements were
used. Furthermore, [8] used the Belgian case with four distinct FCR products, whereas the
present study proposed the context of FCR Cooperation, which is a simpler market with
a single product. Finally, no aggregation via VPP was proposed in [8]. The present work
expanded on a previous study of the authors [14], which covered topics (1) to (4), but did
not include opportunity costs in the analysis.

The remainder of this paper is organized as follows: Section 2 details the methodology used,
Section 3 presents the results, Section 4 discusses the results, and Section 5 draws conclusions.

2. Methodology

The methodology is represented Figure 7. The main aim was to compute the VPP
revenues obtained by participating in the FCR Cooperation and taking into account the
opportunity costs of solar, wind, and HEs. This was done by changing a set of user-defined
variables. As earlier mentioned, the present study represents an expansion of a previous
study [14], where only part 1 of the methodology was applied and opportunity costs were
not included.

The model presented in this section uses a set of parameters and user-defined variables
outlined in Table 1. The model’s implementation is available in a downloadable spreadsheet
on the Zenodo platform [15].
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Figure 7. Methodology.

The set t represents the tender (or market session) number, ranging from 1 to 5460,
while set c refers to the country (Portugal, Spain). Although this study only focused on
two countries, it could be readily extended to explore additional countries, offering a
platform for investigating further integration within the FCR Cooperation. Each tender
(t) in the FCR Cooperation spanned a duration of four hours, serving as the time-step for
the model.

The approach can be outlined through the following parts and steps:
Part 1—Without opportunity costs: VPP potential revenues were computed in this

first part. In [14], this part of the methodology was addressed in detail. The VPP potential
revenues were computed by considering that the VPP operated at zero opportunity costs
in order to assess what revenue the VPP would have in the tender, disregarding the costs it
needs to pay in order to attract HE, wind, and solar plants in the FCR market participation.

• Wind and solar generation time series—The wind and solar production taking place
in period t in country c, denoted as Gc,t, was presumed to be known and is provided
here as a parameter.

• HE demand—The demand of HEs (DHc,t) was likewise treated as a parameter that
was dependent on the parameter Gc,t. Specifically, it is zero when Gc,t is below the
user-defined variable HMin. Subsequently, it increases linearly until it reaches the
installed HE installed capacity (PNc) when Gc,t surpasses the user-defined variable
HMax, as outlined in Equation (1). The intuition for HMin and HMax is the following:
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if in a given hour, the renewable energy generation is small, no hydrogen is generated,
and if there is a high renewable energy generation, the hydrogen electrolyzers work at
full capacity. This is in line with the strategic objectives of the European Commission
in ensuring that the hydrogen generated with grid connected electrolyzers work more
during hours with more renewable generation. As for the values of Hmin and Hmax,
they were found after analyzing the time series for renewable energy generation in
each country and adjusting Hmin and Hmax such that the capacity factors of HEs
(Tables A1 and A2) would be at least 50%.

• VPP downward capacity—The share of downward reserve that can be supplied by
solar and wind power under the VPP, which is denoted as DNc,t, was determined by
the product of Gc,t and two coefficients. The first coefficient, i.e., VGSc, signifies the
proportion of solar and wind units contracted by the VPP (e.g., 1% of the total solar
and wind units). The second coefficient, i.e., RGSc, represents the reserve margin for
which these units are available for FCR provision (e.g., 5%, ensuring that a minimum
of 95% of the generated power at any given moment is reserved for the energy market).
This relationship is expressed in Equation (2).

• VPP upward capacity—The share of upward reserve that can be supplied by the
HEs under contract with the VPP, which is denoted as UPc,t, was determined by
the product of DHc,t and RDSc. Similar to RGSc, RDSc signifies the reserve margin,
representing the availability of these units for FCR provision. This relationship is
expressed in Equation (3).

• Symmetric price-taker bid—Given that the bids need to be “symmetric”, meaning
that they have the same size of upward and downward capacity, the proposed bid size,
which is denoted as Bc,t, was determined as the minimum among the upward capacity,
downward capacity, and the demand of the TSO (Dc,t), as outlined in Equation (4).
The term “price-taker” implies that Bc,t is offered at a low price, ensuring its acceptance
and payment at the international price CBMPt.

• FCR Cooperation bids—It was assumed that the existing bids (both demand and
supply) from actual market sessions were already known. The value of CBMPt is the
result of these market sessions, and the “price-taker” strategy of the VPP does not
alter it. This is because, given the balanced state of the country, the international price
(CBMP) is already established and known.

• Market outcome—The VPP potential revenues, i.e., VPRc,t, were computed according
to Equation (5).

Part 2—Computing opportunity costs: These refer to the participation of HE, solar,
and wind plants in the FCR.

• FCR downward/upward time series—The values of energy activated by the down-
ward and upward FCRs in France in the period t, i.e., DN_enFR,t and UP_enFR,t,
respectively, were retrieved from [10].

• Downward/upward energy—It was assumed that the values of the energy activated by
the upward and downward FCR bids, i.e., DN_enc,t and UP_enc,t, respectively, were
known and proportional to the ones in France and to the submitted VPP bid capacity
Bc,t, as per Equations (6) and (7). This means that these values were model inputs,
which in reality, would be impossible to forecast, although Figure 6 gives us average
and standard deviation values, which would be useful for the VPP bidding strategy.

• Energy market price—The average energy market price in the period t, i.e., EMPc,t,
was assumed to be known and was retrieved from [16].

• Downward opportunity cost—DN_OPCc,t represents the cost of DN_enc,t, which is
essentially wind and solar energy that is not sold in the energy market due to being
reserved for FCR. This potential (“potential” because only when the VPP naturally
participates in the tender (decided in part 3 of the methodology), does this opportunity
cost exist) cost was computed using Equation (8).

• HE power purchase agreement (PPA) price (PPAP)—It was assumed that HEs will
operate with electricity procured via the PPA instead of the energy market [17]. The
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levelized cost of energy was assumed to be the low end of values for solar and wind
energy found in [18], and thus, the PPAP was assumed to be 27 EUR/MWh.

• Cost of avoided energy consumption by HE—The upward energy required by the
FCR, i.e., UP_enc,t, comes from energy not consumed by the HEs. Therefore, the cost
of this avoided energy, i.e., CAEc,t, was computed according to Equation (9).

• Amount of non-produced H2—NPH was computed according to Equation (10), where
the parameter E f stands for the efficiency parameter assumed to be 50 kWh/kg [19].

• Upward opportunity cost—UP_enc,t was computed according to Equation (11). The
opportunity cost in this case is the missed opportunity of selling hydrogen that would
have otherwise been produced if the HEs would consume UP_enc,t, discounted by the
price that the energy would have cost. PH here stands for the hydrogen remunera-
tion, which was assumed to be 2.8 EUR/kWh. This value came from the European
Commission assessment of the costs of blue hydrogen in 2021 [20]; therefore, here it
was assumed that “green hydrogen” was remunerated exactly as “blue hydrogen” in
the hydrogen market instead of somehow being subsidized.

• Sum of opportunity costs—Upward and downward costs were added, as per Equation (12).

Part 3—Decision: Here, the decision refers to the VPP participation or not in the FCR
Cooperation tender t.

• Comparison of potential revenue and opportunity costs—Put simply, if the potential
revenue is lower than the opportunity costs, this means that the VPP would be losing
money in the market FCR session; therefore, the logical decision is not to participate,
in which case, the binary decision variable Decc,t would be 0, as per Equation (13). If
the VPP participates in the market session, the potential revenue becomes a revenue,
as per Equation (14).

• UPw revenue share—One assumption of this study was that the HE owner would
be happy to earn at least as much in the FCR market as it would in the hydrogen
market; therefore, according to Equation (15), the UPw reserve share UPRSc,t equals
the respective opportunity costs. Naturally, if the VPP does not participate in the
market tender, Decc,t = 0, and the opportunity costs are null.

• DNw revenue share—Likewise, the solar and wind plants receive their revenue share
DNRSc,t, according to Equation (16).

• VPP revenue share—The VPP owner, after paying both the upward and downward
providers, reserves the remaining revenue VRSc,t for itself, according to Equation (17).
This value can be understood as a profit of the VPP.

DHc,t =



0, if Gc,t <= HMinc

PNc, if Gc,t >= HMaxc

(Gc,t − HMinc)× PNc
HMaxc−HMinc

,
otherwise

(1)

DNc,t = Gc,t × VGSc × RGSc (2)

UPc,t = DHc,t × RDSc (3)

Bc,t = min(DNc,t, UPc,t, Dc,t) (4)

VPRc,t = CBMPt × Bc,t (5)

DN_enc,t = Bc,t ×
DN_enFR,t

DFR,t
(6)

UP_enc,t = Bc,t ×
UP_enFR,t

DFR,t
(7)

DN_OPCc,t = DN_enc,t × EMPc,t (8)
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CAEc,t = UP_enc,t × PPAP (9)

NPHc,t = UP_enc,t × E f (10)

UP_OPCc,t = NPHc,t × PH − CAEc,t (11)

OPCc,t = DN_OPCc,t + UP_OPCc,t (12)

Decc,t =


0, if OPCc,t > VPRc,t

1, otherwise

(13)

VRc,t = Decc,t × VPRc,t (14)

UPRSc,t = UP_OPCc,t × Decc,t (15)

DNRSc,t = DN_OPCc,t × Decc,t (16)

VRSc,t = (VRc,t − OPCc,t)× Decc,t (17)

The inputs, user-defined variables, and outputs are given in Table 1. “Inputs” refer
to the given data, whereas “user-defined variables” can be changed in the spreadsheet
to achieve different “outputs”. The results presented for the scenarios thus result from
different values of “user-defined variables”.

Table 1. Model inputs, user-defined variables (udvs), and outputs.

Symbol Type Meaning

CBMPt Input Cross-border marginal price
Dc,t Input Inelastic demand bid of TSOc
Gc,t Input Generation from VRESs
DHc,t Input Demand from HEs
DN_enc,t Input Energy activated by the downward FCR
UP_enc,t Input Energy activated by the upward FCR
EMPc,t Input Average day-ahead energy market price during the hours of the tender t

HMin udv Value below which DHc,t is null
HMax udv Value above which HE demands its nominal power
VGSc udv Percentage of the Gc,t contracted by the VPP
RGSc udv Percentage of the VGSc that can be offered as reserve
PNc udv Aggregated nominal power of on-grid HEs
RDSc udv Percentage of the DHc,t that can be offered as reserve
PPAP udv Power purchase agreement price (for HEs)
E f udv Efficiency of HE conversion (energy to hydrogen)

DNc,t Output Downward reserve bid capacity
UPc,t Output Upward reserve bid capacity
Bc,t Output Submitted VPP bid in the market session
VPRc,t Output VPP potential revenue in the market session

(disregarding opportunity costs)
DN_OPCc,t Output Downward opportunity cost
CAEc,t Output Cost of avoided energy (not consumed by HEs due to

energy activated by the upward FCR)
NPHc,t Output Non-produced hydrogen due to

energy activated by the upward FCR
UP_OCPc,t Output Upward opportunity cost
Decc,t Output VPP’s decision to participate in tender t
VRc,t Output VPP revenue in the market session
UPRSc,t Output Upward VPP participants’ revenue share
DNRSc,t Output Downward VPP participants’ revenue share
VRSc,t Output VPP’s revenue share after discounting opportunity costs

All the variables from Table 1 were assumed to be static over the years.
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Dc,t was 380 MW in Spain and 50 MW in Portugal as in 2021 [21]. DHc,t was obtained
from Equation (1) and depended on the inputs and user-defined variables.

The information related to FCR Cooperation (CBMP) spanning the period from 1 July
2020 to 31 December 2022 was acquired from [22]. Data preceding this date, which involved
a single daily tender, was excluded, as it was deemed less suitable for a VPP. VPPs require
greater granularity in bids due to the substantial variability in renewable energy generation
throughout the day. The initial data cleansing step involved eliminating the second tender.
The decision to remove these 121 data points was based on the consideration that only
certain TSOs participate in such tenders.

Furthermore, data from certain instances where a TSO did not submit demand bids
were excluded. Specifically, during the period from 27 June 2022 to 30 June 2022, discrep-
ancies were observed in the data, as most countries seemed to be importing their entire
demand without other countries compensating for this. Following the data-cleansing
process, there remained 5455 data points.

The information pertaining to wind and solar generation (Gc,t) was acquired from [16].
The acquired values were provided at an hourly resolution. In order to align with the
market data, it was imperative to resample the data to a 4 h time-step while preserving the
lowest value in the series to ensure the activation of the bid in the worst-case scenario.

The progression of the monthly average CBMP is depicted in Figure 8. Notably,
in the year 2021, the CBMP experienced a nearly tenfold increase. As the TSO demand is
inelastic, this implies that the aggregated BSP revenues inevitably escalated in tandem with
this proportion.
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Figure 8. Monthly average values of the CBMP.

2.1. Scenarios

The scenarios examined in this study were formulated by employing distinct values
for user-defined variables outlined in Table 1, and they are detailed in Table 2.

Table 2. Scenarios used in simulations.

Scenario 1
“Pessimistic”

2025

Scenario 2
“Expected”

2025

Scenario 3
“Pledged”

2030

Variable PT ES PT ES PT ES

VGSc 3% 2% 6% 5% 12% 10%
RGSc 20% 20% 20% 20% 20% 20%
PNc [MW] 50 200 100 500 1000 2000
HMin [MW] 200 1000 200 1000 500 2000
HMax [MW] 2000 10,000 2000 10,000 5000 20,000
RDSc 20% 20% 20% 20% 20% 20%



Appl. Sci. 2024, 14, 2985 12 of 23

The main difference between the scenarios was the installed capacity of HEs. Portugal
has committed to installing 2 to 2.5 GW of HEs by 2030 [23], whereas Spain has committed
to 4 GW [24]. This study investigated this scenario (Scenario 3 “pledged” 2030), as well
as two scenarios (1 and 2), assuming that by mid-decade, only a small part (5–10%) of the
2030 targets were achieved. PNc refers only to HEs producing electricity-based hydrogen: it
was assumed that by 2030, 50% of the installed HEs were grid-connected. For scenario 3,
the time series of wind and solar energy generation, i.e., Gc,t, was increased proportionally
to the expected increase in solar and wind power in both countries in 2030 [25,26]. The
assumption was made that both RGSc and RDSc were set at 20%.

2.2. Assumptions and Limitations

An assumption was made that Portugal and Spain were in balance, with no imports or
exports. Note that the remaining countries had imports and exports based on the available
data, and the local marginal prices (LMPs) may differ from CBMP in these cases; however,
such variations did not impact the calculations in this study.

Following the market rules outlined in Section 1.1, under these circumstances, either
of these countries hit the core and export constraints, and their local marginal prices aligned
with CBMPt.

Naturally, if it was the case that Portugal and Spain were exporting and hitting the
“export limit” constraint in a given period, LMPs would be lower than the assumed CBMPs
and the TSO costs would also be lower. But since there are no FCR market data in the
past for Portugal and Spain, making a different assumption from the one that was made
is intrinsically difficult. Note that this also impacts BSPs: Equation (5) stated that BSPs
profits are also proportional to the LMP; therefore, if the tendency would be that BSPs
from Portugal and Spain to have consistent scarcity of bids, the VPP would have higher
revenues than analyzed in the remainder of this study; conversely, if abundance was the
rule, lower profits would be achieved. Another important limitation was the assumption
that the CBMP is known in advance; naturally, the VPP would have to forecast it, compute
opportunity costs based on forecasts, and decide to participate or not in the market sessions.

Further limitations existed relative to the VPP, as follows. The first one was related
to the the assumption that in the day ahead, the energy that will be demanded by the
HEs is known in advance. Note that this value is proportional to the generation from
solar and wind at the national level, which nowadays can be predicted with somewhat
good accuracy in the day ahead. The lowest value of the four hours (duration of FCR
product) of renewable generation is chosen in the proposed methodology (see VGSc,t in the
methodology); therefore, it could be said that the HE demand, and hence, the bid size, is
conservative. Another limitation was that there was a single VPP operating in each country.
It is well known that increasing market competition drives down profit margins, but the
investigation of multiple VPPs lay outside the scope of this study.

It was also assumed that the FCR upward and downward energy activations (UP_enc,t
and DN_enc,t) were known in advance; this directly influenced the computation of op-
portunity costs. Although, as stated, it is known that these values are, on average, 10%
(Figure 6), the VPP would probably incur higher opportunity costs in some periods and
less in others than what was computed, but this value cannot be accurately forecasted in
the day ahead in any sense since this depends on imbalances occurring in real time. Also,
the market price for hydrogen was assumed to be known and static.

All the presented limitations in this section would contribute, most likely, to the VPP
bids being submitted more cautiously than anticipated in the remainder of the study.

3. Results

The results related to VPP participation in the market are presented in Table 3. Note
that the results are split according to the intermediate steps corresponding to each part of
the methodology (Section 2). For the disaggregated results per country and year, consult
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the tables in Appendix A. For the results of each day of the available data, refer to the
provided tool at [15].

Table 3. Results for the available data (mid-2020 to the end of 2022). Note that the results are divided
in the three phases of the methodology (Section 2). For the disaggregated results by year, consult the
tables in Appendix A.

Scenario 1
“Pessimistic”

2025

Scenario 2
“Expected”

2025

Scenario 3
“Pledged”

2030

Country (c) PT ES PT ES PT ES

Part 1: Without opportunity costs

Market sessions VPP participated in 87% 99% 91% 99% 91% 99%
FCR covered by VPP 10% 7% 21% 13% 76% 60%
∑T VPRc,t EUR 2.07M EUR 11.13M EUR 4.28M EUR 23.53M EUR 15.00M EUR 85.45M

Part 2: Opportunity costs

∑T UP_OPCc,t EUR 0.35M EUR 1.90M EUR 0.72M EUR 3.18M EUR 2.58M EUR 15.63M
∑T DN_OPCc,t EUR 1.29M EUR 6.97M EUR 2.67M EUR 13.36M EUR 9.35M EUR 51.49M

Part 3: Decision

Market sessions VPP participated in 62% 57% 61% 56% 61% 57%
FCR covered by VPP 6% 4% 13% 9% 45% 36%
∑T VRc,t EUR 1.56M EUR 8.44M EUR 3.25M EUR 19.04M EUR 11.44M EUR 65.72M
∑T UPRSc,t EUR 0.21M EUR 1.11M EUR 0.35M EUR 2.21M EUR 1.54M EUR 9.26M
∑T DNRSc,t EUR 0.58M EUR 3.15M EUR 1.20M EUR 7.04M EUR 4.32M EUR 24.47M
∑T VRSc,t EUR 0.78M EUR 4.18M EUR 1.61M EUR 9.80M EUR 5.58M EUR 31.99M

Other indicators

Capacity factor of HEs 56% 71% 56% 71% 50% 58%
VGSc 3% 2% 6% 5% 12% 10%

A brief interpretation of Table 3 is now presented using the figures regarding Sce-
nario 1—“pessimistic” 2025 in Portugal for illustration. Note that the results in Table 3 are
aggregated for all the available data, comprising the period between mid-2020 and the end
of 2022.

For this period, if the VPP was to participate in the market while disregarding the
opportunity costs (part 1 of methodology), it would have participated (with at least a 1 MW
bid) in 87% of the market sessions and would have covered 10% of the country’s FCR needs
(in this case, the remaining 90% were necessarily covered by the competing “conventional”
BSPs). The VPP potential revenue VPRc,t would have been over EUR 2M.

Regarding the second part of the methodology, the sum of the upward and down-
ward opportunity costs were computed, and it was found that such costs would have
represented about 80% of the VPP potential revenue, which, when aggregated, was a very
large percentage.

The third part of the methodology was the decision taken by the VPP whether to
participate in each particular market session, informed by the associated opportunity costs
associated with participation for that tender: this naturally led to a decrease in the number
of sessions that were participated in. Concretely for the illustrative case, the VPP ended
up participating in 62% of the market sessions (instead of the 87% computed in part 1),
covering 6% of the total country’s FCR needs (instead of 10%). The VPP revenue VRc,t
ended up being over EUR 1.5M, which was about 75% of the VPRc,t. Since the VPP did
not participate in the sessions where the opportunity costs exceeded the potential revenue,
the shares of the revenues of the upward and downward providers, i.e., UPRSc,t and
DNRSc,t, respectively, were considerably smaller than the opportunity costs computed in
part 2 of the methodology. As a result, the VPP revenue VRc,t was distributed as follows:
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about 13% to the upward providers (HEs), 37% for the downward providers (wind and
solar), and the remaining 50% for the VPP itself. Considering the particular year of 2022,
in this scenario, the HEs would have an annual revenue of over EUR 91k, as shown in
Appendix A.

As for other indicators, the capacity factor (the “capacity factor” is normally under-
stood as a ratio, e.g., between the generation (or load) in relation to its nominal value: for
instance if the average load of the HE in one year is 500 MW and the installed capacity is
1000 MW, then the capacity factor is 50%) of the hydrogen electrolyzers in this case would
be 56%. It was previously said that VGSc is a user-defined variable that was also a result.
In this case, the outcome was such that the VPP would need to control as little as 3% of
the total installed solar and wind power in the country to assure the downward reserve
provision. This is further discussed in Section 4.

One note regarding the differences between Portugal and Spain. Take into account
that in scenario 1, the HE installed power was four times greater in Spain than in Portugal.
For this case, the Portuguese VPP would cover more FCR share and participate in more
market sessions than the Spanish one, but overall, the monetary values in Spain were close
to five times higher than in Portugal.

The observation from Figure 9 suggests that the monthly aggregated revenues for
the VPP were notably comparable between Portugal and Spain, differing primarily in
magnitude with only a few months showing distinctions. However, Figure 10 illustrates
that the distribution of bids per hour was not identical between the VPP in Portugal and the
VPP in Spain. Upon examination, it was determined that, for example, in Portugal, there
was a slightly higher proportion of bids in the 04-08 period (NEGPOS0408 is the designation
for the product in the existing FCR Cooperation, representing the time from 4 to 8 AM).
The average higher CBMP for the 04-08 product suggests that the revenues in Portugal were
marginally greater than those in Spain during this time of day, as depicted in Figure 11.
Figure 12 indicates that the monthly average market share of the VPP in Portugal and Spain
exhibited only slight differences, except the scale.

The plot in Figure 13 shows the data aggregated per month regarding VPP non-
participation in market sessions (due to opportunity costs being higher than VPP potential
revenue), along with the energy market and FCR market prices. It can be concluded that
energy prices increased more than the FCR market prices, but over time, there was no strong
tendency of either more or less participation in the market due to higher opportunity costs.
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Figure 9. VPP monthly revenue in scenario 1. Used data from scenario 1.
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Figure 14 shows the upward and downward bid components organized from the
highest to the lowest for all the available data (From Figure 7, note that the bid size was
the minimum value between the upward and downward components). It was clear that
increasing the upward bid component (by increasing VGSc) would push the blue curve to
higher values but would result in the same bid size because, according to Equation (4), the
bid size was limited by the lowest value of the two curves. The bid size, which was limited
by its upward capacity, was equal to PNc for around 20% of the tenders.

0

5

10

15

20

25

30

35

1
19

0
37

9
56

8
75

7
94

6
11

35
13

24
15

13
17

02
18

91
20

80
22

69
24

58
26

47
28

36
30

25
32

14
34

03
35

92
37

81
39

70
41

59
43

48
45

37
47

26
49

15
51

04
52

93

[M
W

]

Tenders

DNw capacity UPw capacity

Figure 14. VPP bid size components per hour (organized from highest to lowest in the series). Used
data from scenario 1.

4. Discussion

In this study, it was assumed that Portugal and Spain joined the FCR Cooperation.
Drawing upon a set of assumptions and historical FCR market data, we computed the
revenues of a VPP that aggregated solar and wind generation with HE demand, along with
the shares of revenues distributed among the VPP participants. Technical questions about
the dispatch of existing sources within the VPP perimeter were left outside the scope of
the study. For instance, suppose that in real time, it was required for the VPP to activate
1 MW of downward reserve; this leads to the question of where will this 1 MW come from.
It is the VPP’s task to decide whether this 1 MW will imply the reduction of production
from one single wind turbine or from a whole solar farm. Such a problem is already faced



Appl. Sci. 2024, 14, 2985 17 of 23

by VPPs, such as the one in [13]; therefore, it was assumed that VPPs already possessed
knowledge about the best way to solve the real-time dispatch.

Note that in the present analysis, the hydrogen price was kept constant, but it was in
itself a source of uncertainty. If the hydrogen price was very large, upward reserve reserve
activation implies that the electrolyzers decreased their energy consumption and, therefore,
hydrogen production; this led to high opportunity costs.

A critical assumption about the VPP was that it participated in the market sessions as
a price-taker. This implies that when the VPP chose to submit a bid, it did so with a price
below the CBMP so that the bid was accepted. This limitation is noteworthy, as the CBMP
is not known in advance. A comprehensive assessment would necessitate access to the
strategies employed by other BSPs. Understanding their bidding strategy, encompassing
both prices and volumes, is essential for forecasting CBMPs and LMPs. As mentioned
by [27] regarding energy markets, due to the simplicity of model implementation, the
common assumption was that producers could not impact the market-clearing price with
their bids. These market agents are “price takers”, like the VPP of the present paper, which
bids at zero price to ensure it was cleared. However, if the VPP presents a large portion
of the bids, it will have an impact in the market-clearing price [27]: the market-clearing
price would be lower because some of the more expensive bids would not be accepted.
In this case, the revenue of the VPP itself would be lower, as it is proportional to the
market-clearing price, as per Equation (5).

Recognizing the limitation inherent in this approach, it is essential to emphasize
that the obtained results are likely more realistic when the installed capacity of hybrid
energies (HEs) is minimal, exerting minimal influence on the market dynamics. Specifically,
in a pessimistic scenario where only 50 MW of HEs were installed in Portugal by 2025
(scenario 1), and if these were incorporated into a VPP contracting only 3% of the total
installed wind and solar power (VGSc), considering a 20% share for both upward and
downward reserves (RGSc), the anticipated revenue for an entire year (at 2022 prices)
amounted to EUR 844k.

Figure 14 indicates that approximately 20% of the time, the bid size was constrained
by PNc. A larger value for PNc would allow for a higher bid size, as there was ample wind
and solar power available to support an increased bid (as noted by the blue curve being
above the orange curve). This underscores the assertion made in Section 2 that VGSc is
not just a parameter but also an outcome. In scenario 1 for Portugal, VGSc was set at 3%.
Importantly, increasing the value of this parameter would not impact the VPP bid size since
the constraint lay on the HE side, specifically in the upward reserve. Certainly, if RDSc
exceeded 20%, the VPP could increase its revenues without a substantial increase in the
contracted amount of downward reserve from solar and wind. The activation of reserves
might potentially affect the longevity of HE stacks. Exploring this trade-off constituted a
potential avenue for future research.

The results in Portugal and Spain naturally differed in magnitude because Spain has
a significantly higher population; more renewable energy generation; and, in the future,
more hydrogen electrolyzers are expected to be installed there. Therefore, the results reflect
this magnitude difference. The shape of the revenue curve in Figure 9 resembles the CBMP
in Figure 8. This serves as a reminder that if the input data included CBMPs from before
2019, the VPP revenues would probably be lower than those computed here due to the
proportionality outlined in Equation (5). Similarly, to compute future CBMPs, it is necessary
to evaluate the evolution of exogenous variables, like the price of natural gas, the changes
in the EU Emissions Trading System, and other factors that render long-term forecasts
unpredictable (such as current geopolitical events, like the war in Ukraine). An assumption
made in this study was that the components of the VPP (wind, solar, and hybrid energies
(HEs)) would be inclined to participate in the VPP if it precisely covered the opportunity
costs. Therefore, the values of the revenue share for these components, namely, UPRSc,t
and DNRSc,t, should be interpreted attentively. If these entities were to demand revenue
from the VPP that surpassed the opportunity costs, the VPP would participate in fewer
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market sessions, resulting in lower revenue. Conversely, if the VPP was managed directly
by the owners of hybrid energies (HEs) and wind/solar parks, the revenue share of the
VPP, denoted as VRSc,t, would be distributed among these units and could be higher than
the provided values of UPRSc,t and DNRSc,t.

5. Conclusions

This study investigated the integration of Portugal and Spain in the existing FCR
cooperation and answered the following question: what would be the revenues of a VPP
aggregating wind and solar units along with HEs in this market? In responding to this
inquiry, the applied methodology facilitated the computation of the bid size of the VPP
while accounting for opportunity costs. The VPP optimally reduced its opportunity costs
by strategically combining units that provided downward reserve (wind, solar) with units
that provide upward reserve (HEs), thus avoiding the need to reserve headroom. The
results show that the opportunity costs were higher than possible revenues in some market
sessions, and thus, the VPP refrained from participating in such sessions.

The model relied on actual market outcomes from the Frequency Containment Reserve
(FCR) Cooperation and verified data on renewable energy generation during the period
2020–2022. In this study, it was assumed that each country was in a state of balance
(not importing nor exporting), meaning it did not encounter constraints within the FCR
Cooperation, and consequently, maintained the LMPs equal to the CBMPs.

A prior analysis of the evolution of CBMPs showed that prices have increased over the
years. This means that over the years, the VPP would increase the revenues proportionally.
Although, here it was assumed that the CBMPs were known in advance, in reality, they
would need to be forecasted. A noteworthy conclusion was that exogenous variables, such
as natural gas prices, carbon pricing, and even market strategies employed by BSPs, pose
challenges in assessment, rendering the precise computation of future CBMPs complex.
Note that the forecasting would take place in the day ahead; it is likely that the natural
gas and carbon pricing would be easy to forecast because variations would tend to be
minimal in this time frame. More complex would probably be the understanding of
market competitors’ strategies. This is basically the same forecasting problem that market
competitors face in the day-ahead energy market.

Three scenarios were formulated to calculate the VPP revenues. For example, even
under conservative estimates for HE installation, a Portuguese VPP aggregating 50 MW of
HEs and a mere 3% of the existing wind and solar generators, each operating with a 20%
reserve margin, could potentially generate annual revenues exceeding EUR 800k (based
on the assumed 2022 CBMPs). The work previously published, without opportunity cost
consideration, would lead the VPP to participate in 87% of the market sessions [14], whereas
its computation (the main gap covered by this study) resulted in market participation
dropping to 64%. Taking opportunity costs into account, the HEs in this specific case would
receive over EUR 90k.

In an alternative scenario, taking into account the projected HE installation targets
set by Spain for 2030, along with the forecasted additions of new wind and solar power
capacity, the VPP could cover 58% of Spain’s FCR requirements and generate revenues circa
EUR 31M. This figure needs to be read carefully, as a limitation of this study arose from
certain assumptions: the VPP was assumed to participate in the market as a price-taker,
and we presumed that the CBMP was pre-determined and unaffected by the bid size of
the VPP. In the event that the VPP was to encompass 60% of the FCR, it would transition
to a price-maker role, potentially leading to a reduction in the LMP in Spain due to market
splitting for a substantial portion of the year. Consequently, this could diminish the profits of
the VPP.

It is acknowledged that the variables VGSc and RDSc utilized in this context can
theoretically be elevated, leading to a potential increase in the virtual power plant (VPP)
bid size, opportunity costs, and possible heightened degradation of the HE stack. Therefore,
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a subject for future investigation involves exploring the trade-off between the VPP bid size,
revenues, opportunity costs, and the values associated with the variables RGSc and RDSc.
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Appendix A

Table A1. Results for Portugal, disaggregated by year.

Scenario Scenario 1 “Pessimistic” 2025 Scenario 2 “Expected” 2025 Scenario 3 “Pledged” 2030

Year 2020 2021 2022 2020 2021 2022 2020 2021 2022

Part 1: Without opportunity costs

Market sessions VPP participated in 87% 88% 87% 91% 91% 99% 92% 92% 91%
FCR covered by VPP 10% 10% 11% 20% 21% 22% 75% 77% 76%
∑T VPRc,t EUR 173.5k EUR 805.1k EUR 1.1M EUR 357.6k EUR 1.7M EUR 2.3M EUR 1.3M EUR 5.9M EUR 7.7M

Part 2: Opportunity costs

∑T UP_OPCc,t EUR 70.7k EUR 144.8k EUR 137.9k EUR 144.5k EUR 294.7k EUR 283.7k EUR 542.9k EUR 1.1M EUR 953.6k
∑T DN_OPCc,t EUR 95.2k EUR 498.9k EUR 697.7k EUR 193.4k EUR 1.0M EUR 1.4M EUR 703.8k EUR 3.6M EUR 5.0M

Part 3: Decision

Market sessions VPP participated in 57% 63% 64% 55% 61% 63% 55% 61% 63%
FCR covered by VPP 5% 6% 7% 10% 13% 14% 39% 46% 47%
∑T VRc,t EUR 110.0k EUR 621.0k EUR 844.4k EUR 228.4k EUR 1.3M EUR 1.7M EUR 855.0k EUR 4.6M EUR 6.0M
∑T UPRSc,t EUR 34.3k EUR 85.1k EUR 91.6k EUR 71.3k EUR 176.2k EUR 188.0k EUR 270.3k EUR 647.0k EUR 624.1k
∑T DNRSc,t EUR 36.1k EUR 242.2k EUR 303.8k EUR 75.2k EUR 501.9k EUR 627.0k EUR 282.4k EUR 1.8M EUR 2.2M
∑T VRSc,t EUR 39.6k EUR 293.7k EUR 449.1k EUR 81.9k EUR 605.6k EUR 923.1k EUR 302.1k EUR 2.1M EUR 3.2M

Other indicators

Capacity factor of HEs 53% 56% 57% 53% 56% 57% 46% 50% 52%
VGSc 3% 3% 3% 6% 6% 6% 12% 12% 12%
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Table A2. Results for Spain, disaggregated by year.

Scenario Scenario 1 “Pessimistic” 2025 Scenario 2 “Expected” 2025 Scenario 3 “Pledged” 2030

Year 2020 2021 2022 2020 2021 2022 2020 2021 2022

Part 1: Without opportunity costs

Market sessions VPP participated in 99% 99% 100% 99% 99% 100% 99% 99% 99%
FCR covered by VPP 3% 4% 5% 5% 5% 5% 34% 40% 32%
∑T VPRc,t EUR 894.2k EUR 4M EUR 6.3M EUR 1.2M EUR 8.3M EUR 14.1M EUR 8.6M EUR 38.0M EUR 38.8M

Part 2: Opportunity costs

∑T UP_OPCc,t EUR 367.0k EUR 751.6k EUR 776.4k EUR 416.3k EUR 1.2M EUR 1.5M EUR 3.5M EUR 7.2M EUR 4.9M
∑T DN_OPCc,t EUR 464.1k EUR 2.4M EUR 4.1M EUR 545.0k EUR 4.5M EUR 8.3M EUR 4.4M EUR 22.7M EUR 24.3M

Part 3: Decision

Market sessions VPP participated in 52% 58% 58% 51% 58% 58% 51% 58% 58%
FCR covered by VPP 3% 4% 5% 5% 8% 11% 34% 40% 32%
∑T VRc,t EUR 585.0k EUR 3.1M EUR 4.8M EUR 854.7k EUR 6.8M EUR 11.3M EUR 5.6M EUR 29.5M EUR 31.0M
∑T UPRSc,t EUR 183.9k EUR 432.4k EUR 498.6k EUR 253.0k EUR 852.2k EUR 1.1M EUR 1.8M EUR 4.2M EUR 3.3M
∑T DNRSc,t EUR 188.7k EUR 1.2M EUR 1.8M EUR 270.6k EUR 2.6M EUR 4.1M EUR 1.8M EUR 11.4M EUR 12M
∑T VRSc,t EUR 212.0k EUR 1.4M EUR 2.5M EUR 331.0k EUR 3.4M EUR 6.1M EUR 2.0M EUR 13.9M EUR 16.1M

Other indicators

Capacity factor of HEs 64% 68% 78% 64% 68% 78% 62% 66% 48%
VGSc 2% 2% 5% 5% 5% 5% 10% 10% 10%
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