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Abstract

The rapid decarbonisation of the power sector is challenging the traditional resource
adequacy framework. Variable and energy-limited resources are driving the emergence of
new correlations that, together with extreme weather events, are rapidly changing the
expected scarcity conditions in the electricity system. Traditional resource adequacy metrics
are showing their limitations under these new conditions, and many regulators have already
started to reform them. This article presents the first model-based comparative analysis of
two different approaches that have been proposed to overcome these limitations, i.e., multi-
metric standards (imposing a set of different resource adequacy constraints) and composite-
metric standards (combining different resource adequacy metrics through weighting factors
to build a single reliability standard). These two approaches are quantitatively evaluated in
this article through case studies obtained from a simulation model, focusing not only on the
impact of the reliability standard on the resource mix, but also on the design of the reliability

product to be traded in a capacity mechanism to guide the system towards that mix.
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1 INTRODUCTION

Security of supply has always been one of the main concerns of regulators in liberalised

electricity sectors, where investment (and decommissioning) decisions should be taken by
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independent market actors based on the efficient signals provided by the electricity market
price. Most countries with a liberalised electricity sector rely on so-called resource adequacy
assessments, which use simulation models to analyse security of supply and characterise
expected scarcity conditions in the system. The risk of shortfall is usually quantified using
resource adequacy metrics such as LOLE (Loss of Load Expectation) or EUE (Expected
Unserved Energy)'. These metrics examine a particular type of contingency (e.g., loss of
load events or unserved energy) over a number of different scenarios and then condense this
information through a statistical measure (e.g., an average, or expectation, or a specific
percentile of the probability distribution function). Some regulators impose a reliability
standard (or RS) by setting thresholds for these resource adequacy metrics. If the resource
adequacy assessment reveals that the expected power system does not meet the reliability
standard set by the regulator, a resource adequacy mechanism, usually referred to as a
capacity mechanism, may be implemented. The capacity mechanism provides a new
economic signal which, together with the energy market price, is intended to steer the
system towards an RS-compliant resource mix [17]. Capacity mechanisms have been

extensively studied in the academic literature [27][87.

The rapid decarbonisation of power systems, which will need to be accelerated in the coming
decades to mitigate climate change, is reshaping the whole resource adequacy debate [47].
As new variable and energy-limited resources enter the power system, new correlations
emerge (e.g., between peak demand and the availability of intermittent generation
[5][67][7], between the latter and the availability of hydropower [87][97, or even between
the availability of generation and transmission resources [107]). In addition, extreme
weather events are becoming more frequent and severe than in the past due to climate
change, which has a significant impact on the so-called tail risk (risk of events with low
probability of occurrence but potentially large consequences or impact) that needs to be

considered in modern resource adequacy assessments [117][127].

! The terminology used in relation to resource adequacy varies considerably from region to region. The
terminology used in this article and some equivalent terms found in the literature are as follows: i) unserved
energy is used in this paper to refer to non-served energy and EUE (Expected Unserved Energy) is used to
refer to the equivalent concept of EENS (Expected Energy Non-Served); ii) reliability standard, or RS, is used
to refer to a reliability or resource adequacy criterion, target or objective; iii) capacity mechanism is used to
refer to Capacity Remuneration Mechanism (CRM), e.g., a capacity market; iv) de-rating factor is used to refer

to capacity credit.
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The traditional resource adequacy metrics commonly used in these assessments are not well
suited to characterising the scarcity conditions that decarbonising power systems will face.
For example, traditional metrics may be unable to capture the economic damage of a loss-
of-load event, if they do not consider the volume of unserved energy; or they may focus on
the median of the probability distribution function, without considering tail-risk events.
Several experts are calling for a fundamental reform of these metrics (187147, covering
both the type of contingency they assess [157][167] and the statistical measure used to
condense information from different scenarios [17]. This dynamic is also affecting
regulatory activity. Brazil [187], MISO [197 or Pacific Northwest [207] in the United States,
the United Kingdom [217] or Australia [227] are just a few examples of power systems that
have reformed or are in the process of reforming their resource adequacy assessments and

the metrics on which they are based.

One of the most common arguments found in the academic literature to justify a reform of
resource adequacy assessments is that a single resource adequacy metric cannot characterise
the new and evolving scarcity conditions [237. A single metric could represent in the same
way two scarcity events which may be significantly different and have very diftferent impacts
on electricity consumers. For example, Figure 1 shows different scarcity conditions, with
each blue block representing a 1-MWh shortfall. Cases A and B have the same LOLEvV (Loss
of Load Events), but very different EUEs or LOLH (Loss of LLoad Hours), while the opposite

1s true for cases C and D.

Building Blocks of Resource Adequacy Metrics

Example 1— Same LOLEv and LOLH, but very different events Example 2— Same LOLH and EUE, but very different events
Mw 1A mw 1 C
LOLEv=1 Max MW =5 MW LOLEv =3 Max MW =4 MW
- LOLH=4 Max MWh =12 MWh LOLH=3 Max MWh =4 MWh
- EUE=12 Duration =4 hr - EUE=6 Duration=1hr
1 1 | . HE = .
A A
MW B LOLEv =1 Max MW =1 MW MW D LOLEv=1 Max MW =2 MW
LOLH=4 Max MWh = 4 MWh LOLH=3 Max MWh =6 MWh
EUE=4 Duration = 4 hr EUE=6 Duration =3 hr
1T | [ | b ] b

Figure 1. [llustrative example of the need for a multi-metric approach; chart from [17]

According to several experts, the solution to this problem would be to move to a multi-

metric approach [117]. Resource adequacy assessments would use a set of different resource
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adequacy metrics and evaluate the compliance of the resource mix with multiple reliability
standards. A multi-metric approach would make it possible to examine the difterent facets
of security of electricity supply and provide the system operator and the policy-maker with

more information on the nature of potential shortfall events.

However, when the resource adequacy assessment informs the design of a capacity
mechanism, a multi-metric approach may have a significant drawback. In capacity
mechanisms, resources should be remunerated according to their ability to help the system
meet the reliability standard by providing their contribution during the expected scarcity
conditions. This means that the reliability product to be traded in the capacity mechanism
is conceptually related to the reliability standard that the system must comply with. As
resources cannot guarantee to be fully available during scarcity events, all resources willing
to participate in a capacity mechanism are assigned a de-rating factor that is used to calculate
their “firm capacity” [247]. A 100-MW resource with a 30% de-rating factor would only be
allowed to trade 30 MW in the capacity mechanism. In theory, the de-rating factor should
reflect each resource’s contribution to meeting the reliability standard set by the regulator?.
If the system has to meet multiple reliability standards, then each resource should be
assigned multiple de-rating factors (one for each standard) and the capacity mechanism
should be based on the procurement of multiple reliability products. However, there is no
obvious solution to coordinate the procurement of these different reliability products and

inefficiencies may arise®.

One possible solution may come from the so-called composite metrics. These metrics simply
combine different primary resource adequacy metrics through weighting factors to build a
single metric. For instance, a composite metric based on the unserved energy but assessed

by two different statistical measures, i.e., the expectation and the CVaR;y (Conditional Value

2 This is achieved, for example, by calculating de-rating factors using the Effective Load Carrying Capacity

(ELCC) or similar methodologies, which are the most common approach in modern capacity mechanisms
[247][25].

3 The possibility of introducing a multi-product capacity market in the Chilean power sector was assessed but
rejected exactly due to these complexities and potential inefficiencies [277]. A detailed theoretical analysis on
a multi-product resource adequacy mechanism and the resulting coordination needs exceeds the scope of this

article.
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at Risk), has been proposed by the Australian regulator [227[267] and is shown in Equation

1, where wis the weighting factor.
w - EUE + (1 —w) - CVaRsy,(UE) Equation 1

Composite metrics allow difterent facets of the security of supply problem to be captured in
a single reliability standard. An advantage of this approach is that the associated de-rating
factors for participation in the capacity mechanism can be calculated according to the
contribution to this single reliability standard. Therefore, each technology or resource
would be assigned a single de-rating, simplifying the design of the capacity mechanism. A
disadvantage of a composite-metric standard, also analysed in this article, is that it may not

guarantee that all the single standards that compose the composite-metric standard are met.

The objective of this article is to compare multi-metric and composite-metric reliability
standards and to quantitatively assess, through some illustrative case studies, the impact of
the two approaches on the resulting resource mix and de-rating factors to be used in a
capacity mechanism. De-rating factors are analysed as the design element of the reliability
product to be traded in the capacity mechanism that is more affected by the selection of the
resource adequacy metric. This is achieved through a stochastic expansion planning model*,
where the optimisation is constrained using different resource adequacy metrics, first by a
multi-metric approach and then by setting a composite-metric reliability standard. The
modelling exercise complements the theoretical analysis presented in this introduction and
allows the effects of the choice of metrics for the reliability standard to be clearly
demonstrated. The resource adequacy metrics used in the article to build the multi-metric
and composite-metric standards are the same as those used in the Australian proposal, i.e.,
expected unserved energy, EUE, and CVaRs9 of unserved energy, CVaR;s«(UE). However,
the main findings of the article are not aftected by the choice of the underlying resource

adequacy metrics, as explained in the conclusions (Section 4.1).

To the best of the authors” knowledge, multi-metric and composite-metric approaches have
been proposed by experts and regulators, but their application has not been independently

tested in a model-based comparative analysis. The findings of this article could inform the

*In this article, the central planner model with resource adequacy constraints is used to simulate an electricity
market with perfect competition and an incentive to install firm capacity. For further details on this

equivalence, the reader may refer to Annex I of [17] or [287].
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current debate on the reform of resource adequacy frameworks and the discussions raised in

the case studies may be relevant to both system planners and regulators.

The remainder of this article is structured as follows. Section 2 presents the methodology
and case studies used to compare multi-metric and composite-metric approaches. Section 3
presents and discusses the results of the simulations. Section 4 summarises the main findings

of the article and outlines areas of research that could be explored in future work.

2 METHODOLOGY

The simulation model used to compare different resource adequacy metrics is based on
stochastic expansion planning with 500 scenarios, which optimises the resource mix from
scratch (greenfield) to supply a given load curve at minimum expected cost (see Annex 1 for
the detailed mathematical formulation). The load curve is inspired by the real demand of the
Spanish power sector and consists of 672 hourly values, corresponding to four weeks, one

tor each season of the year. The corresponding load duration curve is shown in Figure 2.
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Figure 2. Load duration curve of the demand used in the stochastic expansion planning

To serve this demand curve, the model can decide to install and dispatch five different

technologies: nuclear, combined cycle gas turbines (CCGTs), wind, solar photovoltaic and
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diesel®. The cost of unserved energy (acting in the model as a price cap) is set at
3 000 €/ MWHh. The stochastic simulation considers 500 scenarios of availability of thermal
resources (nuclear, CCGT and diesel), modelled by availability matrices built by a two-state
Markov chain using a Monte Carlo approach [307][817]. These availability matrices have
been modified to simulate the effects of a polar vortex similar to the one that hit the ERCOT
power system in 2021 [327]. In 2.5% of the scenarios, CCGT availability drops by 80% tfor
three consecutive days. Similar cold snaps, albeit with less dramatic impacts, have affected
other electricity systems in the United States in the past, such as the polar vortex
experienced in the Midwest, South Central, and East Coast regions in 2014 [837]. The polar
vortex is used in the model to represent an extreme weather event that may affect the tail
risk in the resource adequacy assessment, decoupling the different resource adequacy
metrics assessed in the simulations to better illustrate the findings of the research. However,
these findings can be generalised to any type of scarcity condition (see Section 3.3.3 for a
sensitivity analysis of the impact of the polar vortex). The profiles of demand and availability

of renewable resources are the same in all scenarios.

Several simplifications (four weeks to represent one year, deterministic profiles for demand
and availability of renewable energy sources, absence of energy-limited resources among
the potential technologies, etc.) have been introduced in the modelling exercise to meet
computational constraints. The aim of the simulation model, however, is not to represent or
predict the real operation of a power system, but rather to compare multi-metric and
composite-metric reliability standards through illustrative, yet realistic, case studies that

allow their performance to be assessed.

2.1 Case studies

Four case studies are generated by the simulation model, as shown in Figure 3. In the first
case study, the stochastic expansion planning is run without any reliability standard, i.e.,
without any constraint on resource adequacy. In this base case, the model simply seeks an
economic equilibrium between increasing the cost of new entrants and reducing the cost of
unserved energy valued at the 3 000-€/MWh price cap. The outcome is evaluated
quantitatively in terms of EUE and CVaR;%(UE), and the resulting resource mix is set as

the reference for comparison with the other case studies.

% Investment and variable costs for these technologies have been taken from [297.
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Figure 3. Schematic representation of the four case studies

In the second case study, the model is run with single reliability standards. The EUE and
CVaR;%(UE) constraints are imposed separately in the stochastic expansion planning,
creating two sub-cases. The outcome of each sub-case is evaluated by examining the
variation in installed capacity of different technologies with respect to the base case and
their de-rating factors. De-rating factors, in this and other case studies, are calculated as the
contribution of each technology to the reliability standard using an ELCC methodology: i)
first, the installed capacity of a given technology is marginally incremented and the
resulting variation in the resource adequacy metric is calculated; ii) second, the same
marginal increment in perfect generation (i.e., a unit with full availability and no outages) is
added to the resource mix and the resulting variation in the resource adequacy metric is
calculated; iii) the two variations are compared and the de-rating factor is calculated as their

ratio; iv) the process is repeated for each technology.

In the third case study, the model is run with a multi-metric reliability standard, i.e., the
EUE and CVaR;%(UE) constraints are imposed together, with reliability standards that
result in the simultaneous activation of both constraints. Again, the outcome is evaluated by
examining the variation in installed capacity of different technologies with respect to the
base case and their de-rating factors. In this case, since two reliability standards are active

at the same time, two de-rating factors are calculated for each technology (see Section 3.3).

In the fourth case study, the model is run with a composite-metric reliability standard. A

weighting factor, w, is used to combine EUE and CVaR;%(UE) into a single metric and a
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constraint is applied based on this. The reliability standard and the constraint is formulated
as in Equation 2, with EUEgrs and CVaRs%(UE)rs being the standards used in the second
and third case studies. The normalisation of each resource adequacy metric by its standard
allows metrics that may have different orders of magnitude, or even different units of

measurement, to be combined.

EUE CVClR5%(UE) ) .
W'< )+(]_—W)- <1 Equation 2
CVaRsy, (UE)zs

The model is run for values of the weighting factor ranging from 0, corresponding to a
CVaR;y(UE) constraint, to 1, corresponding to an EUE constraint. Again, the outcomes are
evaluated by examining the variation in installed capacity of diftferent technologies relative

to the base case and their de-rating factors.

3 RESULTS AND DISCUSSION

This section presents the main results of the simulation model, divided according to the four

case studies identified in Section 2.

3.1 Base case - no reliability standard

As discussed in Section 2, in the absence of a resource adequacy constraint, the stochastic
expansion planning seeks an economic equilibrium between increasing the cost of new
entrants and reducing the cost of unserved energy. The resulting resource mix is shown in
Figure 4, while Figure 5 presents the dispatch of a typical day. As can be seen, nuclear is
used for baseload, CCGTs are responsible for supporting the variability of the large installed
renewable capacity, especially wind, while diesel is used as a peaker, especially in the polar

vortex scenarios when CCGTs are not available.
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Figure 5. Dispatch of different technologies in a typical day

The resource adequacy of the base case is assessed using the EUE and the CVaR;%(UE). In

the upper chart of Figure 6, these parameters are plotted together with the unserved energy

10
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for each scenario, ordered by increasing values. It can be observed how the unserved energy
grows slowly until the polar vortex scenarios are reached, where it becomes much higher.
In the lower chart of Figure 6, the same information is presented as a probability density
distribution function, which makes it easier to visualise the so-called tail risk, represented

by events with low probability but high magnitude (very high unserved energy).

11
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Figure 6. Resource adequacy assessment for the base case

The CVaR;%(UE) is ten times higher than the EUE because it focuses on the 5% scenarios
with the highest unserved energy.

12
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3.2 Single-metric standards

In this case study, the stochastic expansion planning is run twice with different resource
adequacy constraints, one applied to the EUE and one to the CVaR;%(UE). The outcomes
are shown in Figure 7, with blue representing the results of applying the EUE constraint
and red representing the results of applying the CVaR;%(UE) constraint. Here, as in other
charts, attention is focused on the two technologies that are more affected by a change in
the resource adequacy metric used to set the reliability standard, i.e., CCGTs, which suffer
severe unavailability in polar vortex scenarios, and diesel, which is the peaking technology

called upon by the model to make up for the missing CCGT capacity.

13
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Figure 7. Outcomes of the imposition of single-metric standards

When a resource adequacy constraint is imposed, i.e., when the model seeks a more reliable
resource mix, the installed capacity of CCGTs decreases, due to their poor performance in
the polar vortex scenarios. However, the drop is much larger for the CVaR;%(UE) constraint

than for the EUE constraint. In fact, when a CVaR;%(UE) constraint is imposed, the model

14
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is asked to reduce the unserved energy in the worst scenarios, which encompass the polar
vortex. Therefore, more CCGTs are replaced by diesel units, as shown in the upper chart in
Figure 7. For the same reason, the de-rating factor assigned to CCGTs drops from over
80% when the reliability standard is based on EUE to 55% when the constraint is based on
CVaR;%(UE). The diesel de-rating is high in both sub-cases, but is slightly higher when the
reliability standard is based on CVaR;y(UE).

3.3 Multi-metric standard

3.3.1 The multi-activation area

In this case study, the stochastic expansion planning is required to meet two reliability
standards simultaneously. The first step is to find values for the two resource adequacy
constraints that allow this simultaneous activation. To find these values, the multi-metric
domain was characterised as shown in Figure 8. Each point of the multi-metric domain
represents an EUE-CVaR;%(UE) pair that could be imposed in a multi-metric reliability
standard. The starting point is the base case, which defines the initial values for the EUE
and the CVaR;y(UE). From this point, the blue line is drawn by constraining the EUE and
assessing the CVaR;u(UE) of the resulting mix, repeating this operation for small
decrements in EUE. The red line is drawn in a similar way by constraining the CVaR;%(UE)
and assessing the EUE of the resulting mix.

14000 T T T T T T
EUE standard ®  RestrictEUE  Base
CVaR _, (UE) standard S, M gc25¢
12000 | o% At 5
7 i
< [
10000 |- L7 A
L N S e B -
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EUE [MWh]

Figure 8. Characterisation of the multi-metric domain and identification of the multi-activation area
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The two lines allow three areas to be identified in this double-metric domain®. In the
EUE-dominated area, the imposition of two reliability standards would make the
CVaR;y(UE) standard redundant as only the EUE constraint would be activated. In the
CVaR-dominated area, only the CVaR;s%(UE) constraint would be activated and the EUE
standard would be redundant. However, in the area between the blue and red lines, referred
to here as the multi-activation area, both resource adequacy constraints would be activated

simultaneously.

3.8.2 The application of multi-metric standards

To demonstrate this multiple activation, the stochastic expansion planning was run with
two reliability standards corresponding to the point” shown in Figure 9, which is in the

multi-activation area.

6 In this article, the multi-metric domain is composed by two resource adequacy metrics and this results in a
bi-dimensional multi-activation area. Multi-metric or composite-metric reliability standards can also consider

three or more resource adequacy metrics, resulting in multi-activation volumes or hypervolumes.

7 This point was also used to define the reliability standards in the previous case study, where the resource
adequacy constraints were applied separately. The same reliability standards are also the starting point for the

following case study, where the constraints are combined. This is done to ensure comparability of results.

16
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Figure 9. Multi-activation area and reliability standards under study

The outcomes of applying this multi-metric standard are shown in yellow in Figure 10,
where they are compared with the results of applying single-metric standards. From a
computational point of view, the activation of both constraints has been demonstrated by

their dual variables, both of which assume a non-zero value.

17
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Figure 10. Outcomes of the imposition of a multi-metric standard

The resource mix resulting from the application of the multi-metric standard shows an
intermediate variation in installed capacity compared to the single-metric standards.
However, as shown in the lower chart in Figure 10, the application of a multi-metric

standard results in the calculation of two different de-rating factors for a single technology,

18
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in this case CCGT, with a higher de-rating factor corresponding to its contribution to the
EUE standard and a lower de-rating factor corresponding to its contribution to the
CVaR;sy(UE) standard. In the capacity mechanism, these two de-rating factors should be
reflected in the procurement of two reliability products. Procurement of multiple products
in the capacity market forces the regulator to define different requirements and may lead to
different prices for different reliability products, increasing the complexity of the design of

the regulatory instrument [177][347].

3.8.8 Sensitivity analysis without polar vortex

It should be remarked that resource adequacy metrics tend to be highly correlated, meaning
that a scarcity event is likely to affect different metrics in a consistent way. In the case
studies presented here, the polar vortex creates two types of scarcity conditions in this
particular power system: shortages simply related to sporadic outages of thermal power
plants, and shortages related to an extreme weather event that mostly affects a single
technology (CCGT). This approach made it possible to reduce the correlation between the
two resource adequacy metrics under study, EUE and CVaR;%(UE). This has an impact on
the multi-activation area, which becomes larger when metrics in the multi-metric domain
are less correlated. To investigate the impact of the correlation between metrics on the
multi-activation area, the model was run without polar vortex scenarios. The result is shown

in Figure 11, which has the same axis ranges as Figure 8 for comparison.

19
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Figure 11. Characterisation of the multi-metric domain for a case study without polar vortex

The base case without polar vortex obviously shows lower values for both EUE and
CVaR;s%(UE). However, it can also be observed that the multi-activation area, although
present (as shown in the zoomed-in graph), is much thinner than in the polar vortex case
study. This means that, without the polar vortex, the two resource adequacy metrics are
much more correlated. The imposition of a multi-metric standard, in this case, is much more

likely to result in the activation of only one of the two initial standards.

Of course, the size of the multi-activation area depends on the type of scarcity conditions
expected in the system and the type and number of metrics selected to assess resource
adequacy in the system. However, any discussion on the use of multi-metric standards
should consider the possibility of several redundancies and the eventual activation of a single

reliability standard.

3.4 Composite-metric standard

The last case study examines the application of a composite-metric standard. The resource
adequacy constraint is imposed by the normalised formula presented in Equation 2. The
model is run for difterent values of the weighting factor and the results in terms of the

adequacy of the resulting resource mix are shown in the multi-metric domain in Figure 12.
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Figure 12. Outcomes of the imposition of a composite-metric standard represented in the multi-activation

area for different values of the weighting factor

When the weighting factor is equal to 0, the composite-metric standard coincides with the
CVaR;y(UE) constraint and the resulting point in the multi-metric domain lies on the red
curve. When the weighting factor is equal to 1, the composite-metric standard coincides
with the EUE constraint and the resulting point lies on the blue curve. For values of the
weighting factor between 0 and 1, the optimisation model is allowed to seek an equilibrium
between the two initial reliability standards in the pursuit of cost minimisation and
compliance with the composite-metric standard. For low values of the weighting factor
(between 0 and 0.4 in this case study), the CVaRs%(UE) constraint is still dominant and the
resulting resource mix exceeds the initial CVaRsy4(UE) standard (being below that
reference) but is above the initial EUE standard. For high values of the weighting factor
(between 0.5 and 1 in this case study), the EUE constraint becomes dominant and the
resulting resource mix exceeds the initial EUE standard but is above the initial CVaR;%(UE)

standard.
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Figure 13. Outcomes of the imposition of a composite-metric standard on the CCGT technology for different

values of the weighting factor

The outcomes in terms of installed capacity and de-rating factors with the application of a
composite-metric standard are shown in Figure 13, focusing on combined cycles for the sake

of clarity. Both the installed capacity of CCGTs and their de-rating factor (calculated as
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their contribution to the composite-metric reliability standard) gradually decrease as the
weighting factor goes from 1, corresponding to the EUE constraint, to 0, corresponding to
the CVaR;%(UE) constraint. This behaviour is consistent with the eftfects shown in the
previous case studies. Annex 2 presents an assessment of the energy/capacity revenue
shares for this case study, based on the dual variables associated with the constraints in the

model.

The main difference between the application of a composite-metric and a multi-metric
reliability standard is that the composite-metric standard allows a single de-rating factor to
be calculated for each technology. If a capacity mechanism is implemented, this feature
allows the procurement of a single reliability product, avoiding the complexities of a multi-

product capacity market.

4 CONCLUSIONS AND POLICY IMPLICATIONS

The traditional resource adequacy framework is being challenged by the decarbonisation of
the power sector. New correlations in the resource mix and extreme weather events are
rapidly changing the expected scarcity conditions in the electricity system. Conventional
resource adequacy metrics are revealing their limitations in this new environment. Several
experts are calling for a reform of resource adequacy metrics and reliability standards, and
many policy-makers have already started to update their regulations. Some experts argue
that a single resource adequacy metric cannot characterise the new and evolving scarcity
conditions and call for the introduction of multi-metric reliability standards. Other experts
have proposed the introduction of composite-metric reliability standards that combine

different resource adequacy metrics through weighting factors.

This article presents the first model-based exercise to compare these two approaches using
case studies obtained from a simulation model. The latter is based on stochastic expansion
planning, which is run i) without any reliability standard, ii) with single reliability standards,
EUE or CVaR;s«(UE), separately, iii) with a multi-metric standard that imposes both
constraints simultaneously, and iv) with a composite-metric standard that combines the two

resource adequacy metrics in a single standard. The main findings are summarised below.

The outcomes of the case studies show the impact of the choice of resource adequacy
metric(s) on the resource mix, as well as on the associated de-rating factors to be used in a
capacity mechanism to guide the system towards that mix. In the case studies, the selection

of a metric that focuses on the scenarios with the highest unserved energy, such as
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CVaR;y(UE), leads to a reduction in the installed capacity and de-rating factor of those

technologies that perform poorly in these scenarios (CCGT's in this model).

The case studies also show that resource adequacy metrics can be highly correlated. Strong
correlations result in a very small multi-activation area. This can significantly reduce the
scope of multi-metric reliability standards, as they may often result in the activation of a
single standard, with the others being redundant. However, where a multi-activation area
exists and is large enough for a set of reliability standards to be active at the same time,
multiple de-rating factors can be calculated for each technology, reflecting the contribution
of that technology to the difterent reliability standards imposed simultaneously. In the case
studies, this was demonstrated by the calculation of two different de-rating factors
corresponding to CCGTs. In the capacity mechanism, this approach should be reflected in
the procurement of multiple reliability products (one for each metric included in the multi-
metric standard), but this may increase the complexity of the design of the regulatory

instrument (multiple capacity requirements, multiple clearing prices, etc.).

Composite-metric reliability standards allow different facets of the security of supply
problem to be captured in a single reliability standard by means of weighting factors. This
article proposes a normalised formulation for these composite-metric standards, which
allows resource adequacy metrics of different orders of magnitude, or even different units of
measurement, to be combined. In the case study, this formulation was effective in combining
the EUE and CVaR;%(UE) constraints, with the solution, both in terms of installed capacity
and de-rating factors, moving between these two extremes for different values of the
weighting factor. The advantage of a composite-metric approach is that it allows a single
de-rating factor to be calculated for each technology, which could simplify the design of the

capacity mechanism. The main findings of this study can therefore be summarised as follows.

- The selection of the resource adequacy metric used to define the reliability standard

influences the de-rating factors calculated for each technology.

Resource adequacy metrics can be highly correlated, which may reduce the scope of
multi-metric reliability standards and result in one or more standards becoming

redundant.

- When different reliability standards are active at the same time, multiple de-rating

tactors can be calculated for each technology.
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- Composite-metric reliability standards enable different resource adequacy metrics to be
merged into a single reliability standard, allowing a single de-rating factor to be

calculated for each technology.

4.1 Future work

In this article, the comparison between multi-metric and composite-metric reliability
standards has been carried out focusing on two specific resource adequacy metrics, namely
EUE and CVaR;y(UE). This selection does not affect the main findings of the article. The
existence of a multi-activation area, the need to calculate different de-rating factors when
applying multi-metric reliability standards within this area, the possibility of combining the
same metric in a composite-metric reliability standard that results in a single de-rating
tactor are all conclusions that do not depend on the choice the underlying resource adequacy

metrics.

However, the same exercise could be repeated with other metrics that may be more or less
correlated than those assessed in these case studies. As mentioned in Section 38.8.3, this may
affect the shape of the multi-activation area. The latter should also be investigated when
more than two resource adequacy metrics are used, adding an additional dimension to the

problem and resulting in a multi-activation volume.

Another area for further research is the formulation of the composite-metric reliability
standard. The case study presented in this article is based on a normalised formulation, but
other solutions are possible. These alternative formulations could be explored and compared

in future work.

Future work could also analyse some aspects that could not be modelled in this study due
to computational constraints, but which could have a relevant impact on the eftectiveness of
different approaches to setting reliability standards. These aspects include 1) the
stochasticity in the load profile or the availability of intermittent renewable resources; ii)
other technologies on the supply side, such as hydropower, energy storage, demand
response, or prosumers; iii) other reliability stressors or extreme weather events, such as
heatwaves or droughts that affect the generation potential of hydropower plants; iv) a larger
time horizon for the simulation and time-evolving parameters; v) transmission constraints

that can segment scarcity conditions in the system.
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ANNEX 1

This annex presents the mathematical formulation of stochastic expansion planning model
used for the case studies detailed in section 2.1. The model was solved as an RMIP (Relaxed

Mixed Integer Program) problem.

Indexes and sets

g€G  Generating technologies
t€T  Hourly periods

scESC Scenarios

Parameters

Cg Variable cost of a unit of technology g [€/ MWh]

CgL No-load cost of a unit of technology g [€/MWh]

CNE Non-served energy price (in this case 3000 €/MWh) [€/MWh]
Fg Maximum power output of a unit of technology ¢ [MW]
Bg Minimum power output of a unit of technology ¢ [MW]

AV, (Availability of technology g available in period t in scenario sc [p.u.]
EFOR, Equivalent forced outage rate [p.u.’]
AIC, Annualised investment cost of units of technology g [€/MW]

Dy Demand in period t TMWh]

LimEUE EUE limit in the system [MWh]
LimCVaR CVaR(UE) limit for the system [MWh]
a Percentile threshold for the CvaR [p.u.]

w Weighting factor for the composite standard [p.u.]

Variables
ng Number of units installed of technology g

nses.; Non-served energy in period t and scenario sc [MWh]

Psc,g,t Power output above minimum output of all technology g units in period t and

scenario sc [MW]
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Uge,g¢ Number of units of technology g committed in period t and scenario sc

Q). Auxiliary variable used to characterize the CvaR (amount of non-served energy in
scenario sc above the VaR) TMWh]

VaR Value at risk (if and only if the CVaR constraint is active, else it will not represent
the VaR) TMWh]

nsege osp,, ot VaR(Q ER.,

€Z.,

Ny, U
&’ sc,g,t

Input data

Generation technology technical and economic parameters

Nuclear CCGT pv Wind Diesel
Fg MW 1000 1000 1000 1000 1000
P [MW] 1000 400 0 0 200
Cy [¢/MWh] 6.52 1556 0 0 710

NL

G, [€/p.u] 0 7200 0 0 4000
EFOR, [p.u.] 0.05 0.1 0.00 0.00 0.12
AIC, [M¢€] 626.25 78.57 90.10  128.61 50.77

Four-week demand curve, with each week representing a difterent season
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Equation (1) represents the objective function, which includes both the operational and
investment costs of the different resources, as well as the costs of non-served energy, all of
which are to be minimised by the model. Equation (2) represents the demand-generation
balance equation for each scenario and time period. The model will attempt to meet demand
at each point in time; otherwise, it will incur a penalty represented by the non-served energy
(and its associated cost). Equation (8) limits the power output of a technology above its
minimum, depending on the number of units of that technology that have been committed.
Equation (4) limits the number of units that can be committed for a given technology
according to its hourly availability for each scenario. For PV and wind technologies,
availability is represented according to their ex-ante defined profile. For conventional
generation, availability is determined as detailed at the beginning of section 2. Equation (5)
represents the restriction based on the EUE reliability standard, which limits the amount of
non-served energy throughout all scenarios. Equations (6) and (7) represent the restriction
based on the CVaR(UE) reliability standard, following the formulation presented in [357.
Equation (8) represents the restriction based on the composite reliability standard, using

the normalisation process detailed in section 2.1.

Models used

Without reliability standards: equations (1)-(4)

With an EUE standard: equations (1)-(5)

With a CVaR(UE) standard: equations (1)-(4),(6) and (7)

With both an EUE and a CVaR(UE) standard: equations (1)-(7)

With a composite EUE-CVaR(UE) standard: equations (1)-(4), (7) and (8)
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ANNEX 2

In this annex, the dual variables from the stochastic centralised expansion problem are used
to investigate the revenue shares from the energy and firm capacity markets. The central
planner model with resource adequacy constraints is used in this article to simulate an
electricity energy market with perfect competition and an additional incentive to install firm
capacity. Following the equivalence between these two problems as presented in the

academic literature (e.g., Brito-Pereira et al., 2022; Pérez-Arriaga and Meseguer, 1997):

The energy market price can be derived from the dual variable of the demand balance

constraint in the central planner problem (4,.,).

The resource adequacy remuneration (or capacity market payment, CMP) received by a

resource with an installed capacity K; is equal to its marginal contribution to the
- RS . . . . :

reliability standard, o multiplied by the value of the dual variable associated with the

reliability standard in the central planner problem, f3:

CMPy; K; = oRS
ki i = B

1

KB

By calculating the dual variable(s) of the resource adequacy constraint(s) in the central
planner model, it is therefore possible to simulate the hypothetical capacity revenues of

different resources and assess their share in total revenues.

This exercise is carried out in this annex for the composite-metric standard, in order also to
assess how this share between the energy and firm capacity market revenues varies for
different values of the weighting factor (for values of the weighting factor equal to 0 and 1,
the results show the revenue shares also for single-metric standards). Figure A1 shows the
revenue shares for CCGT and diesel with a composite-metric standard. Note that the
optimal resource mix defined by the model varies for different values of the weighting factor
(Figure 13) and this also affects the marginal energy prices that determine the energy

revenues of generating resources.
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Figure A1. Revenue shares for CCGT and diesel for different values of the weighting factor

As a general remark, regardless of the value of the weighting factor, diesel resources would
receive a higher share of their revenues from the capacity mechanism, consistent with their
role as a peaker technology (low fixed costs and high variable costs, with a resulting low
load factor). At the same time, the capacity revenues of both technologies decrease when the
weighting factor decreases, i.e., when the composite-metric standard moves from an EUE
to a CVaRs«(UE) standard. This is related to the change in the optimal mix mentioned
above; at lower values of the weighting factor, more diesel capacity enters the system,

increasing the average marginal cost and thus the energy revenues of all resources.

Although there is only a single resource adequacy constraint in the composite metric
standard, and therefore a single capacity revenue, it is possible to split this revenue between
the contribution of each resource to the EUE and to the CVaR;%(UE) metrics. Table Ai
shows the capacity revenues for the whole CCGT and diesel fleets split between the
contribution to the EUE and the CVaR;%(UE) and how they vary for different values of the
weighting factor.
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Table Ai. Capacity revenues for the contribution to each sub-metric within the composite-metric standard

w (weighting factor)
[Me€]
EUE 0,9 0,8 0,7 0,6 0,5 0,4 0,3 0,2 0,1 | CVaR
EUE 21,4 20,6 | 19,4 | 17,7 | 16,0 | 14,8 | 12,3 | 9,7 6,9 8,7 0,0
CCGT
CVaR(UE) 0,0 0,6 1,3 2,1 2,9 3,8 4,9 5,7 6,6 7,7 9,1
] EUE 4,0 3,8 3,7 3,5 3,2 2,9 2,5 2,0 1,4 0,8 0,0
Diesel
CVaR(UE) 0,0 0,2 0,4 0,6 0,9 1,2 1,5 1,8 2,2 2,5 3,0

Also in this Table the capacity revenues of both technologies are higher when the reliability
standard is based on EUE (w = 1) than when it is based on CVaR;%(UE) (w = 0), due to the
abovementioned impact of the change in resource mix on average marginal costs and energy
revenues. FFor intermediate values of the weighting factor, the share of capacity revenues
relative to the contribution to each metric follows the weight that metric has in the

composite-metric reliability standard.
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