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ARTICLE INFO ABSTRACT

Keywords: This paper addresses the participation of independent aggregators (IAs) for demand response
Dema‘:‘q response (DR) in European electricity markets. An IA is an aggregator trading the flexibility of consumers
Electricity market of which it is not the electricity supplier. Particularly, we focus on the controversial issue of a
Compensation . f he 1A h lier f . C I 1
Independent aggregator compensation payment from the IA to the supplier for energy sourcing. Concretely, we explore
Regulation the potential welfare impacts of partial or full socialization of the compensation payment. For

this, a static simulation framework is introduced utilizing historical day-ahead market bid and
offer data from the Nordic region to rerun market clearing under different scenarios of
compensation rules and with diverse assumptions regarding the DR aggregated by IAs. The
overall welfare impacts comprise of changes in producer and consumer surplus, DR consumer
welfare impact and the socialized part of the compensation. Based on a case study utilizing data
for the full year of 2018, it is found that subsidizing the participation of IAs in the day-ahead
market leads to negative overall welfare impacts due to over-incentivization of demand reduc-
tion. However, in nearly all investigated cases the socialization of the compensation payment
leads to positive impacts on the consumer surplus, driven by reduced electricity wholesale prices.
The optimal share of the socialization of the compensation that leads to the highest net consumer
benefit depends on many factors, among which the assumptions around activation costs of DR are
the most evident. Nevertheless, we argue that the socialization of the supplier compensation
should be at least conditional upon the level of the hourly wholesale price (i.e., a “threshold
price”) and on DR cost estimates. Only in the case when high shares of untapped DR are relatively
cheap, net welfare benefits will result.
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Abbreviations

DA day-ahead

DR demand response

EU European Union

1A independent aggregator

ICT information and communication technology
MCP market clearing price

MCV market clearing volume

NEMO nominated electricity market operator

RR retail rate

1. Introduction
1.1. Background and motivation

1.1.1. Demand response and aggregation

In order to keep the costs of the global energy transition under control, the power system needs to become more flexible [1].
Conventionally, this flexibility has been ensured by generation sources, such as reservoir or pumped storage hydropower plants and
gas-fired turbines. The potential of demand-side flexibility, i.e. demand response (DR), has so far been relatively underexploited.
According to Ref. [2], the theoretical European DR potential added up to about 100 GW in 2016, while only one fifth was actually
active. This potential is expected to reach 160 GW in 2030. As extensively discussed in Ref. [3], in most European Member States, DR
can be strengthened among industrial users and still needs to be opened to smaller grid users such as commercial and even household
consumers. For example, Gils [4] concludes that around half of the potential for load curtailment can be found at the level of residential
consumers. For load increase, this share grows to up to 80 %.

The DR potential of individual consumers is normally too low for direct participation in the electricity wholesale markets, capacity
remuneration markets or ancillary service markets. This can be alleviated by pooling multiple flexible demand-side resources into an
aggregated bid. In several countries, the aggregator function has been picked up by asset-light software companies that can equip
flexible consumption devices with the ICT necessary for remote market-based activation of DR. One could think that the aggregator
function would be undertaken by suppliers as they already have a close relationship with the consumers, but this has not necessarily
been the case [5,6]. Reif et al. [7] discussed reasons such as the lack of incentive for suppliers and the need for specialized skills. They
also state that by unbundling the supply and aggregation function, more competition in the aggregation business can develop.

In this regard, the role of independent aggregators (IAs) is deemed vital. IAs are entities that trade consumer DR while not being
affiliated to the electricity supplier (i.e. retailer) of the respective consumers. IAs are formally recognized as new actors in the power
system by the EU Clean Energy Package. The same legislation obliges Member States to devise rules allowing and fostering DR
participation through aggregation in all electricity markets alongside producers in a non-discriminatory manner [8].

1.1.2. IA implementation challenges

In practice, there are several difficulties in integrating DR and IAs in the existing electricity markets related to measurement and
validation, baseline methodology, information exchange and confidentiality, transfer of energy price methodology, relationship be-
tween implicit and explicit DR, rebound effect and portfolio conditions [9]. One of the main concerns, if not the biggest current
discussion around IAs, is whether they should compensate suppliers for the (potentially negative) financial effect caused to them due to
DR activations by IAs. More precisely, when DR is provided through an IA, suppliers may be unable to invoice part of the energy they
had purchased in expectation of the baseline load. Without any compensation mechanism in place, the IA is selling electricity it did not
first buy, i.e. it is implicitly subsidized at the expense of the supplier. Alternatively, the supplier compensation can be socialized which
equally benefits the business case for IAs but does not put a direct burden on suppliers. Article 17 of the Electricity Directive 2019/944
[8] leaves it up to the individual Member States whether to implement a supplier compensation mechanism and how exactly to design
it, but it does point out that the socioeconomic impact of DR participation in the electricity markets may be considered:

“Such financial compensation shall not create a barrier to market entry for market participants engaged in aggregation or a barrier to
flexibility. In such cases, the financial compensation shall be strictly limited to covering the resulting costs incurred by the suppliers of
participating customers or the suppliers’ balance responsible parties during the activation of demand response. The method for calcu-
lating compensation may take account of the benefits brought about by the independent aggregators to other market participants and,
where it does so, the aggregators or participating customers may be required to contribute to such compensation but only where and to the
extent that the benefits to all suppliers, customers and their balance responsible parties do not exceed the direct costs incurred.” [8].

There are several options for IA regulatory frameworks [9-12], and their implementation models are summarized in Ref. [10]. An
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argument against implementing a compensation is it being a barrier to stimulating more DR. Increased DR could lead to cost savings
and enhanced energy services for the final consumers resulting in an overall net benefit.! For example, Chua-Liang and Kirschen [13]
observe that increased DR participation leads to substantial savings in the power system operating cost that is transferred to the
demand-side. Nevertheless, in most EU Member States with a framework already in place, a compensation mechanism has been
introduced, but their implementation differs [10]. The two most important design choices are the level of compensation and the
allocation of its costs. The Nordic countries, for instance, are striving for a harmonized approach. At the time of writing, there is some
initial IA legislation in place for those reserve markets where main remuneration comes from the reserve capacity provided with
relatively small activated energy amount. However, there are no rules yet clarifying how to handle compensation issues in markets
with significant transfer of energy, incl. wholesale energy markets like the day-ahead (DA) market.

In 2020, the Nordic energy regulator association NordReg published an important position paper [14] advising against the “no
compensation” approach as that would distort and harm the competitive and well-functioning electricity retail markets in the Nordics.
Moreover, not being compensated for the actions of IAs could particularly harm small and recently entered suppliers, potentially
causing their exit from the market and consequent reduction in supplier competition, whereas a high compensation might be seen as a
barrier to IA emergence. On this basis, NordReg does point out that not all of the compensation amount necessarily must be paid by the
IAs themselves, and it could be to some extent socialized through grid tariffs.> Furthermore, NordReg admits that such socialization
should definitely be subject to quantitative socioeconomic analysis [14]. However, there is not a universally agreed approach on how
to perform it.

To develop their own IA regulatory framework, each Member State may require a thorough socioeconomic assessment of the al-
ternatives, considering both the potential benefits from increased DR and the related costs. The results could then inform the meth-
odology for introducing a specific compensation mechanism if this is deemed necessary. Solving this topic is left up to each Member
State also, evidently, in the draft Network Code on Demand Response proposed by the ENTSO-E and the EU DSO Entity [15]. The lack
of guidelines, among other reasons, has led to several EU countries lagging in full transposition of the Directive into the national
legislation in particular concerning the DR participation via IAs in all electricity markets [16].

1.1.3. Related work

The subject of DR impact on electricity market economic welfare has been mostly studied in the North American context, the
liberalized markets of which were the first to enable DR bidding in practice. For instance, Walawalkar et al. uses an econometric model
of locational marginal prices to simulate the wealth transfer from generators to consumers when DR is incentivized in the PJM market
after the market price signals reach a certain “trigger point” [17]. They find that the subsidy can outweigh the welfare gains if the
trigger is set too low.

Another relevant paper is the one by Chao et al. which use a conceptual framework and a simplified market model with free entry (i.
e., wholesale prices unaffected by DR as they return to equilibria) to show how lack of compensation can induce inefficient under-
consumption due to over-incentivization of DR [18]. Chao argues that by not having a compensation mechanism in place, i.e., paying
out the full wholesale price to DR without a correction for the cost of the previously sourced baseline, double-payment incentives are
created inducing excessive demand reduction resulting in net welfare losses. However, free entry is a strong assumption. It is
well-know that power markets are not necessarily perfectly competitive [19]. In fact, one important benefit of increased DR is to
mitigate market power [20]. Another key assumption in Ref. [18] is that all consumers are modeled to be price-sensitive and have the
same elasticity. In reality, only a subset of consumers will be willing to be exposed to volatile price signals and be able to react to them.

In our study, we strive to expand this approach by Chao et al. by assuming only a part of consumption to be able to provide explicit
DR via IAs, thus allowing us to test different assumptions regarding demand elasticity. To estimate how much wholesale prices are
impacted by shifts in demand, we use historical aggregated bid and offer curves from the Nordic DA market published by its operator
Nord Pool [21]. Using these curves, we simulate the impact of DR via IA on the overall welfare under different compensation schemes.

This DA market-focused approach is particularly relevant, as while DR can be valuable in both the system services markets and the
wholesale energy markets, the latter have proven to be particularly challenging in terms of regulating the IA-supplier relationship
without introducing barriers to DR [14] 3 Importantly, this historical market curve-based approach allows us to test the opposite of the
free-entry assumption from Ref. [18], i.e., have the wholesale prices be affected by DR and not return to previous price levels. No free
entry is also a strong assumption, and we come back to its implication when discussing the results.

1 In that regard, IAs in the United States do not have to pay a compensation if a so-called “net benefits test” is passed [39].

2 Furthermore, in terms of IA direct participation in the day-ahead market, NordReg proposes utilizing a split-supply model, whereby the IAs act
as suppliers for the flexible consumption devices. However, to comply with the Clean Energy Package requirements, also with the split-supply model
in place a regulatory framework has to be created on top of it in order to enable independent aggregation [14]. In that regard, a study commissioned
by the Swedish Energy Markets Inspectorate [40] argues that also separate centralized settlement model should be devised, preferably with the retail
rate as the compensation price.

3 The volumes of energy transferred by an IA can be expected higher in the DA wholesale market compared to reserve markets, in which the main
renumeration comes from capacity and the activations are relatively short in duration. Thereby the IA-supplier compensation issue is more pressing
in the DA market.
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In the European context, there are a number of examples how the bid and offer curve data published by the DA market operators
can be utilized in a static simulation framework to estimate the producer and consumer welfare impacts brought by various changes in
the market situation. For example, a historical curve modification approach implicitly assuming no free entry has been used with
Spanish DA market aggregated bid and offer curves to estimate the potential welfare and price impact of increased PV integration [22,
23], wholesale price reductions achievable through energy efficiency and load shifting measures [24], and to compare the merit order
effect obtainable by renewable generation versus demand-side management [25]. In Ref. [26], a similar approach has also been used
the other way around, by removing renewable energy from the supply curve (instead of adding it) to estimate the value brought by
renewables and contrasting it to the incentive payments they have received. While the outlined papers have studied some notable
aspects of welfare impact, they did not consider the complex issues introduced more recently by the Electricity Directive such as the
requirement to enable IA and DR participation in all electricity markets while regulating the compensation mechanism between IAs
and suppliers.

Specifically Nordic DA market curves have been used for simulating the potential clearing price reductions achievable by increased
amount of DR [27], but the implications of IA compensation mechanisms were not considered. Additionally, it was limited to
socio-economic impact in terms of market price decrease without considering the broader welfare impacts. Altogether, the subject of
IAs and especially their participation in wholesale markets has thus far received minor attention in research literature despite their
clear topicality for policy-makers and potential impact on EU electricity markets.

1.2. Contribution

There is an evident research gap as, to the best of the authors’ knowledge, a thorough quantitative socioeconomic analysis of IA
participation in European wholesale energy markets considering IA-supplier compensation issues has indeed not been addressed by the
existing literature. This is primarily due to it being a comparatively recent topic and also due to, for the time being, more attention paid
to integrating IAs in the ancillary services markets first [28,29]. Consequently, we provide two contributions to the body of knowledge.

1) A static simulation methodology to assess the welfare impacts of socializing IA-supplier compensation and the resulting net benefits
which extends the existing literature [18] using tools previously applied in other contexts [22-26].
2) Analysis of the potential net benefits of integrating IAs in the Nordic DA market with varied degrees of compensation socialization.

In our paper, the aggregated market curve data enable simulating the activities of IAs in the DA market in several counterfactual
scenarios, exploring the potential benefits obtainable and identifying possible over-incentivization risks. This is the first study
quantifying conceivable IA-supplier compensation socialization scheme consequences in a European setting. Our work contributes to
the ongoing European debate on how to unlock untapped DR in a just and economically efficient manner. Specifically, the employed
methodology can evidently provide valuable insights as countries strive to devise approaches for assessing the socio-economic impacts
of IA activities. Whereas the findings regarding socialization alternatives provide a broader understanding of ways of how to tackle the
IA-supplier compensation.

The remainder of the paper is organized as follows. In Section 2, we explain the Nordic market context. In Section 3, we describe the
methodology, including the metrics assessed and the simulation setup. In Section 4, we present the results and discuss the limitations of
our approach. Last, we conclude, followed by appendices with additional results and sensitivity analysis.

2. The Nordic market context

The Nordic electricity wholesale market is regarded as one of the most successful power markets in the world [30]. Initially
established in Norway in 1993 as a consequence of unbundling and liberalization, it gradually became a fully Nordic market by 2000
[31] and has also expanded elsewhere, fully integrated in the European single day-ahead market coupling.” Cross-border trading
enables the countries to benefit from utilizing their regional differences.

The DA market is the primary electricity trading platform in the region, and most of the power generation is marketed there. Nearly
90 % of the electricity consumed in the Nordics passes through the DA market, the remaining 10 % being traded by means of bilateral
agreements [32]. The intraday market, consequently, acts as an adjustment market to the DA market with comparatively low trading
volumes [33]. Compared to other European regions, only the Irish and Greek DA markets have higher churn factors, i.e., the volume of
electricity traded over consumption, than the Nordic DA market. The DA churn factor is significantly lower in Central Western Europe
(circa 20-40 %), highlighting major differences in how DA markets are utilized in various parts of the EU [34].

When discussing price and welfare impacts of DR, it is a simplification to use historical bid and offer curves instead of information
about the marginal costs of producers and buyer willingness to pay. However, the high churn rate in the DA market allows us to justify
the usage of historical aggregated bid and offer curves as a necessary approximation due to the lack of more precise information.
Important in this regard is that the Nordic market has an even higher churn rate than the Iberian market (around 80 %) whose
aggregated bid and offer curves have been used in previous studies [22-26].

“ Since the launch of the Nordic multi-NEMO arrangement in June 2020, electricity wholesale in the Nordic region can be organized by various
market operators and is subject to their competition. However, this has negatively impacted the data availability on system-wide market clearing
results.
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3. Methodology

The basis of our methodology lies in modifying the actual bid and offer curves by the inclusion of IA offers, which are to a varied
extent implicitly subsidized through IA-supplier compensation socialization. We run market clearing simulations for cases with and
without these additional offers. We dub the latter (where IAs do not participate in the market) as the benchmark cases and the former
(with IAs included under different compensation rules) as the alternatives. The impact of the compensation socialization alternatives is
then estimated in the form of overall net benefit by comparing the sum welfare metrics of the alternatives versus the benchmarks.

Somewhat similar curve-based approach was already previously used to study the price-reducing effects of potential IA-sold load-
reducing DR in the Nordic market [27]. However, in this study, instead of solely focusing on the wholesale price reduction, we assess
overall welfare impacts, including also those caused by DR consumer over- and under-consumption [18]. To further extend the scope
compared to Ref. [27], we also consider load-increasing DR in addition to load reduction. Moreover, in the revised methodology,
instead of adding single-point DR bids, we assume flexible load marketed via IAs to be represented by multi-step DR activation curves.

In the following subsection we explain in detail how to calculate the overall net benefit using the outcomes of market clearing
simulations of the benchmarks and the alternatives. Afterwards, in section 3.2 we explain the whole simulation procedure used in our
case study on step-by-step basis.

3.1. Overadll net benefit

In this study, the overall net benefit of IAs is calculated as the total welfare difference between the alternatives and the benchmarks.
We have envisioned the possibility of having multiple benchmarks, since the DR activation cost curves are assumption based, and thus
it is useful to be able to vary also this parameter. The welfare impact of DR (Eq. (1)) can be divided into four components as explained
below: the difference in producer surplus, the difference in gross consumer surplus, the difference in DR consumer welfare and, finally, the
socialized [part of the] compensation payment:

T T
ONB;, =Y (psalt — PSP™ 4 €S — CS™ + ADRW?Y — ADRWP? — k™ . RR - DRv;_f;‘;ed) /> Mcvey, 1)

tbs tbs tbs
t=1 t=1

where ONBy is the overall net benefit with each assumed DR cost curve b and socialization scenario s; PS2 ., PSP™ — hourly producer

surplus in the alternatives and benchmarks, respectively; CS2 , CSP™ — hourly gross consumer surplus; ADRWZE | ADRW}’_},“ —hourly DR
consumer welfare deviation from efficient consumption; RR — fixed retail rate; k;°"* — share of compensation socialized; DRV{f;fEd -
volume of accepted (i.e., traded) DR in the alternatives; MCV?lb“S - hourly market clearing volume (used to normalize the net benefit in
€/MWh terms).

We can also focus solely on the consumer side benefits. For this, we remove the producer surplus components from Eq. (1) and
calculate the consumer net benefit (CNBy ;). The components of ONB, ; and CNB, ; are obtained as follows.

3.1.1. Change in producer surplus and gross consumer surplus

alt

b — SE‘“) and in gross consumer surplus (CS;’_%VS - S?m) is calculated directly from the

The change in producer surplus (PS

aggregated DA market bid and offer curves (the original curves for the benchmarks and the modified curves for the alternatives),
representing the wholesale demand and supply respectively. In Fig. 1, a simplified situation is illustrated, whereby a single-step IA offer
(load-reducing DR) is added to the offer curve as supply, shifting it to the right. In the figure, the red areas denote surplus reductions,
but the green areas — increases. The formulae to calculate the producer and consumer surplus changes are given in Eq. (2) and Eq. (3),
respectively. Do note that we make no assumptions on the actors whose bids construct these curves, and, in the alternative cases, the
producer surplus does contain the surplus attributable to the IA load-reduction offers, whereas the consumer surplus includes IA load-
increase offers.

Producer surplus change Consumer surplus change
Price Price
Demand Supply Demand Supply
mcpbm MCPbm
Mmcpt MCPat
MCym MCPRt Volume MCYm  MCAt Volume

Fig. 1. A stylized example of producer and consumer surplus changes due to addition of load-reducing DR offer on the supply side.
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where MCP';‘.II;S is the MCP in the alternative case at hour t, DR activation cost curve b and socialization scenario s; MCP™ — the hourly

benchmark MCP; MCV"™ — the benchmark market clearing volume; P{"&* (Vfrig's) and pors4 (Vfrig'd) — the original (benchmark) offer

(supply) and bid (demand) curves; Pmods (V{'};’fs) and pmodd (V:’;ffd) — the modified (alternative) curves.

tbs tbs

3.1.2. Change in DR consumer welfare
The change in DR consumer welfare from efficient consumption (ADRW?},;S —ADRWE;,“) allows estimating how trading DR via IAs in

the DA market can impact the welfare of particularly those consumers who have some flexibility potential, especially in light of
different supplier compensation mechanisms considered. These “correction terms” are necessary as the DR consumers aggregated by
the IA are exposed to the market price plus the socialized part of the compensation. As explained before, the DR activation curves are
assumption-based, thus we need to consider multiple cases with different flexibility characteristics. In the benchmarks, this assumed
flexibility is not exposed to market price signals, instead being subject to a fixed volumetric rate. Thereby, as per [18], whenever the
market price is higher than the fixed rate, the DR consumer is in fact over-consuming (i.e., consuming more than its efficient con-
sumption), whereas when the market price is lower, the DR consumer is under-consuming. In the alternatives, under different shares of
compensation socialization, the over-/under-consumption effects can be negated, or, on the contrary, consumption over-reduction can
be incentivized, as shown in Ref. [18]. Fig. 2 illustrates the main principle behind the calculation of the ADRWilb"S and ADRWPP values.
The green area indicates surplus increase in terms of the DR curve and the red areas stand for a reduction. Egs. (4) and (5) show the
mathematical approach in calculating the respective surplus changes.

DRVEIfbm
ADRWP™ = MCP™ - DRVEI™ — RR - DRVI™ — / DRP,;(DRV,y), ()
DRV;‘;"‘
DRV?::BI[
ADRW® = MCP™ . (DRVfgf_-;‘“ 7DRV';I_2VS) - / DRP,;,(DRV,;), 5)
DRV

ths

where DRVEP™ is the efficient DR consumption at the benchmark MCP; DRV™™ — the normal DR consumption at RR (i.e., when DR is
not traded in the DA market via IAs); DRVET!t _ the efficient DR consumption at the alternative MCP; DRV} . — modeled DR con-

sumption in the alternative; DRP, (DRV[‘b) —the assumed DR activation cost curve b. Egs. (4) and (5) are suitable for a generalized case
where there can be a different DR activation curve for each time unit. However, in this study, the curves are not assumed to be time-
dependent, thereby index t can be removed from DRP,;, (DRV[‘b) and DRV3™. For the latter, the index b can be discarded as well, since
the consumption without market exposure should be equal regardless of the assumed cost curve, as this DR does not have access to the
market via the IAs in the benchmarks.

3.1.3. Socialized compensation payment

Finally, the last component from the overall net welfare impact (ONBy;, Eq. (1)) and consumer net welfare impact (CNBy)
raded

calculation that remains to be explained is the socialized compensation payment k;"™" e RR ¢ DRV24*d. The volume of the successfully
traded DR energy is related to the DR consumption in the alternatives:
DRV =DRV3™ — DRV;j . ®

Consequently, in case of load-reducing DR, DRV{_‘;‘?“ is positive and the socialized compensation component in Eq. (1) is negative,
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Price Price

Benchmark when MCP*™ > RR Benchmark when MCP"™ < RR

Mmcpem
RR RR
Volume mcper Volume
DRYTbm DR Jmom DRVPom DR Jrfibm
Price Price

Alternative when MCP > RR Alternative when MCP*t < RR

MCPAt + feompRR

Mcpt
MCPdll + kc\)mnRR
RR RR
Volume mcp Volume

DRJAI DR priTalt DRt DR prftalt

Fig. 2. Visual explanation of DR consumer welfare impact estimation from the DR activation curve in the benchmarks and alternatives.

whereas in case of load-increasing DR, DRVf_‘;‘ged is negative and the socialized compensation has a positive sign.” Le., in the latter case,

the suppliers share all or part of their extra revenue from increased DR load with all consumers.
3.2. Simulation data and procedure

We employ the priorly described methods and equations for overall net benefit and consumer net benefit calculation on a case study
based on the data from the Nordic DA market operator Nord Pool. Our case study is based on data from a full year of 2018. For an
explanation of this selection and an overview of the data analyzed, we refer to Appendix A. The quality of the data published by the
market operator for the year 2018 was assessed by Baltputnis and Broka in Ref. [27], where it was found that they are sufficient for
correct replication of the actual system price for 88.4 % hours. In only 1.4 % of the hours the error exceeded 0.02 €¢/MWh (which could
be explained by accumulated rounding issues), and only for 0.2 % they exceeded 0.50 €/MWh. For hours with error >0.02 €/MWHh, the
original price was 24.15-66.90 €/MWh with an average of 41.23 €/MWh (i.e., not outliers), thus signifying that the data is of sufficient
quality for use in this study.

The simulation process for our case study is explained visually in Fig. 3. Its main steps are as follows:

1) Download the market clearing price (MCP) data reports from Nord Pool website [21]. Each file contains the aggregated bid and
offer curve data for a single day. These data need to be further processed to enable reconstruction of the original MCP and
modification of bids. This involves separating the buy and sell volume and price data points for each day and adding the respective
accepted block bid volumes and net flows with neighboring areas to each point of the respective curve (as explained in Ref. [351).°

2) Once the curves are reconstructed from the source data, their intersection point can be identified, thereby finding the original MCP.
While there are a number of methods to calculate the cross point between two curves, in this study, we use the Fast and Robust
Curve Intersection algorithm [36]. The respective benchmark surpluses (right side brackets from Egs. (2) and (3)), on the other

5 As a simplification we assume that the compensation payment is paid as a lump sum and does not impact the retail rate. Moreover, the treatment
of load-increasing DR compensation being exactly inverse to the load-reducing DR is necessary to ensure consistency of the model. In practice,
special treatment of load-increasing DR might be also feasible, as it is generally less beneficial to the system at large. Under the current assumptions,
a full compensation socialization effectively disqualifies load-increasing DR, as IAs are not expected to engage in activities that could bring them
loss.

6 The available datasets only contain information about the total volumes of cleared block orders and the net flows with neighboring bidding areas
in each hour, thus changes in these parameters cannot be modeled with the available data, and a simplification is necessary.
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Fig. 3. The overall setup of the day-ahead electricity market simulations to estimate the welfare impact of DR via IAs.
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socialization).

hand, are obtained with trapezoidal integration, since in practice the bid and offer curves are given as discreet variables (pri-

ce—quantity pairs).

3) Next, assumptions are made regarding DR potential which could be brought to the market by IAs. In this study, we assume three
distinct DR activation curves as outlined in Fig. 4. They have the same price steps with increments of 5 €/MWh and the nominal
(baseline) consumption of 2500 MWHh at a fixed retail rate (RR) of 43.99 €/MWh (as a simplification, the assumed RR is equal to
the average actual DA price in 2018). We assume the DR consumers have an inherent flexibility to reduce their consumption to 0 at

7 Which is about 6 % of the average hourly DA volume in 2018 (42 GWh).
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a price of 103.99 €/MWh and, conversely, double the consumption at prices below —11.01 €/MWh. Each curve has 24 steps. What
distinguishes the three curves are the volume changes per 5 €/MWh step. For the Uniform DR (blue in Fig. 4) the volume increments
are constant; for the Expensive DR (orange) they are the smallest near the nominal consumption and increase farther out; whereas
for the Cheap DR (grey) it is the other way around with the largest volume changes near the nominal consumption. The different
curves provide a sensitivity with regard to the DR activation cost curves, which will be a function of the context and for which we
lack empirical estimates. It should be stressed that by utilizing this approach we do not add any additional load to the Nordic system
when MCPs remain the same, i.e., in the benchmark cases, load flexibility is untapped, while, in the alternatives, it is traded in the
DA market via IAs (“load reduction/increase”). Thereby total load volumes can change whenever DR bids impact the MCP. We do
not consider intertemporal links for the flexible demand (“load shifting™). This is a potentially valuable extension of the model that
can be explored in future work.

4) Depending on the DR activation curve, for each hour a welfare impact can be calculated from not subjecting the flexible load to the
wholesale prices but instead to the flat retail rate. We estimate these welfare impacts to calculate the benchmark welfare for each
DR activation curve in accordance with Eq. (4).

5) We expose the DR activation curves to the DA market via IAs, with varying share of IA-supplier compensation being socialized
ranging from 0 % to 100 % with an increment of 5 percentage points. We call these 21 scenarios per DR curve the “alternatives”.
The compensation payment from the IA to the supplier can be formalized as in Eq. (6):

Compensation,; = —(1 — k{*™) - RR - DRV (6)

t.

In case the compensation is negative (under load-increasing DR and a degree of socialization lower than 100 %), the supplier pays
the IA instead. The socialized part of the compensation is allocated to all consumers. As explained in the next step, the level of
compensation paid by/to the IA will directly impact its bidding strategy.

6) The curves from Fig. 4 are deconstructed into load-reducing DR and load-increasing DR components and added to the respective
market curves (i.e., aggregated supply and demand). An example of this is shown in Fig. 5. The price steps are modified in
accordance with the compensation alternative under study (e.g., with full compensation (no socialization) the first increment of
load-reducing DR is sold at 5 + 43.99 €/MWh, whereas with no compensation (full socialization) it is sold at 5 €/MWh). Due to the
addition of new bids at certain price points, portions of the original curves are shifted to the right. In other words, the DR activation
curves are exposed to the MCP plus the socialized part of the compensation payment. Once the new MCP is obtained, we calculate
also the producer and consumer surpluses for the alternatives (i.e., in accordance with the left brackets of Egs. (2) and (3)).

7) In the next step, the over-consumption (or under-consumption) surpluses of the three DR cost curves are calculated for the
alternative cases, according to Eq. (5). Importantly, in the alternative cases, the DR activation curve is not subject to the MCP but
the MCP plus the socialized part of the compensation. It can be expected that the more socialized the compensation payments are,
the more over-incentivized load-reducing DR becomes (compared to when that DR load would be subject solely to the MCP),
whereas load-increasing DR turns increasingly less attractive. Afterwards, the welfare metrics of interest are calculated for the
alternatives.

Finally, the metrics obtained for the alternatives can be contrasted to the benchmark cases to estimate the welfare impacts and the

overall net benefit (Eq. (1)) and net consumer benefit of the varied compensation socialization alternatives for the three DR

activation cost curves.

8

(7

Note that these calculations regarding the DA market clearing (a day before delivery) are not affected by uncertainty related to DR
activation in delivery time. This is because it concerns a different timeframe and in case of non-delivery the IA would be subject to
imbalance settlement, hence incentivizing it to schedule and ensure the activations appropriately.

Overall net benefit, € MWh of MCV
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Fig. 6. Overall net benefit divided by the total clearing volume with the assumed DR activation curves and varied shares of socialization of the
compensation.
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4. Results
4.1. Overadll net benefit

The key results are shown in Fig. 6. It displays the overall (static) net welfare benefit per DR activation curve expressed per unit of
the total traded energy during the entire year, i.e., as expected values relative to market clearing volume (MCV), for different
compensation socialization alternatives. We make three observations. First, for our case study, the benefit is highest without any
socialized compensation for all three DR activation curves. The more of the compensation is socialized, the lower is the net welfare
benefit. Second, at about 25 % of socialization the net benefit of the introduced DR changes from being positive to negative, inde-
pendently of the DR activation curve. Third, the net benefit curves are shown to react non-linearly to socialization and to be sensitive to
the DR activation cost curves. The cheapest DR curve can provide the highest net benefit (0.36 €/MWh with no compensation so-
cialization in place), but it quickly becomes the most harmful at socialization higher than 25 %. Only at a very high socialization
(above 90 %) the net benefit is most negative for the medium DR activation cost curve (up to —1.75 €/MWh under full socialization).
The Expensive DR activation cost curve seems to be the least sensitive to the socialization alternatives with the positive net benefit
already very low under no socialization and the welfare reduction being the most limited under high shares of socialization. In what
follows, we discuss in more depth the decomposition of the welfare changes into the four components as described in Eq. (2) and
discuss the important drivers behind the results.

4.2. The different components of net benefit

Fig. 7 shows the overall net benefit components under the different DR activation cost curves and varied compensation socializ-
ation. As expected, the impacts on the different individual welfare components are highest under the cheapest DR cost activation curve.
We discuss each component one by one.

First, the producer surplus. As, due to the implementation of the socialization mechanism, the reduction of consumption is
additionally incentivized, while the increase of consumption is disincentivized, MCPs will decrease with more socialization. As market
prices decrease, change in producer surplus is overwhelmingly negative with higher shares of socialization. Only in the case of Cheap
DR and no socialization, the producer surplus change is positive (+0.27 €/MWh) and, consequently, the change in gross consumer
surplus negative (—0.12 €/MWh). This is due to stronger average impact of load-increasing DR activations which raise instead of
reducing the MCP as would be the case with dominantly load-reducing DR activations.

Second, conversely, the gross consumer surplus change is always positive except for the case of Cheap DR and no socialization.
Overall, decreasing market prices lead to increases of the gross consumer surplus. Interestingly, the positive impact on the gross
consumer surplus is greater than the negative impact on producer surplus as long as we do not consider the other two consumer surplus
components.

Third, we explore the DR consumer welfare change. Important to notice that this component is measured relative to the benchmark,
i.e., a fixed retail rate and thus no changes in the consumption patterns. Under the no socialization alternative, consumption is
behaving optimally efficiently as it is being subjected to the wholesale price (thus no distortion). Thereby, this additional DR consumer
welfare change is positive if there is more under-than over-consumption in the benchmark case. With higher shares of socialization, the
distortion increases, and the DR consumer welfare change becomes more negative as we increase the incentive to under-consume. In
our results, we see that for all DR activation curves, this component is the highest at no socialization and then decreases. It remains
(marginally) positive for degrees of socialization up to about 25 % as in those cases the consumption is generally rather increased than
decreased. This component becomes increasingly negative when the socialization coefficient is higher. Compared to the other com-
ponents, it provides on average the least impact on the overall net benefit as we only assume a relatively small part of demand being
contracted by IAs unlocking its flexibility. However, in individual instances the weight of this component can be significantly more
pronounced; see Appendix B for an example based on the hour with the highest original market price.

Fourth, the socialized compensation component is generally negative and increases in magnitude with higher shares of socializ-
ation of the supplier compensation. The only exception is the case of 5 % socialization where the compensation is marginally positive
for all DR activation curves. This can be explained by the relatively high volume of load-increasing DR which offsets the socialized
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Fig. 7. Welfare components under the different DR activation cost curves and compensation socialization alternatives.
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compensation costs.

In general, we can conclude that higher shares of socialization of the supplier compensation lead to increased transfer from pro-
ducer surplus to gross consumer surplus. At the same time, with higher shares of socialization, the socialization costs increase, and the
DR consumer surplus turns more negative. The largest consumer net benefit does not necessarily occur at a 100 % compensation
socialization. We investigate the consumer net benefit in more detail in the next subsection.

4.3. Consumer net benefit

Consumer net benefit, the sum of the three consumer-related components from Fig. 7, is shown in Fig. 8. We make again three
observations. First, the expected consumer net benefit is always positive in our case study regardless of the socialization alternative.
Moreover, the cheaper DR is, the more an average consumer gains. Second, evidently, there exists an optimal share of socialization
with respect to the consumer net benefit, but that optimum is DR activation curve specific. Intuitively, the cheaper DR, the lower the
optimum share of socialization. Indeed, the maximum consumer net benefit is achieved at 40 % of socialization for the Cheap DR (1.81
€/MWh), at 50 % for the Uniform DR case (1.00 €/MWh) and at 85 % for the Expensive DR (0.45 €/MWh). Third, the consumer net
benefit is the lowest at no socialization in contrast to the overall net benefit metric, which showed the greatest value at 0 %.

The reductions in the consumer net benefit when the socialization share is increased beyond the optimal point for each activation
cost curve expose a cannibalization effect. Evidently, increasing the socialization incentivizes more IA activity of load reduction at
market prices around the average price (43.99 €/MWh) or below. This can be seen on the right-side charts in Fig. 9 for the Cheap DR
and Expensive DR activation curves. These figures showcase the hourly overall welfare, hourly net consumer welfare and hourly
activated DR in the modeled year for three selected socialization alternatives (0 %, 50 % and 100 %). The data points are sorted
according to the original market price.

Fig. 9 reveals the dynamics behind the shape of the consumer net benefit curve. With increasing socialization up to the optimum
point, the consumer net benefit grows because of two underlying drivers. One of the drivers is disincentivization of load-increasing DR
actions which tend to increase the market price. This is clearly shown on the right-side graphs where load-increasing DR (negative
volume in the charts) is most active at no socialization, significantly less active at 50 % and non-existent at full socialization. Another
driver is the additional incentive to also reduce higher volumes of load at hours beyond the level that would be profitable if no so-
cialization of the compensation would be in place. This can be seen in the middle graphs of Fig. 9. For example, for Expensive DR
between the original market price levels of 50 and 100 €/MWh the consumer net benefit is significantly higher with higher social-
ization. Beyond the optimum point for the consumer net benefit, the costs of socialization and DR consumer welfare reduction start to
counteract more strongly the improvements in gross consumer surplus. This is particularly evident in the middle bottom graph for
Cheap DR: around original price levels at about +20 €/MWh of the average original DA price (43.99 €/MWh) a significant share of DR
load-reduction actions actually results in a decrease of the consumer net benefit, which is significant since about 96.19 % of all data
points fall within this range for the studied year. This is less pronounced in the case of Expensive DR.

This effect is more discernible if we only focus on the hours with load-reducing DR and zoom in to the said range (original market
price of 25-65 €/MWh) as shown with the Cheap DR example in Fig. 10. Comparing the 50 % and 100 % socialization alternatives,
there are more positive impact instances in the full socialization alternative. However, the rise of negative impact events is significantly
more pronounced. While each negative effect is comparatively minor in terms of magnitude, their sheer number pushes the average
consumer net benefit towards a smaller value than in the 50 % socialization case. Combined with a decreased producer surplus, load-
reducing DR at full compensation socialization leads to the most negative overall net benefit as can be seen in the left-side graphs in
Fig. 9.

Curiously, however, with Expensive DR the overall net benefit is negative even at high original market prices irrespective of the
socialization alternative. This can be explained by DR consumer welfare reduction, whereby their benchmark over-consumption at
high prices is negated when exposed to market signals. This is addressed in more detail in Appendix B, whereas Appendix C deals with
the sensitivity of the results on DR volume and cost assumptions, wherein it is found that under some very specific circumstances high
compensation socialization can lead to also the consumer net benefit being negative.

Overall, however, we can see that, looking strictly from the consumer perspective, to some extent incentivizing (through implicit

a1.8-
1.6 A
=
S
S 1.4 -
=
= 124
2 1.0
@w
= 0.8
kst
§0.6-
5 04 1 <
50.2-
£ 0.0 T T T T . .
Z TR
o S n O wn o n o wn S O o n o v o v o
(@] —'—'NNMM?Q‘U‘\‘I}\D\’DI\I\WOOG\O\S
Share of compensation socialized
Uniform DR Expensive DR Cheap DR
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events (with Cheap DR activation cost curve and three compensation socialization alternatives).

subsidies via compensation socialization) IA activities can bring benefits to the consumers at the cost of producers. While it could be
argued that such a market distortion through subsidized DR-reduced market prices might send wrong price signals to investors in
power production, it could, on the other hand, act as a factor remedying imperfections on the supply side, such as major actors
imposing market power.
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Fig. 11. IA activity cash flows per DR capacity with the assumed DR activation cost curves and varied compensation socialization.

12



K. Baltputnis et al. Heliyon 11 (2025) e41619

4.4. The business case of the IA

The cash-flows related to IA activities in the DA market can be expressed by three main components: (1) income from the DA
market, (2) IA part of the compensation payment and (3) DR activation costs. Let us express the profitability in the studied year on the
basis of DR capacity (2.5 GW according to the assumptions); note that we do not consider the capital and fixed operational costs of [A
business. The results are shown in Fig. 11. As could be expected, the more expensive DR is, the less profitability it offers to the IA. Such
DR is more expensive (per unit of energy) to begin with and therefore activated less often, thus generating lesser profit.

Despite the highest overall net benefit from IA activities in the DA market achievable with no compensation socialization (Fig. 6),
such a scenario is very unlikely to promote IA emergence as it provides the least opportunities for IAs to generate profit. IAs have a very
low expected annual profitability per MW of load-reducing DR bid with no or low compensation socialization. On the other hand, load-
increasing DR provides a higher value to the IAs even without compensation. However, compared to any alternatives with some
socialization, the IA income from load-increasing DR is minuscule compared to load reduction. Another important takeaway is that IA
profitability keeps gradually increasing with rising compensation socialization, despite providing progressively more negative overall
net benefit (Fig. 6) and reducing consumer net benefit towards high socialization shares (Fig. 7). Indeed, IA profitability grows with
increased socialization even if the benefits to consumers start to diminish. It should be noted, though, that Fig. 11 assumes full DR
availability on the DA market at the maximum capacity each hour, likely significantly overestimating the cash-flow per MW of DR
capacity as usually an IA manages a larger portfolio of diverse DR assets with a larger total capacity than offered on the market each
hour.

It could be reasoned that DR could be rather employed within the DA market framework implicitly via dynamic tariffs (based on
market prices), which are in fact quite common in the Nordics already. Moreover, comparable price-reducing benefits could just as well
be created by subsidizing the creation of new power plants (especially renewable energy based). However, as mentioned in Section 1,
the Clean Energy Package calls for non-discriminatory participation and barrier-free entry of IAs in all markets, including the DA.
Hence, it could be also argued that being subject to full supplier compensation almost eliminates any business case for the IA and
effectively bars them from entering and operating in the DA market.

4.5. Key assumptions and simplifications

The methodology employed for this study is subject to a number of major assumptions and simplifications necessary, first, to ensure
that the simulations are tractable, second, to limit the scope of the study isolating the particular topic of interest and, third, to respect
limitations imposed by the available data. Apart from those mentioned in the prior subsections, a number of other points need to be
addressed. Consequently, the results and conclusions presented in this paper must be viewed in light of the outlined limitations.

A key assumption is the notion that the modeled DA price changes due to DR traded by IAs would not be corrected by free entry.
Essentially, the model considers that additional entries by IAs in the bid and offer curves are the only modification of these historical
curves and the bidding behavior of other market actors remains unaffected. Consequently, such static analysis is best suitable to es-
timate the short-term effects [22], since in the longer term, the market participants would likely adapt to the evolving market situation.
E.g., reduced producer surpluses might lead to less investment in production assets, which, in time, might negatively impact the
consumers due to rising electricity prices. Additionally, it might lead the large-scale Nordic hydroelectric power producers to change
their strategic bidding behavior to try and counteract their surplus losses, using their flexibility to take up some of the IA market share.
Disregarding these possibilities leads to our simulated IA activities and their resulting impacts to be potentially overestimated.

Since the static analysis presented in this paper exploits the actual historical market data, the counterfactual scenarios studied
operate under what-if assumptions on fully fledged IAs being present in the DA market of the region already in the studied time period.
It follows, the model disregards potential changes in the future generation mix and other evolving medium and long-term factors,
including those that do not depend on IA actions, such as the expected rise of intermittent renewable energy generation capacities. This
could induce increasingly variable market prices, potentially leading to greater IA activity, unlocking more consumer benefits and
profitability for IAs. However, this approach is in line with the objectives of the study which aim to benefit from the historical data
availability.

Another major but necessary assumption is that the IAs are implied to know the compensation price in advance and, consequently,
can properly price it into their bids. This allows to fully examine the impacts of socialization-induced over-incentivization of IAs, since
they are not subjected to uncertainty (and thus increased risk-aversion) regarding ex-post calculation of the compensation payment.
Nevertheless, such an ex-post approach cannot be entirely dismissed and conceivably could be addressed in future work by a modified
version of the methodology employed in this study. However, the implied reduced uncertainty in the present study likely leads to
overestimation of IA activities. Additionally, we disregard network tariff, tax and levy induced impacts on DR behavior, focusing solely
on the energy component of electricity payments, which might also lead to some overestimation.

The final point to note is that Nord Pool publishes the anonymized bid and offer curve data aggregated for the Nordic region
(Denmark, Finland, Norway, Sweden), thereby they cannot be used to calculate the prices in individual bidding zones. Instead, it
enables calculating the Nordic system price, which is the unconstrained market clearing reference price for the region, intended to
ensure a common benchmark for the Nordic DA market [37]. In general, the system price tends to vary less than area prices. Because of
this, some underestimation of IA activities and cash-flows could be expected in contrast to other simplifications. This is also the case if
we consider a potential future situation with larger price volatility because of increased share of intermittent renewable generation,
such as wind, as a result of which the need for more DR will likely increase. Moreover, in the years following the selected study year of
2018 the market situation in the Nordic region has changed notably. E.g., there were significantly more hours with comparatively high
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prices especially during the European energy crisis in 2021-2022. As discussed, this would be likely beneficial for the IA business case.
Nevertheless, it is important to note that a practical use of our assessment approach would not be hindered by bidding zone and
multi-NEMO data availability issues, as the prospective users of it, especially regulators, would have sufficient access to the actual
disaggregated market curve data, whereas we relied entirely on openly available data.

An additional important simplification is that we looked at strictly DR-aggregating IAs. While IAs could also include generation
assets, this was not a subject of this study and thus not considered (as the supplier compensation issue is not relevant for generators).
The DR cost curves assumed could also be implied to have some behind-the-meter storage; we did not elaborate on this as we are
agnostic on the nature of DR assets behind our assumed simplistic multi-step curves. Likewise, we do not expect the IAs to exhibit
strategic bidding behavior and instead assume they offer their flexibility to the market at cost, considering also the unsocialized
compensation. This is a rational expectation for a DR-only trader in a market as large as the Nordics, especially as we do not consider
the IAs’ portfolios to contain other types of assets. The DR curves were selected to cover a range of generalized options. However, since
the welfare metric calculation depends on these curves (especially the DR consumer welfare impact), they are a factor somewhat
limiting the practical usability of the utilized net benefit estimation method, whereby the DR curves would have to be constructed on a
wide range of assumptions.

5. Conclusions

In this paper, we used aggregated market data on the bid and offer curves of the Nordic market operator Nord Pool within a static
simulation framework to evaluate the potential welfare impact of IA entry in the DA market and estimate the consequences of supplier
compensation socialization. While IAs can be active in all electricity markets, we focus here on the DA wholesale market as the volume
of transferred energy by IA active in this market relative to other markets is expected to be the highest, and hence the question around
compensation is most pressing, especially if the compensation price is expected to be in some way tied to the DA market price. The
main finding is that while a partial socialization of the IA’s payment to the supplier can lead to an optimal net consumer benefit in the
short-run and strongly benefits the business case of IAs, the overall welfare impact of such a compensation rather quickly turns
negative (in our case study at 25 % of socialization independent of the assumptions on DR activation costs). The main mechanism
behind this is the major reduction in producer surplus due to the decreased wholesale price. This is especially due to demand reduction
occurring near average price levels, incentivized by the high share of the compensation payment socialized.

Considering these findings, while also acknowledging the potential overall socioeconomic benefits of the emergence of IAs (e.g.,
unlocking “dormant” DR and decreasing market power), a regulatory compromise for policy-maker consideration could be a partial
socialization of the compensation payment above a certain price level (e.g., twice the average wholesale price). We have seen from our
results that such activations do limited harm to the overall welfare while it would stimulate the IAs business case. Such a rule would be
similar as the net benefits test of DR introduced in the United States, even though implementation needs to be considered carefully.
Considering the recent European energy crisis and future greater price volatility as the penetration of intermittent renewables con-
tinues, the importance of DR is expected to increase and hence an adequate regulatory framework is vital. To that end, our proposed
socioeconomic analysis approach can be employed to inform certain aspects of the IA regulatory framework, especially in the EU
countries transposing the Electricity Directive.

The results presented in this paper are based on the historical market data, which has certain limitations. When considering the
specific findings, they must be viewed in the context of the methodology and the underlying data which for this study was based on the
year 2018. Arguably, the most important simplification is that of price changes induced by IA activities not being corrected by free
entry (e.g., it is ultimately a static short-term assessment).
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Appendix A. Nordic system price correlation with DA market price in different bidding zones

Bidding zone
SEl | SE2 | SE3 | SE4 | FI | DKI | DK2 | NOl | NO2 | NO3 | NO4 | NO5 | AVG
2013 0.89 | 089 | 0.87 | 083 | 067 | 021 | 0.72 0.81
2014 079 | 079 | 079 [ 077 | 063 | 062 | 068 | 082 | 081 [ 077 | 077 | 079 | 0.75
2015 092 | 091 | 089 [ 084 | 048 [ 067 | 0.67 0.92 0.84
2016 085 | 085 | 088 | 088 | 079 | 075 | 084 | 092 | 089 | 091 | 087 | 087 | 0.86
2017 078 | 078 | 078 | 0.77 | 067 | 066 | 069 | 0.90 | 089 | 0.90 | 0.70 | 0.89 | 0.79

0.86 ( 0.79 | 0.77 | 0.78 0.89 | 091 | 0.89

092 | 085 0.61 0.65 0.67 0.85
2020 0.70 0.70 | 0.53 0.45 0.46 | 046 042 | 0.87 0.87 | 0.88 082 | 088 | 0.67
2021 0.64 064 [ 092 | 088 | 0.85 0.84 0.86 | 0.89 | 0.89 0.63 0.66 | 0.89 | 0.80

Fig. Al. Correlation between the Nordic system price and individual bidding zone prices.

To select the most suitable study year, we performed a correlation analysis between the hourly Nordic system price and the
respective DA market price in different bidding zones of the Nordic countries (Fig. A1). This is necessary because for the case study we
need to use the system price as a reasonable proxy for an aggregate of the area prices, since individual bidding zone market curve data
is not openly available. Otherwise (i.e., if the areas are weakly correlated), it would be preferential to model the distinct bidding zone
prices separately).

We observe that the system price was overall best correlated with individual bidding zone prices in the year 2018. Consequently, it
was favored for the study. Moreover, at the time of writing this paper, the data published from June 2020 onwards could not be used
for calculations, as after the launch of the multi-NEMO arrangement in the Nordic countries, Nord Pool cannot include in its published
aggregated bid curves bids placed by Nordic market participants with other market operators (i.e., EPEX SPOT). Therefore, the
published data from mid-2020 onwards is insufficient for correct replication of the Nordic system price [35]. These issues do not
concern the study year of 2018.

Overall, in 2018, the Nordic system price had an average value of 43.99 €/MWh, median of 44.54 €/MWh and standard deviation of
9.94 €/MWh. The minimum and maximum price was 2.17 €/MWh and 198.29 €/MWh, respectively, however, in 3 h only the price
exceeded 100 €/MWh. For 2018, there was a strong correlation (r > 0.75) with each bidding zone, the average coefficient being 0.89.
The system price is most closely linked to the area prices for Sweden and Norway both in terms of the overall trend and specifically in
2018.

Concerning, Fig. A1, note that the extreme outlier of r = 0.21 for DK1 price correlation with the system price in 2013 can be
explained by the presence of extraordinary supply shortage in the area during 5 h on 7 June 7, 2013 when the demand bids were
subjected to pro-rata reductions in 2 h, setting the price to then maximum 2000 €/MWh [38].

Appendix B. Overall net benefit analysis during the most expensive hour
Here we investigate in more detail the welfare impacts during the hour with the largest original market price in the studied time
period. It was the 1425th hour in 2018 with a system price of 198.27 €/MWh. We consider the different components of the overall net

benefit as per Section 3.2. For this, in Fig. Bl we visualize the results for selected cases: the Cheap DR and Expensive DR curves and
compensation socialization alternatives at 0 %, 50 % and 100 %.
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Fig. B1. Overall net benefit components during the most expensive hour in 2018 with Cheap DR and Expensive DR activation cost curves and varied
compensation socialization.

Evidently, due to the very large MCP reduction achieved in all the presented alternatives, the gross consumer surplus change and
producer surplus change are much larger than the other two components (socialized compensation and DR consumer welfare impact)
which are barely visible in Fig. B1. To alleviate this, we can sum the two largest components and thus obtain charts with a more
granular scale (Fig. B2) allowing us to analyze the results in more detail. It reiterates the peculiar observation already evident in Fig. 9:
for the Cheap DR case the overall net benefit is positive and largely similar for the studied socialization alternatives, whereas for
Expensive DR the net benefit is negative and even more decreasing with greater socialization. The chart allows us to make two con-
jectures as to why this is the case.

First, the gross consumer surplus change and producer surplus change sum is positive for both considered DR activation curves, but
notably more so with Cheap DR. This is likely driven by the Cheap DR being able to achieve more significant market price reductions (by
134.28 ... 143.03 €/MWh with Cheap DR vs by 99.28-138.27 €/MWh with Expensive DR). Price reduction generally induces larger
gross consumer surplus increase than the corresponding producer surplus decrease.

Second, for the Expensive DR activation cost curve, the negative DR consumer welfare impact is significantly larger than for the
Cheap DR. This is driven purely by the assumed shape of the respective DR activation cost curve. In the benchmarks (no exposure to
market, fixed retail rate), the over-consumption is vastly greater with the Expensive DR (a positive value as per the top-left chart in
Fig. 5). With exposure to market and 0 % of the compensation socialized, the DR consumers are at their efficient consumption, and
there is no over-consumption (this creates a negative DR consumer welfare impact as per ADRWf.’lgvs — ADRW'P). When the
compensation payment is socialized, the negative welfare impact of losing the over-consumption is further amplified by under-
consumption induced by the socialization (bottom-left of Fig. 5), which in this instance is also notably higher for the Expensive DR
case, as seen in Fig. B2.

51 Cheap DR Expensive DR
a1 < .
=]
° —_— v v v
o = SN H
= |
° l
-5
0% 50% 100% 0% 50% 100%

Share of compensation socialized

Gross consumer surplus change + Producer surplus change
H DR consumer welfare impact

Socialized compensation
 Overall net benefit

Fig. B2. Overall net benefit components during the most expensive hour in 2018 with Cheap DR and Expensive DR activation curves and varied
compensation socialization (with gross consumer and producer surplus changes summed and adjusted to scale).

Appendix C. Sensitivity analysis of DR activation cost and volume impact

In order to assess with more nuance the impact of load-reducing DR activation cost and volume on the socioeconomic benefits
obtainable from IA participation in the DA market, we repeat the simulations with simple single-step bids. Unlike the results presented
in the body of the paper where three multi-step DR cost curves where utilized, here we assume that the IAs submit a single price-
quantity pair. The DR activation cost is varied from 5 to 60 €/MWh with a step of 5 €/MWh (mimicking the price steps of the pre-
viously used curves). The hourly volume of DR bid is varied from 100 to 2500 MW, with a step of 100 MW. The results for three
compensation socialization alternatives are summarized in Fig. C1, where each blue line corresponds to one DR volume assumption
(darker colors correspond to smaller volumes, and lighter shades to larger ones).

The overall net benefit results (top graphs) in principle conform to the previously assessed multi-step scenarios, showing generally
negative benefit, except for the no socialization alternative. However, the sensitivity analysis exposes the impact of DR activation cost
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at high marketed volumes. In particular, it is evident that in the specific year studied, the most harmful to the overall benefit were DR
resources with activation cost in the medium range (for full socialization cases) and in the medium-low range (for the 50 % social-
ization case). If no socialization is envisioned, load-reducing DR in the DA market via IAs poses no negative overall net benefit risks,
regardless of the bid volume.

On the other hand, the consumer net benefit metric (bottom graphs) shows that the most benefit can be achieved with cheap DR
resources. Furthermore, as their activation cost increases, the consumer net benefit quickly reduces. A strong self-cannibalizing effect
can be also observed: the increment in consumer net benefit growth decreases with each higher step in DR bid volume (discernible as a
reduced vertical distance between every two adjacent lines). Particularly strongly the over-incentivization of load-reducing DR is
evident in the bottom-right chart of Fig. C1, where at 100 % socialization any bid volume above 1600 MW produces increasingly
negative consumer net benefit in the medium activation cost range.

0% compensation socialization 50% compensation socialization 100% compensation socialization 100 MW
0.20 0.20 0.20 —_
. — - - - . . 200 MW
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= = = i -
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Fig. C1. Overall net benefit and consumer net benefit as a function of DR activation cost at varied hourly load-reducing DR volumes in three
compensation socialization alternatives.
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