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Abstract: The increase in the prices of fossil fuels and environmental issues are leading to a high in-
vestment in wind power and solar photovoltaic all over Europe, reducing its dependence on imported
fossil fuels. The European countries started incentive programs for investment in these renewable
technologies, which consisted of fixed and market premium feed-in tariffs. These feed-in schemes
involve long-term contracts with updated prices over inflation. These incentives highly increase
the investment and installation of new renewable capacity in Europe. They lead to high renewable
penetrations in power systems but originate a tariff deficit due to the difference between market
prices and the tariffs paid to these technologies. End-use consumers pay the tariff deficit on retail
tariffs. This work analyzes the market-based remuneration of variable renewable energy considering
different support schemes and the role of risk-sharing contracts in mitigating the spot price volatility.
It presents models able to negotiate bilateral contracts considering risk management, notably risk
attitude and risk sharing, bid establishment, and clause (by-laws) negotiation. Furthermore, to
evaluate the economic sustainability of renewable generation in Spain, it presents a study for different
12-year support schemes starting in 2010. The results confirmed that, in the case of using risk-sharing
contracts during crisis periods, the incidence of low energy prices (price “cannibalization”) decreases,
such as the tariff deficit. Furthermore, in the case of high-inflation periods, these contracts hedge
against the increase in retail prices, resulting in an economic surplus for consumers.

Keywords: economic sustainability; electricity markets; renewable investments; risk management;
support schemes; variable renewable energy; tariff deficit

1. Introduction

The organization of the power sector has changed throughout the last century with
the liberalization process that led to the start of competition in both wholesale and retail
markets [1]. Four main options exist to purchase and sell electricity [2]: spot, continuous,
bilateral, and derivative markets. The first consists of day-ahead, intraday, or real-time elec-
tricity pools, where supply-and-demand players place their offers to sell or buy energy [3].
The market operator supervises and mediates negotiations in these auction-based markets.
It obtains the spot clearing price by matching the aggregated supply and load curves to
maximize participants’ social welfare. Sellers that offer energy at a price lower or equal to
the market price will be scheduled to deliver it (or part of it in the case of several marginal
sellers) and will receive the market clearing price [4]. Market players can participate in
the continuous intraday market until 15 min ahead of real-time operation. This market
automatically clears opposite bids based on the pay-as-bid scheme [5]. Market participants
can also engage in bilateral contracts to fulfill their long-term energy needs. A bilateral
contract is an agreement between two parties where one commits to deliver energy and the
other pays for it. The advantage of bilateral contracts concerning spot markets is that the
terms (such as the quantity of energy, price, and maturity of contract) are custom-made to
the parties’ needs. Derivatives markets provide the most-used financial instruments. The
most common are futures, swaps, forward, and option contracts. Swaps are also known
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as contracts for differences (CfDs) [6]. These contracts can require the physical delivery of
electricity or have a purely financial settlement.

Consumers may have to consume electricity a few seconds after it is generated. Con-
sequently, generation shall match demand to ensure efficiency, stability, and reliability.
Market participants are exposed to several risks since they have to consider energy and
price forecasts [7-10]. These include financial risks related to the high volatility of spot
prices, which can reach peaks in periods of insufficient generation. Moreover, it is rele-
vant to mention the risks related to net load forecasts because of uncertainty concerning
demand and variable renewable energy source (VRES) generation [11]. Risk hedging is
essential to market participants, and financial instruments can be used when two parties
with opposite positions are willing to exchange risk [12]. Derivative and bilateral markets
provide financial instruments that participants can trade bilaterally. Bilateral contracts can
also help to hedge against the powerful position of big producers in the spot market by not
allowing buyers to be dependent on them to fulfill their energy needs. Another advantage
of bilateral support schemes is the economic incentive given to renewable energy source
(RES) investments [13], guaranteeing their economic sustainability.

Support schemes can be negotiated using agent-based models. Electricity markets are
a complex evolving reality—there is now a growing number of market participants, each
one with their own set of objectives, strategies, and exposure to risk [3,4,11,14]. One way to
model such a complex system is by using autonomous software agents. They can respond
to changes that occur in the environment in a timely fashion, exhibit goal-directed behavior,
and interact with other agents to reach their design objectives. Against this background, this
paper presents several key features of software agents able to negotiate support schemes,
paying special attention to risk management, notably risk attitude, risk sharing, and price
negotiation [12]. Furthermore, it presents a study where the Spanish government, as an
agent, opens a public contest to negotiate risk-sharing contracts with vRES investors.
The results are compared with other support schemes. In addition to feed-in-tariff (FiT)
and premium (FIP) schemes already in place, it also considers regulated one-way CfDs [15].
So, the public contest has two phases. In the first phase, investors are invited to submit
their proposals to an auction-based pool. The investors who pass to the second phase,
being aware of the opponents’ offers, are invited to negotiate the strike prices with the
government. The government agent proposes small strike prices that guarantee them low
but positive returns, being compensated when market prices are higher than strike prices.
The goal is to demonstrate a risk-sharing deal between both agents because RES agents
only receive high returns if market prices rise, encouraging them to bid higher prices and
avoiding the incidence of near-zero spot prices. These support schemes are compared
with the two used in Spain, especially concerning the system cost, vRES remunerations,
and tariff deficit in 2010 and 2022. Against this background, the main objective of this
work is to present and test risk-sharing support schemes to speed up the transition to
carbon-neutral societies, guaranteeing the economic sustainability of renewable power
plants and lower retail energy prices. The purpose of the paper is fourfold:

1.  Adapting a model for the multi-party negotiation of different support schemes;

2. Presenting models of different support schemes;

3. Outlining the equipment of buyer (government) and seller (VRES) agents with conces-
sion strategies, trading tactics, and a risk management process;

4.  Conducting a study and sensibility analysis to test the above models considering real
data of the following: (i) the Spanish traditional support schemes, (ii) Iberian prices,
and (iii) the vRES investment, operational, and maintenance costs.

The remainder of this paper is structured as follows. Section 2 presents a literature
review. Section 3 introduces bilateral contracts and negotiation models. Section 4 presents
support scheme models and RES performance indicators. Section 5 presents a study on
the application of different support schemes in Spain. Finally, concluding remarks are
presented in Section 6.
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2. Literature Review

When global energy policies started considering the environmental impacts of the
traditional fossil fuel power plants, introducing the dioxide carbon cost and the renewable
energy certificates, they started a policy for incentivizing investment in RES [16-19]. Fi-
nancing institutions need guarantees of future returns to finance new vRES projects [20-22].
Hence, if investors have long-term forward agreements to sell their energy, they guarantee a
stable revenue [23]. Traditionally, FiTs, FiPs, and regulated one-way CfDs are the most-used
support schemes for new RES investments [15,24-26]. FiTs consist of a fixed tariff (updated
with inflation) that gives a fixed return per produced energy during a significant period
(10-15 years). FiPs consist of a payment computed as the market price of electricity plus a
premium. The market premium is similar to FiPs but considers a tariff with up and down
boundaries (caps) that guarantee a positive return to investors. Regulated one-way CfDs
consider the negotiation of a strike price indexed to spot prices, which corresponds to
the minimum remuneration of investors. It is similar to the market premium but without
upper bounds [27]. When spot prices are lower than the strike price, investors receive the
strike price. Otherwise, they receive the market price. It is similar to financing CfDs but
considers variable generation and its physical delivery. These support schemes provide a
guaranteed return to investors with a small price risk. The price risk and the imbalance
costs are assumed by governments and paid by end-use consumers. Variable RESs (vRESs)
have substantial capital costs, near-zero marginal costs, and outputs dependent on weather
conditions [28].

Externalities, such as RES incentives, highly increase the investment in RESs, increasing
the penetration of these sources in the power grid. However, they led to a tariff deficit
due to the high costs of the support schemes paid to investors compared to market prices
and also because of the reduction in the working hours of the traditional dispatchable
power plants with reserve agreements. This reduction increases the capacity costs that
governments pay to traditional generation, which increases the over-cost of the power
system [15]. Recently, RES investors have also considered power purchase agreements
(PPAs), which are similar to FiTs but used for shorter periods [29]. Considering PPAs,
investors hedge against spot price decreases, but the buyers of their energy only partially
hedge against spot price increases [28]. A less risky option considers trading risk-sharing
contracts (RSCs) indexed to the spot price [12]. In RSCs, the parties negotiate the strike price
and the shared risk. When spot prices are below the strike price, sellers have to compensate
buyers. Otherwise, buyers compensate sellers. This type of contract may avoid the vRES
“cannibalization” of spot prices, such as the incidence of negative spot prices [30,31].

Algarvio et al. [15] studied how considering public contests with two-phase auctions of
VvRES support schemes may decrease the awarded prices. The first and second phases of the
public contest consist of a simple auction and a bilateral negotiation between governments
and the participants, respectively. The authors concluded that, by accessing the results of
the first phase, the participants could adjust their position to get their projects accepted
in the second phase, reducing the awarded prices. Bohland and Schwenen [25] studied
the impact of VRES support schemes in the competition and market outcomes of day-
ahead markets, considering FiTs and FiPs. The study considered data from the Iberian
day-ahead market of electricity (MIBEL). While FiTs give a return independent of market
prices, FiPs incentivize vRESs to bid prices higher than marginal prices, mitigating the
price “cannibalization” effect of vVRESs. They concluded that FIPs increase the markup of
VvRES, mainly of large-scale units, but decrease competition because the larger units exercise
market power. Anatolitis et al. [26] studied how vRESs auction-based support schemes
shall be designed to decrease awarded prices by analyzing 220 European auctions. They
concluded that sufficient competition is the most important aspect to decrease awarded
prices. Auctions shall avoid quotas and restricted realization periods and consider multi-
technology and ceiling prices to increase competition. Furthermore, support schemes
considering pay-as-bid prices instead of marginal auctions may reduce costs and are fairer
by considering the different units’ production costs [24].
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3. Bilateral Contracts and Negotiation

In derivative and bilateral markets are negotiated standard bilateral contracts to hedge
against spot price volatility.

3.1. Standard Bilateral Contracts

Electricity markets present different types of standard contracts to trade electricity:
forward, futures, option, and CfDs [12]. Forward contracts imply a commitment between
the parties to sell or buy a fixed amount of electricity in a future time for a price. Unlike
futures contracts, they involve commitments regarding the date on which the energy
and the payment are transacted [14]. Forwards do not consider a financial settlement,
but physical delivery is always required. Futures contracts include the commitment to
buy or sell a quantity of energy at a future time for an uncertain final price [7]. These
contracts may have daily settlements between the agreed price and the variable spot price.
The parties do not interact directly, and a central counter-party guarantees the fulfillment
of obligations. The physical delivery of futures contracts is optional. Option contracts
are similar to futures, but only their sellers must commit to the buyers’ decisions on the
activated options. By paying an initial fee, buyers have the right to buy (call option) or
sell (put option) a specific quantity of electricity at a future time. Financing CfDs involve
no physical delivery of energy by sellers. The parties fulfill their energy needs in the
spot market during the duration of the contract [27]. They establish a bilateral agreement
regarding an amount of (virtual) energy for a fixed price or a set of fixed prices called strike
prices. These prices are negotiated for single or multiple periods. In addition, they agree on
reference price indexes (e.g., the spot price), which are used to compute the differences to
be settled during the delivery period [12]. In the case of a two-way CfD, the seller will pay
the difference to the buyer if the reference price is higher than the strike price. Conversely,
it is the buyer who pays that difference. In some cases, incentives for investment in new
renewable power plants can consider regulated one-way CfDs, where only one of the
parties compensates the other [15].

The problem is that these standard contracts are traded based on spot markets and
indexed to them. RES investors cannot guarantee their investment return trading on
derivatives markets. Against this background, governments incentivize RES investments
by proposing support schemes, which consider some of the standard products adapted
to RESs. Support schemes facilitate investments in renewable energy technologies whose
costs and investment risks cannot be covered by the wholesale market prices.

3.2. Bilateral Negotiation

The presented methodology considers a two-phase public contest to support the
investment in new RES power plants. The first phase consists of an auction-based procedure
to score proposals. The contest’s promoter selects the best proposals for the second phase,
which consists of a multi-party bilateral negotiation between the promoter and the selected
investors, i.e., during this phase, the promoter starts a bilateral negotiation with each of
the selected investors to negotiate the prices of the support schemes. After the end of this
phase, the proposal with the highest score wins the contest. The agent-based multi-party
negotiation model has been adapted from [32].

The negotiation model is based on automated negotiation (see [7,32-35] for a complete
review on negotiation models and tools). The decision to accept or reject an offer depends
on multi-issue utility functions, which score offers considering agents’ preferences [14,36].
The agents’ risk attitudes (preference), A, can be classified according to the following
categories [37]:

1.  Risk-averse agents (A > 0) who prefer a setting where they have a guaranteed return
to another setting where that return can be higher but there is a chance of not getting
anything;

2. Risk-seeking agents (A < 0) who prefer a setting where there is a chance of making
unguaranteed higher returns to another setting where a lower return is guaranteed;
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3. Risk-neutral agents (A = 0) who only try to maximize profit without considering risk.

To negotiate bilateral contracts considering agents’ risk attitudes, a concession strategy,
Cr, presented in [27], has been adapted:

Cr = Cpy e 1)

where A is the value of the agent’s risk aversion, Cy, is the concession factor of a risk-
neutral agent, and ¢ € [0;1] is a constant that shapes the negotiation behavior of the
agent. This constant considers small/high values to decrease/increase the risk attitude
influence during negotiation, respectively. Equation (1) represents a family of tactics, one
for each pair of values (Cy,, c) according to the risk attitude of the agent. Accordingly,
several simulations were made to define appropriate values for these parameters. Figure 1
illustrates the behavior of the resulting functions. Analyzing the figure, it can be observed
that, for small values of the negotiation behavior, ¢, agents reduce their attitude towards
risk behavior while negotiating. On the contrary, high values of ¢ strengthen the influence
of their risk attitude behavior during negotiation.

s =1 0.5 0 o= e= 05 e —]

0.1 0.5 09

Figure 1. Concession factor for a given measure of risk aversion and negotiation behavior.

4. Support Scheme Models and RES Performance Indicators

To guarantee investment in renewable generation, governments propose different
support schemes [24]. This section extends the negotiation model presented in the previous
section to simulate typical procedures associated with support schemes. The negotiation
of support schemes involves the strike prices and quantities of energy for a generic t-rate
tariff, considering different prices per period t.

4.1. Support Schemes

This section presents the main characteristics of the most-used, recent, and prominent
support schemes. Typical support schemes may involve only single-period strike prices
(one level) updated with inflation and a variable dispatched quantity. Standard products
traded on derivative markets consider two levels (off-peak and on-peak prices and quan-
tities) and three levels (off-peak, mid-peak, and on-peak prices and quantities) per day.
Non-standard products may consider the private negotiation of more levels backed by
legislation, considering hour-wise prices and quantities [12].

FiTs, FiPs, and regulated one-way CfDs are the most-used support schemes to incen-
tivize RES investments [15,24-26]. FiTs are the only support schemes guaranteeing a fixed
remuneration for RES investments. These support schemes guarantee a minimum price to
investors, hedging them against low market prices. In addition, they protect governments
from high market prices, except for regulated one-way CfDs, which compensate investors
when market prices are higher than strike prices.
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Recently, new RES investments have also considered variable and fixed premiums.
Variable premium is the only scheme that guarantees an equal and stable return to all
RESs, independent of their productivity and market value. So, it has the drawback of
incentivizing the negative or very low price bids of RESs to avoid curtailments. Normally,
fixed premiums consider low strike prices, which do not protect investors in the case of low
market prices but incentivize them to bid higher prices, avoiding price “cannibalization”. If
strike prices of fixed premiums and FiTs are similar, they may protect investors in the case
of low market prices but do not protect promoters. Under this situation, we can consider
that fixed premiums are not well designed because they will have a behavior similar to
regulated one-way CfDs. Nevertheless, regulated one-way CfDs and fixed premiums do
not hedge against high spot prices and always originate a tariff deficit.

Prominent RSCs used as support schemes may protect both investors and promoters
from low and high market prices if well designed [12]. Their strike price and shared risk
may consider a negative return to investors in the case of low market prices, to avoid price
“cannibalization”. Furthermore, closed auction-based public contests do not incentivize
competition. Public contests may consider an open auction-based scheme or multi-party
negotiation to increase competition. By being aware of the opponents’ proposals, investors
may reduce their level of aspiration and propose lower strike prices to beat the competition.
That is the goal of considering two-phase public contests, which may reduce strike prices
in the case of single or multi-party bilateral negotiations [15].

Against this background, Table 1 summarizes the characteristics of the different prod-
ucts used to remunerate RES investors.

Table 1. Characteristics of the different support scheme options and spot products.

Product Str111§:i/felxed Boundaries  Negotiation ng:\g;rrll;e Hﬁgel(;-;;:gce
FiT Yes/Yes No No Investor Both
FiP Yes/No Minimum No Investor Both
One-way CfD Yes/No Minimum No Investor No
Two-phase CfD Yes/No Minimum Bilateral Investor No
RSC Yes/No No No Both Both
Two-phase RSC Yes/No No Multi-party Both Both
Variable premium Yes/No Fixed return No Investor Both
Fixed premium Yes/No Minimum No Promoter No
Spot No/No No No No No
Mathematical Models

This section presents the formulation of each support scheme used in this work to
evaluate their market performance. Accordingly, the agenda includes ¢ energy quantities,
i.e, {q1,...,9:}, where each quantity represents the dispatched renewable generation of
a specific period t. In particular, CfDs and RSCs require that the parties agree on a set of
time-variable, ¢, strike prices, during period T:

Sp = (sp1,---.spt) )

where the symbols are defined as follows:

(i) Spis the strike prices’ vector;
(i) spt, t=1,...,T, is the strike price of quantity g;.

CfDs and RSCs also require that the parties agree on a set of reference prices to be
used in the definition of the differences. These prices are represented by the following:

Rp = (rp1,...,rpt) (3)

where the symbols are defined as follows:
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(i) Rp is the reference prices’ vector;
(i) rp:, t=1,...,T, is the reference price associated with a specific period or block of a
day ¢.

The multiplication of the differences between prices by energy gives the financial
compensation. These vectors can be simplified considering their use in typical support
schemes or standard products. The most traditional support schemes considered are FiTs,
FiPs, and regulated one-way CfDs [15,24]. FiTs are the most-used support schemes and are
similar to two-way CfDs. They considered a fixed strike price, sp;, per unit of energy with
yearly inflation updates during the contract duration. When the market reference price,
rpt, is lower than the strike price, the government (buyer) pays the difference (pay-off).
Otherwise, it is the RES (seller) who compensates the government. From the point of view
of the RES, the pay-off, Dif f;, it has to receive (if positive) or pay (if negative) is as follows:

T

Diffs = ) [spr — max(rpt,0)] x gt )
t=1

The government has to compute exactly the opposite value, being the RES remunera-
tion, Ils, which equals to the following;:

T
I, = Diffs+ Y rps X g 5)
t=1

FiPs are similar to FiTs but consider a fixed premium, fp;, and a minimum, minpy,
and maximum, maxp;, price cap. The sum of the spot price with the fixed premium has to
stay between the caps, being the RES remuneration, which equals to the following:

T
I, = Z min[max(fps + rpe, minps), maxp] X g (6)
t=1

Regulated one-way CfDs consider that RESs receive the maximum value between the
reference spot price and the negotiated strike price. In this case, only RESs are compensated,
and the RES remuneration is computed as follows:

T
Il = Zmax(rpt,spt) X gt (7)
t=1

Traditional support schemes guarantee the return of RESs but originate the price
“cannibalization”, negative prices, and a tariff deficit. Price “cannibalization” occurs because
vRESs have near-zero marginal costs and support schemes with guaranteed returns. So,
they offer near-zero prices at spot markets, which means that they are the first players
of the supply merit order, pushing out of the market power plants with higher marginal
costs. Historically, high penetrations of vRESs reduce market prices, which leads to price
“cannibalization” [15,30,31]. Considering these support schemes, some markets force vRESs
to bid the market minimum price cap, guaranteeing they are the first in the merit order.
Other markets allow vRESs to bid strategically. Markets with negative price caps and
vRESs with support schemes that only remunerate their programmed dispatch may have
vRESs bidding negative prices to avoid curtailments in the case of energy excess. In these
markets, VRESs prefer to bid strategically and receive lower remunerations rather than
non-remunerated curtailments. Support schemes with high guaranteed fixed prices, price
“cannibalization”, and negative prices increase the tariff deficit, i.e., the difference between
spot prices and RES remuneration. The tariff deficit affects the retail tariffs of end-use
consumers. So, it may increase their retail tariff, such as the difference between retail and
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wholesale tariffs. Currently, fixed and variable premiums are used to support investments
in RESs. Fixed premiums consist of a fixed remuneration on top of the market price:

T
Z fpe+rpe) X gr 8)

Without price caps, fixed premiums incentivize vRESs to strategically bid values higher
than zero to avoid decreasing their remuneration. The problem with fixed premiums is that
they always result in a tariff deficit if RESs bid values higher than zero. Variable premiums
are computed a posteriori considering the yearly levelized production costs, cst, market
remuneration, and productivity of RESs. In the case of low market prices, they are an added
value to the market remuneration of RESs to pay their yearly production costs. Otherwise,
RES investors compensate promoters as follows:

T

Diffs = 2 (cst —rpe) X q¢ )

t=1

Considering variable premiums, an RES has a guaranteed return independent of its
productivity and market prices, which may also result in price “cannibalization”. Another
solution consists of risk-sharing contracts (RSCs) [12]. RSCs can be indexed to the spot
index and are used as a form of risk hedging by sharing the risk of the spot price volatility.
When spot prices are higher than the strike price of RSCs, buyers of electrical energy have
to financially compensate sellers with a part of the difference between prices, which is
computed according to the degree of shared risk, B, as follows:

T
Diffs = ) (spt —rpe)B % s (10)

t=1
If positive, buyers financially compensate sellers. Otherwise, sellers compensate
buyers, and their final remuneration is computed as presented in Equation (10). When
RSCs are indexed to spot prices, they incentivize RESs to bid values higher than zero to
not reduce their remuneration. Indeed, when spot prices are higher than strike prices,
RSCs lead to a tariff surplus. RSCs and fixed premiums are the only support schemes that
have the potential to avoid price “cannibalization”. However, the RSC is the only support

scheme with the potential to avoid both price “cannibalization” and the tariff deficit.

4.2. RES Performance Indicators

The levelized cost of energy (LCOE) is the metric that allows the evaluation of the cost
of each technology. It considers that investors recover all fixed, cf,,, and variable, cv;,, costs
per investment year, 1, with a specific technology, during its life cycle, N, according to its
production g, and discount rate,

E Cfn +cv,l
N=1 (14r)N
n In
N=1 (1+r)N

LCOE = (11)

The yearly production is computed considering the expected capacity factor of the
technology, Pf, its nominal power Pn, and the number of hours per investment period:

gn = Bf x Pn x 8760 (12)

The production costs of the investor, cs;, in period 1, may consider the weighted
average cost of investment (WACC) as follows:

(cfu +cvy) x (1+WACC)!
gu % (1+ WACC)~1

Sy =

(13)
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The WACC consists of the relative cost of every levelized monetary unit of investment.
It is considered to define the minimum tax of return for profitable investments in RESs.
Historical WACCs may be considered for RES investments [21,22].

5. Case Study on the Negotiation of RSCs for vRES Investments

This study considers a public contest for the investment in 100 MW of wind power
plants between the Spanish government and investors in 2010. The Spanish government
proposes a support scheme for 12 years, where wind power plants are remunerated based
on market results. It proposes RSCs with 50% of risk sharing assumed by investors to avoid
small market prices. To make the best business possible, the Spanish government proposes
a two-phase public contest for investment in new renewable power plants.

The first phase consists of an auction where the investors propose different strike
prices, and the government selects the best offers that comply with the contest requirements.
Projects are evaluated according to their expected capacity factors and the proposed strike
prices. They receive a bonus if they comply with the required installed capacity. Projects
can have power plants in different locations to comply with the requested wind power
capacity. If the best project has a score with a difference higher than 2% concerning the
second-best project, it is accepted. Otherwise, all projects are invited to the second phase if
they have a score difference lower than 2% concerning the best project.

In the second phase, there is a negotiation between the government and the selected
investors. Some clauses are negotiated and also the strike price. At this step, all the
selected investors know the first proposal of their opponents. Thus, they can make a more
competitive proposal in their private negotiations with the government to obtain the deal.
This strategy could be advantageous for governments to obtain better deals instead of only
having the auction phase.

This study analyzes the impact of the different support schemes in their first (2010)
and last years (2022) from the point of view of the promoter (government) and investors
(wind farm producer). This study covers extreme market conditions by considering typical
years with low (2010) and high (2022) spot prices because of the economic and energy
crises, respectively. Furthermore, it also presents a sensibility analysis of the market prices
to evaluate and compare the outputs of each support scheme considering different market
dynamics. The following section presents the auction phase of the public contest promoted
by the government.

5.1. Auction Phase

In the first phase of the public contest, there is an auction where investors propose
different strike prices. The public contest consists of investment in new wind farms with
a maximum of 100 MW installed power, (Png). Let A= {ag,a;} be the set of autonomous
agents, being a, the government agent and Az = {ay, ..., 4;} the set, I, of investor agents, i.
Investors” agents can propose investment in wind farms with less than 100 MW, subject to
the coupling with other proposals in the same situation. In the case of it being advantageous
for the government, it accepts investments with more than 100 MW of installed power.

The merit order for accepting proposals consists first of the best relation between
the proposed strike price (sp;) and the average expected power factor, Pf;, of each project
and second of the proposed installed power (Pn;). The installed power differentiates
projects in the case of similar points in the first calculation. The bonus is higher depending
on how close the installed power is to the required one. The score, Score;, of each project is
computed as follows:

k1 Pf; kosp;
Score; = 100 - Kmaig;?,) + mi;?fp1)> x ((14ks x (Pn;/Png)) (14)

where k1, kp, and k3 are constants that differentiate the weight between the capacity factor
(PF), the strike price (SP), and the bonus, respectively. The sum of k; and k; has to be equal
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to one, and in this study more importance has been given to SP than to PF. So, values of
0.70 to k»p, 0.30 to k1, and 0.05 to k3 (bonus of 5%) can be attributed.
Table 2 presents the main characteristics of the agents with accepted offers.

Table 2. Agents’ characteristics.

Agent Risk Risk Neutral Behavior Initial Price

Preference  Attitude Concession (Cfy) () (EUR/MWh)
Government high aversion 1 10 0.55 89.00
Investor 1  high aversion 1 17 0.70 93.90
Investor 2 aversion 0.5 15 0.15 93.85
Investor 3  small seeking ~ —0.25 12 0.60 94.70
Investor 4 seeking -05 8 0.30 94.90
Investor 5  small aversion 0.25 17 0.25 95.10
Investor 6 high seeking -1 10 0.40 95.70

The RSC auction resulted in the following accepted projects for the next phase ordered
by merit in Table 3.

Table 3. First phase accepted projects.

Project Strike Price Capacity Installed Power Score
(EUR/MWh) Factor (%) (MW) (%)
3 94.7 26.23 100 101.84
4 94.9 27.11 70 101.65
2 93.85 26.92 30 100.85
5 95.1 26.31 70 100.61
1 93.9 24.54 100 100.58
6 95.7 25.70 100 100.55

Six proposals passed the first phase because the points gap between them is lower than
2%. In the case of only considering this auction-based phase, the public contest winners
would be the investors of project 3. However, to increase competition, all investors have
access to the first phase results and may negotiate with the government in the second
phase.

After this phase, and before the negotiation phase, the government tries to persuade
investors that will invest in an installed power lower than the required to invest more (if
possible) or ally with other inventors in the same situation. After this approach, investors
of projects 2 and 5 strategically ally to improve their score and start the negotiation phase.

5.2. Negotiation Phase

The negotiation phase is where the government will try to decrease the price of all
proposals. During the negotiation process, the government agent suggests strike prices
between its initial and limit prices, such as for each investor agent. The government
evaluates the last proposals of investors and only accepts a proposal after negotiating
with all agents, not affecting the negotiation output (multi-party bilateral negotiation). So,
at this point, it does not know the results of the merit board of Table 4 but can have an idea
during negotiation with all investors. After negotiating with all investors, the government
obtained the merit board presented in Table 4.

Analyzing Table 4, it can be concluded that investors 2 and 5 won the public contest. In
the following, the negotiation process that led them to win the public contest is presented.

Table 5 presents the initial and limit strike price values of both the government agent
and the agent negotiating on behalf of investors 2 and 5.
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Table 4. Second phase: projects’ score.

Project Strike Price Capacity Installed Power Score
(EUR/MWh) Factor (%) (MW) (%)

2and 5 92.57 26.5 100 101.16

1 90.49 24.5 100 100.62

3 92.87 26.2 100 100.62

4 93.31 27.1 70 100.26

6 94.65 25.7 100 98.72

Table 5. Agents’ initial and limit strike prices

Agent Initial Price Limit Risk Neutral Behavior
8 (EUR/MWh) (EUR/MWh) Attitude Concession (Cf) (o)

Government 89.00 93.85 1 0.1 0.55

2and 5 95.80 89.87 0.5 0.15 0.4

Investors 2 and 5 have a risk-averse attitude. So, they will act carefully to achieve
a deal. The government has a high risk-averse attitude with the goal of setting a deal.
After exchanging seven proposals and counter-proposals, investors 2 and 5 accepted the
government proposal of 92.57 EUR/MWHh. With this proposal, the alliance of investors 2
and 5 achieved a final score of 101.16%, winning the public contest.

A two-phase CfD with a direct negotiation only with the winner of the first phase
of the public contest led to a reduction of only 0.6% in the strike price [15]. Furthermore,
a two-phase RSC considering multi-party negotiation of the government with investors that
passed the first phase of the public contest led to a reduction in the strike price of 3.2%. So,
the results proved the benefit of multi-party negotiation to increase competition and reduce
the costs of support schemes. The following section compares different support schemes.

5.3. Comparing Support Schemes

The payment for electricity generated by wind farms in Spain was based on feed-in
schemes. In Spain, two types of incentive measures were used, a regulated tariff that
consists of an FiT and a market option that consists of an FiP, as presented below:

1. Regulated tariff scheme (FiT): a fixed payment per unit of produced energy with
yearly updates considering inflation.

2. Market option (FiP): the payment is computed as the sum of the market price of
electricity and a premium. There is a lower limit to guarantee the economic viability
of the wind farms and an upper limit (floor and cap, respectively).

The United Kingdom proposed public contests to provide RES incentives. Those public
contests consist of CfD auctions where the proposals for investment with lower strike prices
won. The CfD contract signed is a regulated one-way CfD. So, the strike price is guaranteed
to the investor plus the positive differences between the market price and the strike price,
which is the compensation [38]. Furthermore, a CfD auction has been considered with two
phases to reduce the strike price, with a strike price of 73.37 EUR/MWh [15].

Currently, the most-used support schemes are fixed and variable premiums. The fixed
premium aims at supporting all expected production costs during the support scheme
duration. The variable premium considers a yearly compensation of the production costs,
which wind power producers cannot receive from markets. Further, these six solutions
with the new support scheme based on RSCs are going to be compared.

The analysis considers that the wind farms of projects 2 and 5 started operating in 2010.
In 2010, in Spain, the reference value for the FiT was 77.47 EUR/MWHh, which is updated
based on the Spanish Retail Price Index minus an adjustment factor. The FiP in 2010 had a
reference premium of 30.99 EUR/MWh, a lower limit of 75.41 EUR/MWh, and an upper
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limit of 89.87 EUR/MWHh [39]. The CfD auction considers a strike price of 73.90 EUR/MWh.
The fixed premium considers the reference premium of 30.99 EUR/MWh without caps.
The variable premium has been computed based on the production costs of this wind farm
considering an investment of 1602.1 EUR/kWHh, an operation and maintenance yearly cost
of 23.01 EUR/MWh, a life cycle of 25 years, a support scheme of 12 years, and a WACC
of 8.5%.

In 2010, the production costs of the wind power plants of projects 2 and 5 were
64.71 EUR/MWh. These options are going to be economically comparable with the RSC.
Furthermore, the prices of support schemes are yearly updated according to the Retail Price
Index of the previous year. In 2022, the accumulated inflation of the index in the last year
of the support schemes is 16.1%.

Table 6 presents a resume of the incentive options, including their description and
price variation between 2010 and 2022. Figures 2 and 3 present the hourly day-ahead prices
and wind farm production in 2010 (extrapolated to 2022), respectively.

Table 6. Remuneration options for wind farm investments from 2010 to 2022.

Option Description
FiT 77.47-89.92 EUR/MWh independent of market price
FiP 30.99-35.97 EUR/MWh reference premium with a limit
between 75.41-87.53 and 89.87-104.315 EUR/MWh
CfD 73.90-85.78 EUR/MWh strike price in a regulated one-way CfD contract
Two-phase CfD 73.37-85-29 EUR/MWh SP in a regulated one-way CfD contract
RSC 94.70-109.93 EUR/MWh with 50% risk sharing

Two-phase RSC
Variable premium
Fixed premium

92.57-107.45 EUR/MWh with 50% risk sharing
Compensate production costs of 64.71-75.11 EUR/MWh
30.99-35.97 EUR/MWh
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Figure 2. Spanish MIBEL's day-ahead price in 2010.

In Figure 2, the red and blue lines represent the strike prices negotiated in the two-
phase auction of the CfD and the RSC, respectively. In 2010, wholesale market prices of
electricity were low because the Spanish economy was in crisis. Wind farms had only FiTs
and FiPs as support schemes, bidding their near-zero marginal costs in spot markets, which
led to price “cannibalization” (see Figure 2). In 2010, these support schemes originated 331
h with prices equal to zero, which is not good for the economic sustainability of producers.
Analyzing Figure 2, it can be concluded that only in a few hours during the year was
the market price higher than the CfD strike price, which will originate a compensation.
Moreover, only for three hours during the year were prices higher than the strike price of
the RSC and the government compensated with 50% of the difference. When prices are
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lower than the RSC strike price, the investor is compensated with 50% of the difference,
which occurs for almost the whole year.
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Figure 3. Wind farm production in 2010, extrapolated to 2022.

Figure 3 presents the hourly production of the wind farm, which, during 2010, had a
capacity factor of 29.6%. Its productivity was higher than expected (26.5%), which reduced
its yearly production costs, with its variable premium being lower than the FiT.

In Table 7 are presented the investor revenues considering the eight different options
and the spot-based remuneration of wind farms.

Table 7. Comparing the economic results of each option in 2010.

Market Levelized Remunera- Return Government Deficit
Option Price (EUR/MWh) tion (MEUR) (%)  Savings (%) (%)
FiT 77.47 20.10 41.7 -19.7 134
FiP 76.88 19.94 40.1 —18.8 132
CfD 73.97 19.19 32.6 —14.3 123
Two-phase CfD 73.55 19.1 31.5 —14 122
RSC 63.90 16.58 6.4 1.2 93.1
Two-phase RSC 62.84 16.30 3.6 2.9 90
Variable premium 64.71 16.79 8.5 0.0 95
Fixed premium 64.09 16.66 6.9 1.0 94
Spot 33.10 8.59 —74.7 48.8 0

Analyzing Table 7, it can be verified that the traditional feed-in options in Spain are too
costly compared with the alternatives, mainly in the case of small market prices, especially
at crisis times when consumption decreases. Furthermore, while investors consider a
minimum WACC of 8.5% to invest, all support schemes give higher returns except for
RSCs and the variable and fixed premiums. Thus, all schemes originate a significant
tariff deficit (paid by consumers) concerning the market value of the wind energy (spot
price) and extra costs concerning the fair remuneration of wind energy (variable premium).
Indeed, the variable premium is the support scheme that guarantees investors their target
minimum return.

The two-phase RSC is the support scheme with a lower tariff deficit. Even so, wind
power producers of projects 2 and 5 have a positive return of 3.6%. Because of small
market prices, the RSC final levelized price strongly reduces concerning the strike price
from 92.57 EUR/MWh to 62.84 EUR/MWHh, which incentivizes wind power producers to
bid higher prices. So, it can be concluded that RSCs protect the government at crisis times
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when consumption decreases and reward investors in growth times when consumption
increases. Indeed, while the variable premium is the option with fewer risk to investors,
market-based remuneration and RSCs are the options with lower effects on consumers’
tariffs. However, these results have been obtained considering the strategic behavior of
wind power producers protected by feed-in schemes in 2010. With the end of the first
feed-in schemes starting in 2019 and the natural gas crises of 2022, the market prices highly
increased in the MIBEL.

Figures 3 and 4 present the hourly extrapolated wind farm production and day-ahead
prices in 2022, respectively. Without access to the 2022 production data of the same wind
farm, the data were extrapolated from 2010 to 2022, i.e., in 2022, the same hourly wind
power production of 2010 was considered.
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Figure 4. Spanish MIBEL's day-ahead price in 2022.

Analyzing Figure 4, it can be concluded that due to very high spot prices only in 722
and 1437 h the market price was lower than the CfD and RSC strike prices, respectively.
While in the case of one-way CfDs the government compensated the wind farm in almost
the whole year, in the case of RSCs, it is the government that is compensated.

In Table 8 are presented the investor revenues in 2022 considering the eight different
options and the spot-based remuneration of wind farms. Analyzing Table 8, it can be
verified that the traditional feed-in options in Spain protect consumers in the case of high
spot prices. Furthermore, the variable premium is the support scheme with better results
during high-inflation periods because it only remunerates investors based on the negotiated
return (WACC). However, by giving a minimum guaranteed return, these support schemes
do not provide the dynamic price signals that vRESs need to bid strategically in periods of
energy scarcity or excess.

Regulated one-way CfDs and fixed premiums always lead to a tariff deficit, which
charges consumers even more in high-inflation periods. RSCs are the best solutions by
reducing the tariff deficit during crisis periods and giving an economic surplus in high-
inflation periods, reducing consumers’ tariffs. Furthermore, during deflation periods, such
as in 2010, two-phase public contests are relevant to reduce strike prices to values close
to market prices (see Table 7). However, during high-inflation periods, such as in 2022,
the benefit of lower strike prices is not so significant (see Table 8).

Against this background, the following section presents a sensibility analysis to verify
the variations in the remuneration of the wind farm considering an increase and decrease
in the 2010 market prices.
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Table 8. Comparing the economic results of each option in 2022.

Market Levelized Remunera- Return Government Deficit
Option Price (EUR/MWh) tion (MEUR) (%)  Savings (%) (%)
FiT 89.92 23.33 39.36 —-19.7 —48.5
FiP 103.38 26.82 67.39 —37.6 —40.8
CfD 178.44 46.29 123.70 —137.6 2.2
Two-phase CfD 178.40 46.28 123.61 —137.5 2.2
RSC 142.77 36.91 148.38 —89.4 —18.5
Two-phase RSC 141.03 36.59 145.80 —87.8 —19.2
Variable premium 75.11 19.49 8.50 0.0 —57.0
Fixed premium 210.59 54.63 190.66 —180.4 20.6
Spot 174.62 45.30 115.74 —132.5 0.0

5.4. Sensibility Analysis

As FiTs are independent of the market prices, they serve as a reference for the obtained
revenues concerning the other options.

Figure 5 presents the results of a sensibility analysis where each support scheme
revenue varies concerning the FiT, considering a decrease or increase in the reference
market price of 2010. The results presented in Figure 5 consider as a reference the average
market prices, wind investment costs, and FiTs of 2010. In 2010, the wind energy value and
the production costs of the studied wind farm were 33.10 EUR/MWh and 64.71 EUR/MWHh,
respectively.

Against this background, Figure 5 can be used to evaluate the market outcomes of the
different support schemes, considering different market dynamics. It can be used directly
to evaluate the wind farm remuneration from each support scheme considering dynamic
market prices that vary from 0 (—100%) to 132.4 EUR/MWh (200%), which already covers
almost all yearly prices of European day-ahead markets [5,40,41]. However, considering the
slopes of the line of each support scheme, each line can be extrapolated to lower or higher
prices. Adapting those lines for lower prices can be used to evaluate the market outcomes
of each support scheme in the case of negative prices. Furthermore, annual average spot
prices can be evaluated as presented, but also different price granularity, e.g., hourly spot
prices.

The sensibility analysis considers the investment and production costs (64.71 EUR/MWh)
of the studied wind farm in 2010. Considering wind farms with higher or lower production
costs, the support schemes’ market outcomes (lines) must be subject to down or up vertical
translation, respectively, i.e., shifting the base lines down or up in the direction of the
y-axis. Considering that the investment costs of onshore wind fall as the technology is more
mature, while the support schemes can be adapted and have similar behaviors for recent
investments, the relative market-based remuneration (dashed gray line) of onshore wind
has highly increased nowadays.
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Figure 5. Sensibility analysis of each option’s revenue variation to market prices concerning FiTs. Market prices (33.10 EUR/MWh), FiTs, onshore wind investment
costs, generation, and production costs (64.71 EUR/MWHh) from 2010 are the reference of the analysis. Revenues of support schemes (lines) can go up and down,
considering lower or higher production costs concerning the 2010 reference value, respectively. Furthermore, the presented price difference can be extended by
considering the different slopes of support schemes’ lines.
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The variable premium is the support scheme that provides to the investors of projects
2 and 5 the minimum acceptable return of 8.5% considering the investment costs of wind
power plants in 2010 (dashed green line). It is independent of market prices, as FiTs,
giving a remuneration 16% lower when compared with the employed FiTs in Spain. So,
remunerations higher than —16% concerning FiTs provide the economic sustainability
that investors require. However, when the market-based remuneration of those power
plants is lower than the support schemes’ remuneration, it originates a tariff deficit paid by
end-use consumers.

The MIBEL started operating in 2008. In Spain, the electricity market prices were
stable from 2008 to 2019 but started increasing in 2020 after (i) the pandemic lockdown
since 2020; (ii) an alteration in the legislation that changed the market price caps from 0 and
180.3 to —500 and 3000 EUR/MWh in 2021; and (iii) the natural gas crisis in Europe since
2022. Indeed, in 2022, wholesale electricity prices achieved historical maximums, with an
average value four times higher than in 2010, being controlled by the Iberian maximum
price cap for natural gas technologies [42].

Analyzing Figure 5, it can be concluded that, after 2021, the wind power plants of
projects 2 and 5 do not need support schemes to be economically sustainable, mainly
because of the high market prices triggered by the new legislation and the natural gas crisis.
However, the natural gas crisis in Europe has been partially mitigated in the MIBEL by the
price cap of natural gas.

Concerning the traditional support schemes used in 2010, it is concluded that regulated
one-way CfD auctions are better options for the government than FiPs, because only for a
very high increase in market prices (around 100%) is the revenue of wind farms higher. The
CfD auction only differs when market prices decrease, and then the two-phase CfD action
gives lower returns to wind farms. Furthermore, it is understandable why the majority of
wind farm investors in Spain choose FiPs instead of FiTs. In the worst case, FiPs give less
than 2.5% of revenue, and, just for a decrease in the market prices of around 15%, it is the
worst. In the best scenario, this option can give them more than 15% of income concerning
FiTs if the market prices increase by more than 40% concerning the reference. FiPs could
be a good solution if well designed, but what happened is that the reference premium
and the lower limit were too high, especially when comparing both limits with the FiT
price. The lower limit should decrease to a relevant value that gives the same benefit to
the government at crisis times and in high-inflation or economic growth times (less than
15% of revenues instead of 2.5% compared with the regulated tariff, as can be verified in
the sensibility analysis). This solution protects consumers and decreases the tariff deficit at
crisis times.

Concerning the price risk of support schemes, it can be verified that regulated one-
way CfDs and fixed premiums always originate a tariff deficit, i.e., originate an RES
remuneration always higher than the market-based remuneration. They are similar to FiPs
by slightly hedging the risk of small prices when FiPs significantly hedge the risk of high
prices. Concerning FiTs, FiPs, and variable premium support schemes, regulated one-way
CfDs may slightly reduce the tariff deficit for small prices but do not protect consumers in
the case of high prices. RSCs significantly hedge the price risk in the case of high prices,
originating a tariff surplus, and slightly hedge the price risk in the case of small prices,
originating a tariff deficit lower than all other support schemes except fixed premiums.

Concluding, while FiTs, RSCs, and variable premiums are the only presented support
schemes that can provide a tariff surplus, RSCs and fixed premiums are the only ones
that incentivize wind farms to bid prices higher than zero. Furthermore, bidding prices
higher than zero are very important to avoid price “cannibalization” and reduce the need
for externalities, such as support schemes to non-mature RESs, capacity mechanisms to
fossil fuel power plants, and other incentives. Against this background, the RSC is the best
support scheme by hedging against the volatility of market prices, incentivizing RES bids
with higher prices, and avoiding the tariff deficit.
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6. Conclusions

This paper has presented the key features of a negotiation model for the bilateral
contracting of renewable energy source (RES) support schemes in multi-agent electricity
markets, emphasizing concession strategies, risk management, and risk-sharing contracts
(RSCs).

The main problem of RES support schemes is that they reduce market prices because
of the close-to-zero bids of RESs, which originate a price “cannibalization”. Furthermore,
the price “cannibalization” originates the (i) need for capacity mechanisms to economically
support traditional generation and (ii) tariff deficits, i.e., the negative difference between
the market values of RESs and their remuneration. Normally, retail tariffs are significantly
higher than the wholesale price of electrical energy and increase because of the tariff deficit
and the costs of capacity mechanisms. However, the energy crisis of 2022 led to a new
paradigm, where risk-hedged retailers proposed retail prices lower than wholesale spot
prices. In contrast, risk-seeking retailers had to increase their tariffs more than once a year
to avoid bankruptcy. Risk-hedging solutions, such as RSCs, can increase the benefit of all
parties in both high-inflation and deflation periods.

The support schemes used in Spain are feed-in tariffs and premiums. The United
Kingdom also considered regulated one-way contracts for difference (CfD) auctions. An al-
ternative version of these auctions has been presented, considering a negotiation phase to
reduce the strike price of CfDs. Currently, fixed and variable premiums are the most-used
support schemes in new RES investments.

This article has presented a study focusing on a public contest for trading RSCs
between the Spanish government and wind farms’ investors . The public contest has two
phases. The first phase consists of an auction where investors can present their projects and
propose strike prices. The best-ranked projects can participate in the second phase, being
aware of the first phase results. This phase consists of a multi-party private negotiation
with the government. After this phase, the project with the highest score wins the public
contest and signs an RSC with the government. This study compared this RSC with the
three traditional support schemes used in Spain and the UK, the alternative two-phase
regulated one-way CfDs, the spot price, and fixed and variable premiums. Fixed premiums
and regulated one-way CfDs led to tariff deficits by providing a premium over wholesale
market prices. Variable premiums and FiTs led to price “cannibalization” by guaranteeing
a fixed return to investors, which does not incentivize variable RESs (vRESs) bidding prices
higher than their near-zero marginal costs. Results from the study prove the benefit of using
RSCs to avoid both price “cannibalization” and the tariff deficit by incentivizing bids higher
than zero and hedging against the market price volatility. Furthermore, the study also
proves that open proposals increase competition and reduce the strike prices of support
schemes. The second phase of the public contest reduced the price by 3.2%.

Future work aims at testing the strategic bidding of RESs considering different support
schemes to verify the behavior of these players and the outcome of these schemes under
different market dynamics. Furthermore, it also aims at performing several experiments to
empirically evaluate the outputs of key components of the agents, notably the concession-
making strategies and their associated tactics while negotiating support schemes.
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Abbreviations

CfD contract for differences

FiT feed-in tariff

FiP feed-in premium

LCOE levelized cost of energy

MIBEL Iberian market of electricity

PF capacity factor

PPA power purchase agreement

RES renewable energy source

RSC risk-sharing contract

SP strike price

VvRES variable renewable energy source
WACC weighted average cost of investment
Parameters

B shared risk

A risk attitude

c agent’s behavior

Cn concession factor of risk-neutral
fp fixed premium

k1 weight of score function term 1 (strike price)
ko weight of score function term 2 (capacity factor)
k3 weight of score function term 3 (bonus)
max maximum value of item

maxpy maximum price cap

min minimum value of item

minp; minimum price cap

Pn nominal power

Pf capacity factor

Indices

A set of agents

i agent index

I number of investor agents

t period

T number of periods

n investment period

N number of investment periods
Variables

I seller’s remuneration

a agent

Cr concession factor

cft fixed production costs

CSt production costs

Ccot variable production costs

Dif fs seller’s pay-off

p price

q quantity

r interest rate

Rp reference price vector

rp reference price

Score project’s score

Sp strike price vector

sp

strike price
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