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Following liberalization reforms, the ability of power markets to provide satisfactory incentives for capacity
investments has become a major concern. In particular, current energy markets can exhibit a phenomenon of
investment cycles, which generate phases of under and over-capacity, and hence additional costs and risks for
generation adequacy. To cope with these issues, new mechanisms, called capacity remuneration mechanisms
(CRM), have been (or will be) implemented. This paper assesses the dynamic effects of two CRMs, the capacity
market and the strategic reserve mechanism, and studies to what extent they can reduce the investment cycles.
Generation costs and shortage costs of both mechanisms are also compared to conclude on their effectivity and
economic efficiency. A simulation model, based on system dynamics, is developed to study the functioning of
both CRMs and the related investment decisions. The results highlight the benefits of deploying CRMs to solve
the adequacy issue: shortages are strongly reduced compared to an energy-only market. Besides, the capacity
market appears to be more beneficial, since it experiences fewer shortages and generation costs are lower.
These comparisons can be used by policy makers (in particular in Europe, where these two CRMs are mainly
debated) to determine which CRM to adopt.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Now, investors perform their own development planning in re-
action to complex and hardly predictable price signals, aiming to

Power market reforms in recent decades and in particular de-
velopment of competition on the generation side have changed
the way investment decisions are made (Dyner and Larsen, 2001).
In previous regulated systems, investment risks were passed
through the tariffs to the consumers. Since only one player was
involved, coordination in generation investments was not an issue.
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earn the highest profit. It makes coordination in investments more
complex, which can lead to long-term inefficiencies.

Literature has shown that many market failures can disturb the
achievement of an optimal level of investment under the so called
“energy-only” market design (Hobbs et al., 2001; De Vries, 2004;
Bidwell and Henney, 2004; Joskow, 2007). Moreover, it has shown
that generation adequacy is not only about investing in the opti-
mal amount of capacity but also about doing it at the right time.!
Indeed, the dynamic aspects of generation investments also matter

! In theory, it also requires to optimally invest in specific types of technologies
(base, peak... to deal with flexibility issues in particular) and in specific locations
(to limit congestions). These two requirements are not studied in this paper.
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regarding the adequacy issue.” In particular, the risk of cyclical
tendencies in generation investments, known as boom and bust
cycles, has been highlighted (Ford, 1999, 2001, 2002; Green, 2006;
Arango and Larsen, 2011). These tendencies are materialized by
phases of undercapacity and overcapacity. Such phases are pre-
judicial to society since more shortages than the optimal level are
required during undercapacity phases and more generation ca-
pacity than the optimal amount is built during overcapacity pha-
ses. Undercapacity phases are explained by the tendency of in-
vestors to delay their investments. This is mostly due to un-
certainties, impossibility to predict futures prices in a perfect way
and risk aversion (De Vries, 2004). Investors tend to wait for
clearer signals of profitability to be sure their plants will be
profitable (Dixit and Pindyck, 1994). Long lead time, capital in-
tensiveness and irreversibility of investments also intensify these
effects. Conversely, once investments seem to be profitable en-
ough, players are prone to overinvest. A herd behavior or an un-
derestimation about competitors' decisions can explain this
(Green, 2006). Such underestimation can be intentional, investors
being skeptical about completion of competitors announced
power plants, or unintentional, investors having limited informa-
tion about competitors' decisions (Ford, 2001).

Therefore, to provide optimal investment signals and solve
these adequacy issues, new mechanisms called capacity re-
muneration mechanisms (CRM) have been (or are going to be)
implemented. The debates and discussions currently taking place
in Europe on this topic mostly focus on two mechanisms, the ca-
pacity market and the strategic reserve mechanism.®> These two
mechanisms are studied in this paper. In the capacity market (also
known as capacity requirements), an obligation of installed capa-
city is computed several years in advance, equal to the peak de-
mand forecast together with a capacity margin. This obligation can
be proportionally shared between suppliers in the case of a de-
centralized capacity market or borne by a single buyer (for in-
stance the TSO?) in the case of a centralized capacity market. A
new market for capacity is then created, juxtaposed to the com-
modity energy market, to exchange capacity credits and reach this
capacity obligation. This design has been selected in France or in
Great-Britain. In the strategic reserve mechanism, the TSO sets,
several years or months in advance, the amount of required stra-
tegic reserves based on the difference between estimated peak
demand (plus a capacity margin) and what the market would
otherwise provide without the mechanism. These reserves are
provided through a competitive tender and are deployed only as a
last resort to avoid shortages. It has been implemented in Sweden
and in Finland and recently in Belgium. Germany is also con-
sidering the introduction of this mechanism (McGraw Hill Fi-
nancial, 2015). Besides, the European Commission (2013) re-
commends the implementation of a strategic reserve mechanism

2 Stoft (2002), amongst others, outlines this idea: “Economics focuses on
equilibria but has little to say about the dynamics of a market. Once economics
shows that a system has a negative feedback loop so that there is a point of balance,
it considers its job done. Engineers move beyond this stage of analysis to consider
whether a system will sustain oscillations and, if not, whether it is over- or under-
damped. Economics understands that investment dynamics can produce “cycles”
but has faith that rationality will generally prevent this”.

3 Other CRMs are discussed in the literature (and sometimes implemented).
These mechanisms can be sorted into two types: the price-based mechanism
(where policymakers set a price and let the market determine the corresponding
volume), like the capacity payments (Oren, 2000) and the reliability payments
(Olsina et al., 2014), and the volume-based mechanisms (in which a regulating
authority sets a desired amount of installed capacity and lets the market reveal the
right price), like the long-term forward contracts (Cramton and Stoft, 2008), the
reliability options (Vazquez et al., 2002), the capacity market (Batlle and Rodilla,
2010) or the strategic reserve mechanism (Finon et al., 2008).

4 Transmission System Operator: it is in charge of operating, maintaining and
developing the power transmission grid.

which it assesses as less distortionary for the energy market and
easier to implement.

One of the key questions in the current literature involves as-
sessing the performances of these CRMs and comparing them to
select the best one to implement. For instance, in Europe, the
implementation of these mechanisms has to be validated by the
European Commission based on the comparison of several eco-
nomic criteria. Several authors have thus compared qualitatively
the different CRMs with regard to a selection of economic criteria
(e.g. provision of adequate incentives, feasibility, risks of market
power abuse), mainly from a static point of view (e.g. Finon and
Pignon (2006)). Moreover, due to the importance of the invest-
ment cycles as described in the literature, the performances of
these CRMs also have to be assessed dynamically, in particular to
study to what extent they can reduce these prejudicial cyclical
tendencies. To this end, simulation models are needed. Indeed, to
gain an understanding of the dynamics of the industry, Gary and
Larsen (2000) showed that inclusions of information feedback
loops, instead of equilibrium assumptions, are fundamental.
Therefore, equilibrium models cannot be used anymore to un-
derstand and model the cyclical tendencies (of course, the same
can be said about optimization models, e.g. minimizing costs).
Among the different simulations models, Systems Dynamics (SD)
modeling, a methodology developed by Forrester (1961), is the
main model used in the current literature to model these feedback
loops and to study dynamic aspects of investments. SD enables to
study inter-relationships among the different components, un-
derstand feedback mechanisms and then assess the dynamic re-
sponses. Thus, using this methodology, cycle behaviors can be
analyzed, as well as the influence of CRM on such cycles. For in-
stance, Olsina et al. (2006), Syed Jalal and Bodger (2010), De Vries
(2004), Kadoya et al. (2005) and Hani et al. (2006) have applied SD
to study the investment dynamics in electricity markets and to
highlight the cyclical behavior. A more extensive review of SD
models in generation capacity simulation can be found in Teufel
et al. (2013).

Literature has also used this method to study and compare the
dynamic properties of CRMs in order to select the most effective
one to implement. For instance, Assili et al. (2008) and Park et al.
(2007) study how an improved variable capacity payment me-
chanism can reduce investment cycles. De Vries and Heijnen
(2008) compare capacity payments, operating reserves pricing and
capacity markets under uncertainty of the future growth load.
They show that all these mechanisms perform better than a
competitive energy-only market, capacity obligations having the
strongest stabilizing effect, both with respect to investment and
prices. Hobbs et al. (2007) assess the capability of the capacity
market in the PJM system to reduce investment cycles. They show
that a downward sloping demand curve on the capacity market
reduces fluctuations in installed capacity, compared to a vertical
curve. Hasani and Hosseini (2011) compare the capacity payment
mechanism and the capacity market through nine technical and
economic indicators (in particular regarding shortages, electricity
prices and revenues of peak technology). Hasani and Hosseini
(2013) develop a SD model to compare different designs of capa-
city payment in the Iranian power market, in particular assessing
the reserve margin and the generation expansion costs. They find
that a capacity payment mechanism with different payments for
each region according to the regions' reliability indices shows
lower capacity expansion costs and enables to avoid shortages.
Finally, Cepeda and Finon (2011) study the problems related to
long-term security of supply in regional electricity markets when
different CRMs are implemented. They find that the lack of har-
monization between local markets in CRMs may lead to undesir-
able side effects.

However, the current literature can be improved on two points.
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First, the strategic reserve mechanism, one of the main CRMs
implemented and discussed in Europe, is rarely studied from a
dynamic point of view. Thus, policymakers cannot compare this
mechanism with other CRMs to select the best one to implement.
Moreover, in the studies mentioned above, comparisons are often
based on an adequacy criterion (i.e. to what extent the CRM can
reduce shortages). However, the efficiency of the mechanism, i.e.
the costs to build and operate power plants to reduce shortages, is
often disregarded. Yet, efficiency is one of the main criteria to
consider from an economic point of view, in particular when
maximizing the social welfare: CRMs have to reduce shortages but
not at any cost for society. Policymakers should decide which CRM
to implement regarding not only the effectiveness criterion (i.e.
the adequacy) but also the efficiency one (i.e. the investment and
generation costs).

These two missing points are studied in this paper. Its purpose
is to assess the dynamic effects of the capacity market and the
strategic reserve mechanism, two of the main CRMs considered in
Europe, and to compare them with regard to the effectiveness and
efficiency criteria. The most suitable and convenient method to
study these dynamic aspects of investments is SD modeling, which
is used in this paper. To the knowledge of the authors, the results
of this study should not be dependent on the original modeling
choice, as long as the model is a SD simulation. As a consequence,
the model chosen in this paper is based on Hobbs (2005) and
Hobbs et al. (2007) as it is well exposed and explained in the
original papers, and then easily tractable. This original model,
where only the capacity market is studied for the PJM system,”’ is
expanded to consider a strategic reserve mechanism and an en-
ergy-only market. Moreover, in order to be able to compute the
generation costs accurately, a bidding behavior based on avoidable
costs and endogenous shutdown decisions are added. The model
used in this paper simulates investment decisions in a liberalized
market regime under uncertainty on the load growth. Three dif-
ferent market designs are studied: the energy-only market (as a
reference case), the capacity market and the strategic reserve
mechanism. Then, these market designs are compared based on
social welfare using Monte-Carlo simulations for different growth
loads. This social welfare is evaluated thanks to total generation
costs and shortage costs.

This paper is organized as follows: Section 2 presents the
model used in this paper to study players' decisions under the
energy-only market, the capacity market and the strategic reserve
mechanism. Results of these simulations and comparisons of
market performances are outlined in Section 3. Finally, Section 4
concludes the paper.

2. Model

This section introduces the model developed to assess the
performances of both strategic reserve mechanism and capacity
market. In a first part, an overview of the model is given, and then
each market (the energy-only market and both CRMs) is described
more precisely. Finally, the last section introduces the main para-
meters used in the simulations as well as the way simulations are
run and indicators computed.

2.1. Overview of the model

To study investment decisions in liberalized power systems and
how CRMs can modify these investments, a model based on

5 PJM Interconnection is a Regional Transmission Organization (RTO) operating
the electricity system including the wholesale market in the North-East of USA.

Load ——* > Revenues

/ +
Installed Expected
capamty Revenues

Investment
decisions

Fig. 1. Simplified diagram of the model.

system dynamics modeling is used. It is based on the research
developed by Hobbs (2005) and Hobbs et al. (2007). The logic of
the original model is kept in this paper. It is presented in Fig. 1 on a
simplified causal-loop diagram. In this diagram, typical for SD
modeling, a causal relationship between two system variables is
depicted through an arrow. The (+) symbol describes a positively
related effect (an increase in the first variable will cause an in-
crease in the second one). The (—) symbol specifies the contrary.

Each year, revenues (from the energy market and/or from CRM)
are computed. These revenues are used by players to assess ex-
pected revenues and future profitability of their plants and then to
make investment decisions. These decisions will in turn impact
the installed capacity, which will result in changes in revenues.
Then, a negative feedback loop can be noticed, which could lead to
an equilibrium in theory.

The main assumptions made by Hobbs (2005) are kept here:
annual time step is used, perfect competition is considered (there
is no strategic behavior), only peak technology is modeled (which
is characterized by a lead time of four years), revenues from the
energy market are assessed thanks to an exogenous function (and
not by modeling a short-term energy market), expected profits are
computed thanks to previous and current profits. Moreover, load is
summarized by the annual peak load and is expected to increase at
an average constant growth rate. However, uncertainties, due to
economic growth rate deviation or weather conditions, are added
to this average load growth rate and modeled thanks to two in-
dependently random variables which are normally distributed
with mean zero and standard deviation of ¢4 and o,.

In the original model, only the capacity market is modeled. The
modeling of this mechanism is improved in this paper to consider
a more complex bidding behavior (based on avoidable costs). Two
other market designs are added: the strategic reserve mechanism
and the energy-only market, which is used as a reference case to
assess cyclical tendencies. Moreover, to compute more realistic
generation costs and then to improve the comparison of the effi-
ciency indicator, power plant closures are now endogenous
(investors decide whether to close their plants, regarding expected
profitability). Increasing O&M (Operating and maintenance) costs
are modeled to reflect aging of plants. Thus, it is more and more
costly to operate these plants and investors may prefer closing
them and building new ones. Fig. 2 indicates how these main-
tenance costs increase with age. They are constant during the first
half of assumed lifetime of the plant and exponentially increase
after. Maintenance costs are assumed equal to annualized invest-
ment cost of a plant at the end of the assumed lifetime of the plant
(20 years).

The three market designs are introduced thereafter. The aim of
this study is to compare the two CRMs, i.e. the capacity market and
the strategic reserve mechanism (the energy-only market is in-
troduced as a reference design). To facilitate the understanding of
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Fig. 2. Evolution of O&M costs in function of age of plants.

these markets, the energy-only market model is presented first.
Both CRMs are then introduced. Main equations of these models
are exposed in Appendix A.

2.2. Energy-only market

Fig. 3 describes in a simplified way how the energy-only mar-
ket is modeled in the paper. The different stages are described
thereafter.

2.2.1. Revenues from the energy market

In this paper, revenues from the energy market are computed
in the same way as Hobbs (2005) did. He considers that annual
profits, defined as revenues earned from the energy and ancillary
services markets minus variable costs, can be expressed as a
function of the ratio of installed capacity over peak load (Fig. 4).
The smaller this ratio is, the larger profits are, since capacity be-
comes scare and expensive actions (e.g. demand response) or
shortages are needed.

2.2.2. Investment and shutdown decisions

To decide whether they invest or close plants, investors have to
assess future profitability of their power plants. Since four years
are necessary to build a plant, investment decisions are made four
years ahead. To simplify the model, the same assumption is made
for plant closures. Fig. 5 describes the different steps of the deci-
sion process, which are explained below.

First, investors have to compute expected profitability of their

Revenues from the

+
Load —>
energy market \

Installed Expected
capacity Revenues
¥ +

Investment
- decisions

Shutdown

decisions

Fig. 3. Simplified diagram of the energy-only market.

plants. As Hobbs (2005) modeled it, players base this computation
on eight years of past and future profits, from year y—3 to year
y+4 (y is the current year when decisions are made). For years
y—3 to y, profits from the energy market are known since those
years have already passed or are in process. For years y+1 to y+3,
they are unknown and have to be estimated based on expected
demand and future available capacity. Players can partially an-
ticipate the future demand, based on the peak load during the
current year y and the average peak load growth. However, they
cannot anticipate the uncertainties due to economic growth rate
deviation or weather conditions. Furthermore, the future available
capacity can be accurately estimated since investors know plants
under construction or which are going to close (as such decisions
have already been made and often released, through media or TSO
reports). For the year y+4, the profits are assumed to be the same
as the profits during year y+ 3. Then, given those profits, investors
attach a set of weights to each year of profits to represent how
they assess future profitability. For instance, they can only consider
profits in year y+4 or they can consider eight years of profits.
Thus, investors can compute the weighted average of these profits
to assess the expected profitability.

To model players' decisions regarding investments or shut-
downs, a rational economic behavior is modeled, which leads
players to balance their expected profits and their avoidable costs.
As avoidable costs are different considering investments or shut-
downs, decisions differ: for investment decisions, avoidable costs
are investment, O&M and variable costs; for shutdown decisions,
investment costs are sunk and only O&M and variable costs can be
avoided. In both cases, as the function used to compute revenues
from the energy market (Fig. 4) already takes into account variable
costs, they are not considered thereafter.

For investment decisions, players compare the expected profits
during the economic lifetime of the plants with investment and
O&M costs. The previously computed profitability is assumed to
remain constant during the economic lifetime. The net present
value (NPV) is then computed. If it is positive (expected profits
cover at least avoidable costs), investors decide to add new capa-
city in the system. Otherwise, no investment decision is made. As
done in previous literature on this subject, the more investors
expect a high profitability, the more they invest. However, a sa-
turation level is generally considered to limit capacity additions.
Since participants expect a high attractiveness for investing, they
are aware of the potential danger of a wave of massive
investments.® Moreover, when NPV is slightly negative, some in-
vestments are still attractive for players with lower financing or
investment costs. According to this reasoning, a linear function is
proposed to model the relationship between NPV and the in-
vestment decisions (Fig. 6). This function is defined by three
parameters: capacity addition when NPV is zero, maximum ca-
pacity addition and NPV at which this maximum addition is
reached.”

Regarding shutdown decisions, each year players decide whe-
ther to continue running their plants or to decommission them,
considering expected profits and O&M costs (depending on the age
of the plant). If these costs appear to be higher than expected
profits, they will decide to close their plants. Otherwise, plants will
run one more year. Moreover, as for investment decisions, there is
a maximal amount of capacity which can be decommissioned each

6 It is particularly true in concentrated market where participants can limit
investments to avoid low prices which could endanger their capacities in place.
There are also constraints, in particular financing constraints or land constraints,
which can limit investments (Olsina et al., 2006).

7 To the knowledge of the authors, there are no precise values of these para-
meters for current power systems in the literature. A sensitivity analysis will be
carried to test several values for these parameters in the following simulation.
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year (players are partially aware of competitors’ shutdown deci-
sions and they do not close all their capacity in the same year). At
last, once investors have come to a decision about shutdowns and
investments, the installed capacity for year y+4 can be de-
termined. Then, the next year demand is computed, and the de-
cision loop starts again.

2.3. Capacity market

Added to the traditional energy market, a new market for

TSO +
capacity —>
demand

+1

Revenues from the

capacity market
+

Fig. 7. Simplified diagram of the capacity market.

capacity is implemented (Fig. 7). In the model, a centralized ca-
pacity market is considered (similar to the one implemented in
Great-Britain). Several years ahead, the TSO assesses the capacity
need to deal with the peak load. Then, it contracts this capacity
through an auction in which players offer existing or new capacity.
A capacity price is then determined, which creates complementary
revenues for plants. This price plays an important role since it
coordinates investment and shutdown decisions: if there is a lack
of capacity, the capacity price will rise to attract new investments.
Otherwise, it will decrease to force expensive plants to close or to
postpone investments. Thus, the capacity market is believed to
solve investment issues in the energy-only market.

Compared to the previous energy-only model, a new step is
added to the model which simulates the capacity market. The
auctions for capacity available in year y are considered to take
place four years ahead (which is the lead time for peak technol-
ogies). The capacity market is modeled by a supply curve, de-
termined by offers made by players (which is described below),
and a demand curve, resulting from the TSO capacity requirement
(see Fig. 8). This demand curve is characterized by a maximum
price and by a target capacity corresponding to the expected peak
demand plus a margin.® Matching supply with demand will

8 As for investors in the energy-only market, the TSO has not a perfect foresight
of future load and cannot anticipate future uncertainties due to economic growth
rate deviation or weather conditions.
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determine a price for capacity. As capacity price is now a com-
ponent of players' revenues, it has to be included in expected
profitability computation. Like profits earned on the energy mar-
ket, eight years of capacity prices are considered to estimate
profitability. For years y—3 to y+3, prices are known as auctions
have already taken place. For year y+4, capacity price is assumed
to be the same as in year y + 3. As previously, investors compute an
expected profitability from these eight years of profits. To compute
the offers that they make on the capacity market, players have to
balance their expected profits (earned on capacity and energy
markets) and their avoidable costs.

® For existing capacity, the only avoidable costs are O&M costs for
the year y+4. The economically rational offer price has to
guarantee that players will cover these costs thanks to profits
from the energy market and from the capacity market. Profits
from the energy market can be estimated from the previous
computation, based on the ratio of installed capacity over peak
load. If they are greater than costs, players will bid zero on the
capacity market (they do not need revenues from the capacity
market to break-even). On the contrary, if expected profitability
from the energy market is less than O&M costs, players will bid
the difference on the capacity market. Thus, if their offer is
accepted, they will at least cover their avoidable costs (provided
that they correctly estimate revenues from the energy market).
In all cases, players offer all their available capacity.

® For new investments, contrary to existing capacity, investment
decisions are still pending and investment costs are considered
as avoidable. Therefore, expected profitability during the eco-
nomic lifetime of assets has to cover both investment and O&M
costs. Players are assumed to use a NPV method to compare
expected profits from both capacity and energy markets and
avoidable costs. If NPV is positive, investors will invest and bid
zero on the capacity market. Otherwise, investors will bid
considering the project's expected net present value shortfall.
Indeed, as the capacity price is guaranteed for a single year only,
investors cannot rely on a capacity price above expected capa-
city price for the rest of the economic lifetime (but only for the
first year). Therefore, to break-even for sure, they have to bid
the total shortfall on the first year auction, in addition to the
expected capacity price.” Investors always offer the maximum

9 For instance, if the avoidable costs are $150,000/MW-year, the expected
profits from the energy market $60,000/MW-year and the expected profits from
the capacity market $80,000/MW-year, investors have to earn the shortfall be-
tween costs and expected revenues on the first year auction. If the economic life-
time of the plant is 20 years, the total shortfall equals 20*(150 000-60 000-
80 000)=$200,000/MW, when discounting is not regarded. The project will break-

TSO reserves 2 +
demand

o

Reserved
capacity

Fig. 9. Simplified diagram of the strategic reserve mechanism.

capacity addition, as defined on Fig. 6, on the capacity market
(which can be totally or partially refused according to capacity
demand and offers from existing capacities).

Therefore, having computed the supply and demand curves, a
capacity price can be determined. Players with accepted offers will
invest or will keep their plants in operation. Players with refused
offers will close their plants or will not invest.

2.4. Strategic reserve mechanism

A strategic reserve mechanism, as described in Fig. 9, consists
of a set of generation units kept available for emergencies by an
independent agent, typically the system operator. Contracted ca-
pacity is taken out of the market and is only activated in last resort
to avoid shortages. The agent determines the amount of capacity
to contract, resulting from expected load and investment and
shutdown decisions on the energy market, and contracts it
through an auction.

Therefore, capacity can be sorted into two exclusive markets:
one for strategic reserves, called strategic reserve mechanism be-
low, and one for non-reserved capacity, called energy market be-
low. These markets are exclusive since capacity on the energy
market cannot participate in strategic reserves auctions and so its
sole profits comes from the energy market. Reciprocally, reserved
capacity cannot sell energy on the energy market, except in last
resort when the TSO requires it. Conditions of deployment and use
of reserved capacity have to be well defined to minimize inter-
ferences with the energy market.'® Here, strategic reserves are
deployed when there is no more available capacity on the energy
market and they are sold at the energy market price cap. There-
fore, for a producer on the energy market, there is no difference in
its revenues in times of shortage or high tension. Fig. 10 illustrates
how these two exclusive markets are modeled, as well as the links
between them and the investment and shutdown decisions.

Players can only invest on the energy market (investments on
the strategic reserve mechanism seem too risky to happen, as
players cannot sell energy and the reserves price is guaranteed for
only one year). They participate in the energy market year after
year until they expect to be in deficit (i.e. their expected profits
from the energy market are lower than their costs). Thus, players
attempt to pass their capacity on to strategic reserves and make
offers for their plants on the strategic reserve mechanism. If their
offers are not accepted, plants will be decommissioned. Otherwise,

(footnote continued)
even if it can earn this shortfall on the first year auction, addition to the expected
capacity price. Thus, the economically rational offer would be: ($80,000+
$200,000)/MW (see Wilson (2010) for more explanations).

10 For instance, if contracted capacity is deployed at a price lower than the
highest supply bid, it will increase the disincentives to invest for producers on the
energy market.
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Fig. 10. Energy market and strategic reserve mechanism.

plants will become reserved capacity and they make offers every
year on the auctions until their offers are refused.!

For the energy market, there is no major difference with the
energy-only market described previously. Since strategic reserves
are considered to be deployed only when shortages occur and are
sold at the energy market price cap, existing plants on the energy
market generate the same revenue no matter whether shortages
happen or whether strategic reserves are deployed. Thus, the
profits earned on the energy market can be computed thanks to
the function described in the Fig. 4, provided the system margin is
computed with the capacity available on the energy market, and
not with the total system capacity (which includes reserved ca-
pacity). Then, as previously, generation companies compute an
expected profitability and decide consequently to invest or to
decommission their plants, four years ahead (with the same
parameters as for the energy-only market).

The strategic reserve mechanism works differently. Every year,
to ensure that the system provides enough capacity and prevents
shortages, the TSO can reserve capacity which will produce only at
last resort. First, the TSO estimates future demand (as previously,
the TSO has not a perfect foresight of the future load and cannot
anticipate the future uncertainties due to economic growth rate
deviation or weather conditions) and future capacity on the en-
ergy market (the TSO is assumed to hold auctions once players
make their investment or shutdown decisions, so it knows exactly
future available capacity four years ahead). Then, if the margin is
expected to be under the target margin, auctions will be organized
to contract enough reserves to reach this target. However, the TSO
cannot contract extensive volume of reserves compared to existing
capacity (the energy market would be distorted if a large share of
plants were reserved). Thus, a maximal volume of reserves is
modeled, as well as a reserve price cap on the auctions to protect
consumers. Two categories of players can bid on these reserves
auctions: players who have capacity on the energy market and
decide to shut down (because expected profitability on the energy
market is not high enough to break-even) and players who already
have capacity on the strategic reserve mechanism. As previously,
players bid their avoidable costs,'? i.e. their O&M costs, and offer
all their available capacity. If offers are accepted, they will at least
cover their avoidable costs. Otherwise, they will shut down their
reserved plants.

2.5. Parameters for the reference case

Most data used in this model are the same as Hobbs (2005)
used for his model, based on the PJM system. As the aim of this
study is not to predict future evolutions of a precise power system
but to compare different market designs, these data are not up-
dated. Table 1 presents the main parameters taken for the re-
ference case.

' In order to insure credibility of this mechanism, once plants enter into the
reserves market they cannot return to the energy market.

12 Reserved capacities are paid their variable costs when they are deployed.
Thus, they do not make any profit by selling energy and their sole revenues come
from the auctions.

2.6. Simulation and indicators

The model is implemented on Matlab®. It is run for 30 years,
for the three market designs. Afterwards, some economic in-
dicators are computed to assess the performances of each market
design over the last 25 years of simulation. This time horizon is
consistent regarding the current literature (e.g. Hasani and Hos-
seini (2011) consider 30 years, Olsina et al. (2006) consider 20
years, De Vries and Heijnen (2008) 25 years...). Moreover, the first
five years of the simulation are overlooked to avoid any potential
transition effects due to the initialization.

To evaluate these market designs, the social welfare should be
used. Since demand is considered as inelastic, it can be computed
through the cost of shortages and the costs of generation'® (see De
Vries (2004)). Below, effectiveness refers to shortage costs and
efficiency to total generation costs. In this paper, curtailed demand
is used as a proxy of shortage costs.'* Effectiveness is assessed in
respect to the system margin. Arbitrarily, shortages are considered
to happen whenever the system margin is less than a certain
threshold.’® For each year of the simulation, curtailed demand
compared to peak demand is computed. Then, these values are
averaged over the last 25 years of the simulation. At the end, the
result stands for the mean curtailed demand by year as % of peak
demand. Efficiency is estimated through costs indicator. Invest-
ment and O&M costs are considered.'® For each year, these costs
are computed and divided by peak demand. Then, the average
value is calculated over the last 25 years of simulation. The final
result is expressed in $/MW of peak load.

Moreover, as two kinds of uncertainties are introduced in this
model,'” Monte Carlo simulations are run to compare the perfor-
mances under various demand growth scenarios. For each simu-
lation (i.e. for the 30 studied years), 60 random variables are
drawn (one for each uncertainty and for each year). Then, the
model is run for the three market designs over these same 30
years of peak load and indicators are computed and compared.
Therefore, the differences in the results can only be linked to
differences in terms of market design, and not in terms of input
data. This process is repeated 400 times: these 400 simulations are
called scenarios below.

3. Results and discussions

In a first section, cyclical tendencies in the three market designs

13 Mathematical definition of these two indicators can be found in Appendix A.

' In theory, shortage costs can be computed by assuming a cost for load re-
duction, known as VOLL in literature. However, there is no consensus on VOLL
value. To avoid giving a larger weight to shortages or generation costs (by assuming
an inadequate VOLL value), these two values are assessed separately.

15 To deal with maintenance operations and outages, installed capacity has to
be greater than peak demand. Thus, shortages can happen even if the system
margin is positive.

16 Variable costs are not considered here. Indeed, they are the same in the
three mechanisms most of the time, except when one market design experiences
shortages and other market designs do not curtail demand. However, these variable
costs during curtailed hours are insignificant compared to other costs.

17 Economic growth rate deviation and weather conditions are modeled thanks
to two independently distributed normal random variables with mean zero and
standard deviation of ¢4 and o,.
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Table 1
Main parameters for the reference case.

Parameters

Value for the reference case

System margin target

Shortage margin (margin below which shortages happen)
Peak load growth

Peak load growth standard deviation

Weather standard deviation

WACC

Investments costs

O&M costs

Years considered to compute expected profits for investments decisions (y is the year when decisions are made)
Weight given to each year profit to compute average profit for investments decisions

Years considered to compute expected profits for shutdowns decisions (y is the year when decisions are made)
Weight given to each year profit to compute average profit for shutdown decisions

Maximum capacity addition (see Fig. 6)

NPV to reach maximum capacity addition (see Fig. 6)
Capacity addition when NPV=0 (see Fig. 6)
Maximum capacity shutdowns

Maximum amount of reserved capacities®

Price cap on capacity market

Price cap on strategic reserve mechanism

15% of load

10% of load

1.7%

1%

2%

10%

$600,000/MW

See Fig. 2

y-3toy+4

Each year has the same weight
y—3toy+4

Each year has the same weight

10% of previous year installed capacity
$400,000/MW

1.7%

20% of previous year installed capacity
15% of previous year installed capacity
$200,000/MW

$400,000/MW

2 An average value compared to current maximum reserved capacity in Sweden and Belgium is considered. In Sweden, reserve capacity cannot exceed 2000 MW
(compared to a peak load of about 25,000 MW) (CREG, 2012). In Belgium, the reserve capacity was 1200 MW during the winter 2014/2015 (compared to a peak load of
13,000 MW) and is expected to reach 3500 MW for the winter 2015/2016 (CREG, 2015). However, this important amount of reserved plants is mainly due to technical
constraints on nuclear plants (which are independent from the economic conditions on the energy market).

are discussed based on simulation results. Then, efficiency and
effectiveness comparisons are introduced. Finally, the robustness
of the results is studied through a sensitivity analysis.

3.1. Study of the cyclical tendencies in the three markets

To study the cyclical tendencies in the energy-only market and
to what extent the CRMs can reduce them, the evolution of the
system margin (computed as the total installed capacity - i.e. ca-
pacity on the energy market+reserves if any — over the peak load)
for one average scenario of load growth is presented here. Only the
last 25 years are drawn. Two different system margins can be
computed, regarding whether the actual peak load or the expected
peak load (as computed at the time when decisions are made) is
used. Performances regarding capacity adequacy depend on two
factors: (1) how markets provide adequate incentives to have
enough installed capacity regarding the expected peak load and
(2) how this expected load differs from the actual load. This sec-
ond point does not depend on the considered market, but only on
random deviations. Thus, to perfectly understand how markets
work, focus is made on the first factor and on the expected system
margin. Fig. 11 describes the evolution of this expected system
margin for 25 years of one scenario of load. For the strategic re-
serve mechanism, the margin on the energy market (i.e. without

® e e eEnergy-only

== = Strategic reserves mechanism - total system margin
25 1

20 A
15

10 A

considering reserved capacity) is also plotted.

The adequacy performances of each market present major
differences. In this scenario, the energy-only market experiences
high cyclical investment and shutdown decisions. These cycles are
mainly due to herd behavior, bounded rationality (modeled by the
way players compute expected profitability) and incomplete in-
formation (about future load and competitors' decisions). Com-
pared to the results available in the literature, these cycles are here
exacerbated since endogenous decommission is considered. If low
profits are expected, players can close their plants which makes
the margin decrease quickly (and more quickly than in current
literature where plants cannot be decommissioned if profits are
low). It is also to be observed that the average margin, which is
around 7-8% here, is well different from the 15% target margin.
Indeed, revenues earned from the energy market when margin is
equal to 15% are not high enough to attract new investments
(revenues for this margin are around $30,000/MW while the an-
nualized investment cost is around $70,000/MW). Thus, the im-
plementation of a CRM is required if policy makers want to reach
this target margin.

When a capacity market or a strategic reserve mechanism is
implemented, the cyclical behavior is well reduced and the system
experiences fewer shortages. For the capacity market, the system
margin is always equal to the 15% target margin. This result seems

Capacity market

— — Strategic reserves mechanism - energy market margin

Forecast system margin (% of forecast peak load)

Years

Fig. 11. Evolution of the expected system margin for one scenario of load growth.
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logical since the capacity market explicitly defines a target to
reach. If there are not enough plants, the capacity price will rise so
that new plants or existing plants will break-even. In some ex-
treme cases (which is not the case here), this 15% target cannot be
reached if the capacity price reaches the price cap. The results of
the strategic reserve mechanism (the “total system margin” line),
if better than those of the energy-only market, show a lesser
ability of the CRM to reduce cycles compared to the capacity
market. Undercapacity phases are reduced but there are still
overcapacity phases. Indeed, in the energy market, there is no
explicit target for the system margin and the energy price is the
only signal to coordinate decisions and to give incentives for in-
vestments or shutdowns, like in the energy-only market (since
reserved capacity is considered not to interfere with the energy
market). Therefore, this price leads to the same consequences as in
the energy-only market, i.e. cyclical behavior and a mean margin
well below the 15% target. It can be noticed with the “energy
market margin” line which describes the decisions made on the
energy market. However, contrary to the energy-only market, the
TSO is able to react as a last resort by contracting strategic reserves
to avoid shortages. Thus, phases of undercapacity are reduced
compared to the energy-only market, but in a less effective way
than the capacity market since the total system margin is not al-
ways equal to the 15% target margin. Three parameters limit the
well-functioning of the reserved capacity in this respect. First, the
model imposes that the TSO cannot contract above 15% of existing
capacity, even if large shortages are expected. Second, since only
the capacity which will be decommissioned can participate to the
reserves auctions, offers can be lower than the TSO's demand. Fi-
nally, the reserve price cap could be reached, which would limit
accepted capacity. Therefore, there is an important difference be-
tween the capacity required to reach the target margin and ca-
pacity which is actually accepted.

Moreover, when focusing on the overinvestment phases, the
strategic reserve mechanism does not perform any better than the
energy-only market. Overinvestments are still likely to happen if
investors expect large profits. There is no signal to avoid this and
the TSO cannot force players to postpone their investments. Most
importantly, these overcapacity phases may undermine the well-
functioning of the whole mechanism with regard to shortage risks.
It is noticeable in Fig. 11: after the overcapacity phases around year
1 and year 10, there is not enough reserved capacity to reach the
15% target. Indeed, after an overcapacity phase, there is no re-
served capacity and there is a risk that no investments take place
for some years, whereas large decommissions are likely. In the
beginning, these decommissions are not dangerous for the secur-
ity of supply since the system margin is still above the 15% target
margin. However, once it decreases below the 15% target, the TSO
needs reserved capacity to offset not only decommissioned capa-
city but also the increase of peak load. However, only plants which
are decommissioned the same year can participate at the auctions.
Thus, the TSO cannot acquire enough capacity to offset the in-
crease of peak load and the system margin decreases below the
15% target. This margin decreases until investments take place.
Thus, after an overcapacity phase, the TSO may not be able to deal
with peak increase and some shortages may happen during sev-
eral years.'®

The actual system margin is presented in Fig. 12. As explained
previously, actual margins are different from the expected ones
due to growth uncertainties and the functioning of CRMs is less
perceptible. For instance, in year 19, the capacity market

18 However, this is not the case after every overcapacity phases (in some cases,
NPV can still be positive even if there is a overcapacity phase, depending on pre-
vious and expected loads and installed capacity).

experiences some shortages whereas the strategic reserve me-
chanism does not, because growth deviations made the actual load
higher than expected capacity. These shortages are not due to an
ineffective capacity market but to a particular deviation growth.
However, the same general conclusions can be drawn when as-
sessing the actual system margin.

In conclusion, for this particular scenario, both CRMs can limit
underinvestment phases which happen in the energy-only mar-
ket. However, the strategic reserve mechanism appears to be less
effective in some cases, due to several limiting factors. Further-
more, this mechanism cannot deal with overinvestments, which is
not the case for the capacity market. These overcapacity phases
are prejudicial since they may undermine the well-functioning of
the strategic reserve mechanism and cause shortages later on.
Moreover, since the strategic reserve mechanism does not modify
the way investors make their decisions on the energy market, the
adequacy performances of this mechanism highly depend on
revenues earned from the energy market and on cycle character-
istics. If the cycles are smoother than those on Fig. 11, the me-
chanism will perform better considering effectiveness since over-
investment is less likely to happen and less reserved capacity is
needed. On the contrary, if cycles are stronger, the performances of
the strategic reserve mechanism will be able to worsen. Regarding
the capacity market, as it explicitly defines a target margin, it will
always reach this target and its results are less dependent on the
cyclical hypothesis.

3.2. Economic comparisons of the capacity market and the strategic
reserve mechanism

The analysis of previous results shows that the capacity market
seems to be more effective, for one specific random scenario.
Monte Carlo simulations are run to verify this statement for var-
ious load scenarios. Moreover, efficiency is computed and com-
pared for both CRMs. Four hundred simulations of demand growth
scenarios are run. For each scenario, the efficiency difference be-
tween both CRMs is computed, as well as the effectiveness dif-
ference. Then, they are displayed in a figure similar to the Fig. 13,
based on the signs of these differences. Each point depicts the
efficiency and effectiveness differences compared to the capacity
market for one scenario of demand growth. Three cases can be
identified. In quarter 1, the capacity market experiences less
shortages and total generation costs are lower than for the stra-
tegic reserve mechanism; one can conclude on the superiority of
the capacity market based on these criteria. In the opposite case
(quarter 3), the strategic reserve mechanism is a better mechan-
ism. In the last cases (quarters 2 and 4), no conclusion can be di-
rectly drawn.

The results for the reference case are displayed in Fig. 14. Most
scenarios (in 326 out of 400 scenarios) are in quarter 1, where the
capacity market is more effective and more efficient than the
strategic reserve mechanism. The remaining situations stand for
scenarios where the strategic reserve mechanism has the same
effectiveness as the capacity market but is less efficient.' Re-
garding the effectiveness indicator (i.e. the curtailed demand), the
superiority of the capacity market has been explained in the
previous section. One should also notice that the differences are
weak (about 2% of peak load every 10 years on average). Two

% In a very few cases (not in the reference case but in some cases of the
sensitivity analysis), the strategic reserve mechanism can be slightly more effective.
Indeed, it happens in particular scenarios when uncertainties make load higher
than expected. If the strategic reserve mechanism experiences overinvestment
during this period of unexpected high peak, the actual system margin will be larger
than in the capacity market and there will be less shortages (like in year 19 in
Fig. 12).
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Fig. 12. Evolution of actual system margin for one scenario of load growth in the reference case.
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Fig. 13. Graphical depiction of differences of indicators for each load scenario.

reasons can explain that: first, the strategic reserve mechanism
succeeds in providing enough reserved capacity most of the time,
as well as the capacity market; secondly, since shortages are as-
sumed to happen below a 10% margin, this mechanism can pro-
vide less than the 15% target and still not experience any shorta-
ges. Regarding total generation costs, the superiority of the capa-
city market is clear. Generation costs are about 25% higher with a

25,000

peak load)

10,000

5,000

Difference of efficency compared to
the capacity market (as the mean total
generation costs by year in $/MW of

fa)
T

strategic reserve mechanism compared to a capacity market. The
costs of reserved capacity explain these differences. As Fig. 12
shows, the TSO needs a large amount of reserved capacity to avoid
shortages (for each scenario, the average of reserved capacity is
about 10% of existing capacity). Since reserved capacity is mainly
old plants which are decommissioned from the energy market,
their O&M costs are important. Thus, it results in significantly
higher total generation costs to avoid shortages. In the capacity
market, plants are younger since an arbitrage is made between
existing capacity and new capacity during the capacity auctions. If
the existing capacity is too old and more expensive than new ca-
pacity, it will close and new investments will take place. In the
strategic reserve mechanism, there is no similar arbitrage and the
reserved capacity is necessarily old and expensive. Therefore, for
this reference case, the capacity market appears to be more ef-
fective and more efficient than the strategic reserve mechanism.
Shortages are less likely to happen and the total costs of genera-
tion are less important.

3.3. Sensitivity analysis

In this section, robustness of previous results is tested through
a sensitivity analysis. Main parameters which can modify the ef-
ficiency and effectiveness of the strategic reserve mechanism are
tested here. These alternative cases, presented in Table 2, are run
for the same load growth scenarios as for the reference case. Re-
sults are presented in Table 3. The averages of efficiency and ef-
fectiveness indicators for the 400 scenarios are computed for the
reference and alternative cases, as well as the numbers of

-0.2 0 0.2

0.4

0.6 0.8 1 1.2

Difference of effectiveness compared to the capacity market (as the
mean curtailed capacity by year as % of peak demand)

Fig. 14. Comparisons of effectiveness and efficiency.
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Table 2
Alternative cases.

Alternative case Varying parameter Value

1 Maximum amount of reserved capacities 20%

2 Maximum amount of reserved capacities 10%

3 Maximum capacity addition (see Fig. 6) 15%

4 Maximum capacity addition (see Fig. 6) 7%

5 Peak load growth 4%

6 Peak load growth 0,5%

7 NPV to reach maximum capacity addition ~ $600,000/MW
(see Fig. 6)

8 NPV to reach maximum capacity addition ~ $200,000/MW
(see Fig. 6)

9 Price cap on both market/mechanism $300,000/MW

10 Price cap on both market/mechanism $200,000/MW

11 Years considered to compute expected ytoy+4
profits for investment decisions

12 Maximum capacity shutdowns 10%

Table 3

Results for the base and alternative cases.

Mean dif- Mean differ- Number of Number of Number of sce-
ference of  ence of scenarios scenarios narios on the line
efficiency effectiveness  in quarter in quarter between quarters
1 2 or 4 1 and 4 (i.e. same
effectiveness but
different
efficiency)
Ref 0.206 16,006 326 0 74
1 0016 17,813 99 5 296
2 1158 11,380 400 0 0
3 0.269 14,538 340 5 55
4 0123 20,331 300 0 100
5 0.044 19,268 182 0 218
6 0.367 13,942 365 2 33
7 0136 20,728 311 0 89
8 0.243 11,607 342 5 53
9 0212 15,704 331 0 69
10 1.371 7930 400 0 0
11 0.046 17,407 195 8 197
12 0159 16,069 289 0 111

@ For each case, there is no scenario in the quarter 3.

scenarios in each quarter of Fig. 13.

In each alternative case, the capacity market is still more effi-
cient and more effective than the strategic reserve mechanism,
since mean differences of each indicator are positive and the great
majority of scenarios are in quarter 1. For some alternative cases (1
and 5), most of scenarios are the same regarding the efficiency
indicator. However, for these cases, the capacity market is still
more effective.

In cases 1, 2, 9 and 10, the varying parameters do not modify
how the capacity market works and consequently its effective-
ness and efficiency.?? Differences between these cases are only
due to a different functioning of the strategic reserve mechanism.
These differences are mainly explained by the arbitrage between
the adequacy objective and the costs to reach this target. To re-
duce shortages, more reserved capacities are required, which
increases total generation costs (since reserved plants are ex-
pensive). For alternative cases 9 and 10, a lower reserve price cap
means that old and expensive plants cannot be reserved any-
more. Thus, in some years, the TSO does not succeed in con-
tracting enough strategic reserves and more shortages happen
(the effect is especially noticeable for case 10 where curtailed
demand is about 6 times larger compared to reference case). In

20 In theory, the capacity price cap can change the performances of the capa-
city market but in practice, this price cap is almost never reached.

return, it leads to lower total generation costs since less ex-
pensive strategic reserves are used. The same effect appears in
cases 1 and 2. When the maximum amount of reserved capacity
is 20%, the efficiency difference is quite reduced whereas the
effectiveness difference increases.”! The contrary effect appears
with a small amount of reserved capacity. In cases 3, 4, 7, 8 and
12, a different cyclical tendency is studied. Indeed, the different
varying parameters change the way investors react to an ex-
pected profitability (for instance, in case 8, they are prone to
invest more compared to the reference case for the same NPV). In
cases 4, 7 and 12, the herd behavior is reduced: investors tend to
react less severely. Undercapacity phases are then avoided and
the TSO succeeds in reserving enough capacity. In cases 3 and 8, a
more important herd behavior is modeled. Cyclical tendencies
are more pronounced than in Figs. 11 and 12. As explained pre-
viously, these larger phases of overinvestment undermine the
well-functioning of the mechanism. Moreover, more cyclical
tendencies lead to significant phases of undercapacity that the
TSO cannot avoid entirely by reserving capacity. Finally, other
parameters, which modify the way both CRMs work, are studied
in cases 5, 6 and 11: the functioning of both markets is modified
but differences in terms of efficiency and effectiveness remain
similar.

To conclude this section, as the strategic reserve mechanism
does not change the way players make decisions on the energy
market, the same consequences happen as in the energy-only
market, namely cyclical tendencies and a mean system margin
well below the 15% target. Therefore, the TSO has to contract large
strategic reserves which are necessarily old and expensive.
Moreover, these cycles can undermine the well-functioning of this
mechanism in cases of overcapacity (since the TSO cannot contract
enough reserves to offset the load growth) and in cases of large
undercapacity (since the limits of this mechanism - volume or
price - are likely to be reached). On the contrary, for the capacity
market, there is an explicit volume target which is always reached.
Moreover, this target margin can be reached in a more efficient
way (i.e. investments and O&M are less important) with the ca-
pacity market since there is an arbitrage each year between ex-
isting capacity and new investments. Thus, social welfare is
smaller when a strategic reserve mechanism is implemented
compared to a capacity market. These results can help policy
makers when they have to decide whether to implement a capa-
city market or a strategic reserve mechanism.

4. Conclusion and policy implications

The objectives of this paper are to study how CRMs, namely the
capacity market and the strategic reserve mechanism, can correct
the cyclical tendencies and the investment issues prone to happen
in energy-only markets and then to compare these two CRMs.
These comparisons are based on social welfare, which is evaluated
thanks to total generation costs and shortage costs. System dy-
namics modeling is used to simulate functioning of both CRMs.
Based on simulation results, both CRMs succeed in reducing the
cyclical tendencies which appear in the energy-only market, in
particular regarding the underinvestment issues. However, the
strategic reserve mechanism cannot deal with the overinvestment
phase, contrary to the capacity market. When comparing these
two mechanisms, the capacity market appears to experience fewer
shortages and to present lower total generation costs (investment
and O&M costs) than the strategic reserve mechanism, i.e. the

21 However, with a larger amount of reserved capacity, the possible distortions
on the energy market are likely to increase.
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social welfare is higher with a capacity market compared to a
strategic reserve mechanism.

These results highlight the importance of assessing the dy-
namic aspect of the capacity mechanisms. Due to several parti-
cular factors, the achievement of an equilibrium state in power
systems regarding the investment issue is not certain and some
cyclical tendencies appear in the energy-only market. That is why
capacity mechanisms have to be assessed and compared not only
from a static point of view but also with a dynamic aspect.
Moreover, from these results and based on our assumptions and
data, the capacity market appears to be more beneficial than the
strategic reserve mechanisms from the economic point of view,
since it decreases shortages at lower costs. These results have
direct implications for policy-makers when they decide whether
they have to implement a capacity market or a strategic reserve
mechanism. Regarding the case studied in this paper, im-
plementing a capacity market will result in a higher social wel-
fare. In the opposite, the European Commission recommends the
implementation of a strategic reserve mechanism which it as-
sesses as less distortionary for the energy market and easier to
implement. These two criteria could be handled in a future ver-
sion of modeling in order to weigh them against the current
results.
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Appendix A

Notation

Indices and sets

y e N setof years considered in the model (N=30years)
Parameters
T Average peak load growth

ai and p; weights considered to compute the expected profitability
OMC(k) annual O&M costs for a plant which was built k years ago

($/MW)

WACC Weighted Average Cost of Capital

LT Lead time of peak technology, which is also how many
years in advance the capacity market and the strategic
reserve mechanism are organized

IC Investment costs ($/MW)

Smax Maximum shutdown capacity per year (% of installed
capacity)

Inax Maximum capacity addition per year (% of installed
capacity)

m System margin target (% of peak load)

SM Shortage margin (% of peak load)

og Standard deviation of the economic growth parameter

ow Standard deviation of the weather conditions parameter

Variables

For all market-designs

Lwn(y) Weather-normalized peak load during year y (MW)

La(y) Actual peak load during year y (MW)

Lr(y, z) Forecast peak load during year y, as computed in year z
(MwW)

K@) Total installed capacity during year y (MW)

Ky(y) Total installed capacity except reserved capacity during
year y (MW)

K(y, v) Installed capacity which became operational during year
v and is available during year y (MW)

ER(y)  Actual revenues from the energy market during year y

($/MW)
ER:(y, z) Expected revenues from the energy market during year
y, as computed during year z ($/MW)

EP:(y) Expected profitability from the energy market as com-
puted during year y ($/MW)
NPV (y) Net Present Value computed during year y ($/MW)

Sw) Shutdown decisions made during year y (MW)
1(y) Investment decisions made during year y (MW)

For the capacity market only

Capacity Price during year y ($/MW)

Expected profitability from the capacity market as com-

puted during year y ($/MW)

NPV.orrected () Net Present Value corrected to compute the offer
price for new investments during year y ($/MW)

ng};g;’g (v, v) Offer price on the capacity market during year y, for
capacity which became operational during year v
($/MW)

ng{;gﬂ;y (y, v) Offer quantity on the capacity market during year y,
for capacity which became operational during year v
(MW)

Ppsapacity vy Offer price on the capacity market during year y for
new capacity ($/MW)

Qeity (y, vy Offer quantity on the capacity market during year y,
for new capacity (MW)

Q&i’;‘:ﬂ{ximng(y, v) Accepted quantity on the capacity market dur-
ing year y, for capacity which became operational during
year v (MW)

Qf,‘;‘;‘ﬂg%ew (y, v) Accepted quantity on the capacity market during
year y, for new capacity (MW)

;‘éﬁgﬁéﬂ/ (y) Market price on the capacity market during year y
($/MW)

Kﬁgggggy () Capacity requirement defined by the TSO during year y
(Mw)

CPy)
EPc(y)

For the strategic reserve mechanism only

preserve (y, v) Offer price on the reserves auction during year y, for
capacity already reserved and which became operational
during year v ($/MW)

Qeserve (y, v) Offer quantity on the reserves auction during year y,
for capacity already reserved and which became opera-
tional during year v (MW)

Pigere(y, v) Offer price on the reserves auction during year y for
capacity which has just left the energy market and which
became operational during year v ($/MW)

Qpgere(y, v) Offer quantity on the reserves auction during year y,
for capacity which has just left the energy market and
which became operational during year v (MW)

reserve (v, v) Accepted quantity on the reserves auction

cleared reserved . R
during year y, for capacity already reserved and which
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became operational during year v (MW)

ng;;[gg,eft(y, v) Accepted quantity on the reserves auction during
year y, for capacity which has just left the energy market
and which became operational during year v (MW)

Kreserve (y)Reserves requirements defined by the TSO during year y
(MW)

Kreserves (¥, V) Reserved capacity during year y and which became
operational during year v (MW)

R®y) Total reserved capacity during year y (MW)

Equations

The following equations describe how the different markets
work (i.e. the players’ decisions regarding investments and shut-
downs) during year y.

Load (Identical for the three market design)

Laon O)=Lwny-1)*(1 + 7+g) (A1)

Lay)=Lwn @) *(1 + w) A2)

g (resp.w) is assumed to follow a normal distribution function
N(0,57) (resp. N(0,5y)).

Energy-only market
Revenues from the energy market

K . -

ER(y)=f| ——=|; f depicted in Fig.4

v f( LA(V)) J dep & (A3)
Expected future profitability

Ky+X)

ER X, V)=f| —————|for1 <X <IT

A f[ Ly + X, y)) o < (A4)
Lry+X, Y)=Lun ¥)*(1+2)X for 1 < X < LT (A5)
ERp(y+LT, y)=ERp (y+LT-1,y) (A.6)

Yo ERY - i)+ 5L B*ERey +], Y)

EPg(y)=
Tioai+ TiLh
NPV
L

& A+ WACC)IT+-1

Investment decisions

1(y)=g (NPV (y))*K (y+LT-1), g depicted by Fig.6

Ky+LT, y+LT)=I(y)

Shutdowns decisions
See Fig. Al
Future capacity

K @+LT)=Ky (y+LT) = K y+LT-D)+[ (1)=S ()

Capacity market
Revenues and expected profitability from the energy market

are computed as for the energy-only market (Eqs. 3-7).
Expected future profitability from the capacity market

CP(y+4)=CP(y+3)

Tl oa*CPy — i)+ T, BCP(y + )
Z?:o ai + Z?Lﬁj

Bids for existing capacity

EPc(y)=

peapacity (y yy=max(0; OMC (y—v+1 + LT)~EP¢())

existing

Qe (y, v)=K (y+LT—1,v)
Bids for new investments

L

NPV ()=

k=1

EPc(y) + EPg(y)-OMC (k) _
(1+WACC)LT+"’1

IC

EPc(y)

NPVeorrected (V)=NPV (V)—W

ngevadty )=max (0; —=NPVcorrected (V)

Q S ()=l gy *K (y+LT-1)

v=1;5@l)=0

No

No

SO =S

K@ +IT-1v)>0 No

- EPg(y) <OMC(y—v+1+LT)

v=v+1

— S5 <Smax*K(y+LT-1)  —

Yes

Yes

Yes

i

I K(y+LT,v) =K(y+LT —1,v)

K@ +LT,v) = max[0; K(y + LT — 1,v) — (Spax * K&y + LT — 1) = 5,(»))]

Sps1(¥) = S,(¥) + KO+ LT —1,v) —K(y + LT, v)

Fig. A.1. Equations of the shutdown decisions.

125

(A7)

(A.8)

(A.9)

(A.10)

(A11)

(A12)

(A13)

(A14)

(A15)

(A.16)

(A17)
(A.18)

(A.19)
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Auctions

Ksobte? 0)=Lwn 0)* (14+0)1T=(1 + m) (A20)

The offer curve is built thanks to the prices and quantities
previously computed. The demand curve is defined by K,fggjggy
and the price cap on the capacity market (inelastic demand).
Then, the auction is solved and the different solu-

: capacity capacity capacity
tlonScheared existing’ cheared new and Pcleared are comPUtEd'

K(y+LT, V)=Qcapacity

clearedexisting v, v (A.21)
y+LT-1
Sw= Y KE+LT-1v)-Ky+LT, v)]
v=1 (A22)
K +LT, y+LT)=I (y)=Q Py (y) (A23)
CPY+LT)=PGRec (v) (A.24)
Future capacity
K (y+LT)=Ky y+LT)=K (y+LT-1)+I ()-S (¥) (A25)
Strategic reserve mechanism
Revenues from the energy market
Kv(y) . .
ER(y)= [ ) depicted by Fig.4
w=f 1,0) f dep y Fig A26)
Expected future profitability
Ky +X) )
ERr(y+X, y)=f| ———|for1 <X < LT
FOEA ) f(LF(y +X.y) (A27)

Once ER and ERg are computed, investment and shutdowns
decisions are made as for the energy-only market (equations
6 to 10+Fig. A.1).

Future market capacity
Ky y+LT)=Ky Y +LT-1)+1 (¥)-S ¥) (A.28)

Bids for capacity already on the strategic reserve mechanism

Pi&eved W, VI=OMC(y-v+1 + LT) (A.29)
Q/éserved Vs V)=Kreserves +LT—1,v) (A.30)

Bids for plants which were on the energy market and decided to
shut down

reserve(y v)=OMC (y—v+1 + LT) (A31)
le?gerve , vV)=K(y+LT-1,v)-K (y+LT, v) (A32)
Auctions

Kigedeg y=max [0;(1 + my*Lyy 0)*(1+0) =Ky y+LT)]  (A33)

The offer curve is built thanks to the prices and quantities
previously computed. The demand curve is defined by Kresene
and the price cap on the reserve mechanism (inelastic demand).

Then, the auction is solved and the different solu-
tionSng:;gsleft' ngesaer"g;reserved and P, crfes;rrg;are computed.
Kreserves 0/+LT- V):chfescfrrg;left (yv V)+Q5fes§rrg§reserved(y V) (A.34)
y+LT
ROH’LT): Z Kreserves 0’+LT, V)
v=1 (A.35)
Future total capacity
Ky+LT)=Ky (y+LT-1)+R(y+LT) (A.36)

Once all investment and shutdown decisions have been made,
the simulation starts again for year y+1.

Indicators

At the end of the 30 years, the following indicators are
computed:

Effectiveness

EFV—mean Curtaileddemand (y)
B Y peakload(y)

=meany(max( 0; SM—-

Ky )
Lay) (A37)

Efficiency

EFY:meany( Investmentcosts (y)+OMcosts(y))

peakload(y)
=mean,
(K(y, YHC + TYTOMC(y — v+1)*K v, v)]

Lay) (A.38)
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