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Abstract. The increasing use of variable generation technologies (VGTSs) in power systems, such as wind
and photovoltaic generation, has introduced new challenges in the definition of capacity remuneration
mechanisms for promoting system reliability. In this context, in this article we propose a novel framework
for determining the capacity value of VGTSs to contribute to the generation system adequacy, as well as a
corresponding method for allocating capacity payments in hydrothermal power systems. We show that the
capacity value of VGTs increases with the presence of water reservoirs, since VGTs help relieving
hydropower plants from using scarce water resources during off-peak hours thus making more resources

available to supply the demand during peak hours.

1 Introduction

Many countries around the world have committed to a
decarbonisation of their electricity system. Under this
global drive, variable generation technologies (VGT)
such as wind power and photovoltaic generation appear
as key pillars to achieve these energy targets and will
undoubtedly play a key role in future power systems.
Chile is not the exception. According to the country’s
Long-Term Energy Policy [1], the targets of the Chilean
Government are that by the year 2035 at least 60% of the
electrical generation must come from renewable sources,
and 70% by the year 2050. The increasing use of VGTs
has brought several countries to review their current
capacity remuneration mechanisms, or design new ones,
in order to account for the capacity value of VGTs. For
instance, several works have estimated the capacity
value of wind [2], [3], [4], photovoltaic (PV) [5], [6],
and concentrating solar power (CSP) [7] resources.
These work show that these renewables have capacity
values that can range between 5% and 95% of the
maximum generating capacity [8].

In Chile, the economic dispatch is performed in a
centralized way by the Independent System Operator
(Coordinador Eléctrico Nacional) with the aim of
minimizing total system operating costs. Generating
companies that participate in the electricity market are
remunerated from energy sales, from providing available
capacity and from the provision of ancillary services
(frequency control, control voltage, service recovery,
etc.). The valuation of the energy in the spot market is
done on an hourly basis at the system marginal cost. A
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generation company that has a supply contract sells its
energy at the contracted price. However, if at any point
in time the generator is unable to fulfill its contracted
commitment, it balances the deficit at the spot market,
buying from companies that produce in excess. As for
the capacity remuneration, each generator is recognized
with a sufficiency capacity, which reflects the
contribution of the generator to supply the peak load
with a given probability and thus to contribute to the
capacity sufficiency of the whole system. This concept
excludes features that are remunerated as ancillary
services. If a generating company has a contract with a
client whose maximum demand is more than its
recognized sufficiency capacity, then it must buy the
difference in the capacity market from those generation
companies that has an excess of capacity. The valuation
of the sufficiency capacity within the capacity market is
issued by the Chilean National Energy Commission
(CNE), according to the investment cost of the most
economical generation technology, which corresponds to
a gas turbine. Therefore, if a power plants has a
sufficiency capacity of Py, it receives an annual income
US$
of Py, (kW) - CI (oo
investment cost of the
technology.

The current methodology used in Chile for
determining the sufficient capacity of each generator is
shown in Fig. 1. At the beginning, each power plant is
assigned with an Initial Capacity, which considers the
availability of the primary energy source and is
calculated using a conservative approach based on
historic data. For example, the Initial Capacity of

), where CI corresponds to the
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hydropower plants is related to the availability of the
water; whereas the Initial Capacity of thermal power
plants is related to the availability of fossil fuels. For
wind and solar power plants, the Initial Capacity is
related to the wind and solar irradiation availability,
respectively. In a second step, a preliminar sufficiency
capacity is calculated using a probabilistic model. The
preliminary sufficiency capacity PS; of each unit is
calculated as the conditional expected value that a
generator delivers a power P; given that the annual peak
demand D,,,, is met. This can be mathematically
expressed as: PS; = E(P;|Y;P; > Dpax), where P;
corresponds to the Initial Capacity. Finally, the definitive
sufficiency capacity of each power plant Py, is calculated
based on preliminar sufficiency capacity of all
generators and the maximum demand as follows: Py, =
PS; * Dinax /Zi PS;.

Initial | Preliminar | LOLPp | Definitive
Capacity Capacity i Capacity
Primary energy Probabilistic Peak demand
source availability model adjustment

Fig. 1. Methodology used in Chile for estimating sufficiency
capacity.

In Chile, hydroelectric power plants have a significant
participation in the national electricity system. They
represent 40% of the total generation, of which 18%
have reservoirs. Therefore, a significant discussion was
made on how to calculate the Initial Capacity of
hydropower plants, given then high uncertainty
surrounding the water availability. To illustrate this fact,
Fig. 2 shows historical data of the equivalent energy
flowing into the hydropower plants, ordered from the
highest value to the lowest one. The two driest years
occurred in the hydrologic years of 1968-1969 and 1998-
1999, which are depicted in red. From this figure it can
be seen that in the worst case the energy available form
water resources is less than half than that of a wet year.

In order to follow a conservative approach and
ensure system capacity sufficiency against worst case
scenarios, the water availability considered for
calculating the Initial Capacity of hydropower plants was
determined as the average of the two worst hydrological
years in terms of equivalent energy inflow. Later on, a
similar approach was adopted for wind and solar power
plants. In this case, the Initial Capacity was determined
by multiplying the nominal power of each generator with
the minimum value of: i) the lowest capacity factor of
the past 5 years and ii) the average capacity factor
observed in the 52 hours with the maximum load in the
previous year. While i) is related to the annual energetic
contribution of the wind or solar power plant, ii) is
related to the contribution of the wind or solar power
plant during peak hours. In this way, if a power plant has
an annual capacity factor different from zero, but it did
not produce energy during any of the 52 hours of peak
demand, its initial capacity is zero.

40,

GWh

20

Hydrologic year
Fig. 2. Annual inflow energy into hydropower plants.

At an international level, there are several
legislations that also use the generation feed-in of
renewable energies in specific hours to determine the
contribution to these type of generation technologies to
the system sufficiency. In France, the contribution of
wind and solar power plants to the system capacity
sufficiency is calculated in ten hours time slots during
the days with the highest probability of loss of load [9].
In California, the contribution to system sufficiency is
calculated between 4 and 9 pm from January to March
and from November to December; and between 1 and 6
pm from April to October [10]. In the PJIM System, the
sufficient capacity for intermittent resources is based on
calculating the average of the hourly output during the
expected performance hours in the summer and winter.
In summer (June to August) the expected performance
hours are between 3 pm and 8 pm, and in winter
(January and February) between 6 am and 9 am and
between 6 pm and 9 [11]. An overview of modeling
approaches regarding the development of electricity
market design with a focus on capacity remuneration
mechanisms or generation adequacy can be found in
[12]. From the above it can be seen that the second
component of the methodology used in Chile is coherent
with other methods used in thermal power systems with
significant shares of renewable energies. However, in
this article we show that determining the capacity value
of intermittent generating resources using as proxy the
generation feed-in in a limited number of hours within a
year may not be suitable in power systems with
significant storage capacity, as is the case of Chile due to
the presence of large water reservoirs.

The main contributions of this article are:

1.To propose a methodology for determining the
contribution of VGT to the system capacity sufficiency
in hydrothermal power systems

To show the results of applying the proposed
methodology in a case study based on the Chilean
National Electric System (SEN) and compare the results
with the ones obtained using the current methodological
approach followed in Chile

2 Resource adequacy problem

Generation adequacy is the ability of the generation in
the power system to match the load at all times [13].
Two main indicators broadly used for adequacy
assessments are the LOLP (loss of load probability) and
the LOLE (loss of load expectation). The LOLP index is
defined as the probability that power system outages
leave the system with insufficient capacity to serve the
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load in a given period of time [8]. For a given time ¢, this
probability index can be written as follows

LOLP, = Prob{G, <L}, Vt=1,..., T (1)

where G, and L, are the total available generation and
demand at time t, respectively. The LOLP is calculated
by convolving the capacities and forced outages rates of
the generation fleet together [2], and it usually includes
stochastic models of the load and the availability of
variable generating resources. The result of the LOLP
index is expressed as the expected number of days in a
year when a shortage might occur. A related reliability
index is the LOLE, which is defined as the sum of LOLPs
over the planning horizon and gives the expected number
of outage periods within that horizon. Mathematically,
the LOLE can be expressed as follows:

T
LOLE =) At-LOLP, ©)

t=1

Since neither the LOLP nor the LOLE quantify the
depth of the outage, a third index commonly used is the
EENS (Expected Energy Not Supplied), which
quantifies the amount of unsupplied energy during the
period under study. The EENS can be computed as
follows:

T
EENS = At-LOLP, - PNS, )

t=1

where PNS; corresponds to the unserved power in time
t.

2.1 Capacity payment estimation methods:
marginal pricing

As aforementioned, in Chile the energy sales in the spot
market are valued at the system marginal cost, whereas
the remuneration for capacity is based on a marginalist
theory (peak-load pricing). The theoretical model is
based on a deterministic optimization model that
neglects the generation uncertainties. The optimal
planning problem of the generation park can be modelled
in a simplified way as follows:

NG NG NB
minZ =Y a.P, + Z(bi ZGI.J.N]} @)
i=1 i=1 Jj=1

s.t
NG . .
N,>. " G,2DN,, j=1,..,NB:, )
NG
_P>D,, (1+MRT) : 4, (6)
F;Nj—GijZO:yi @)
P,G, >0 (8)

i ij

where a; represents the investment maintenance and
operating costs (COMA) of unit i in US$/MW per year;
b; represents the variable operating costs of unit i in
US$/MWh; P; is the installed capacity of unit i in MW;
G;; is the power generation of unit i in block j in MW;
and N; Duration of the demand block j in hours. The
variables Ay, 4; and y; are the dual variables (shadow
prices) associated with the restriction of the maximum
demand, the energy restriction of block j and the
generation restriction of plant i, respectively. MRT
represents the theoretical reserve margin.

The optimal expansion plan minimizes the
annualized value of the investment, maintenance and
operation (COMA) costs and the variable operating costs
(4). Constraint (5) corresponds to the energy balance per
block, (6) corresponds to the sufficiency restriction on
the maximum demand; (7) and (8) are restrictions on the
capacities and power generation.

Fig. 3 shows a load duration curve, discretized in
blocks, along with the variables considered in the
optimization problem (4)-(8).
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Fig. 3. Discretized load duration curve.

The objective function (4) can be written in its dual
form as follows:

NB .
+YADN, (9

J=1

max z =4, (1+ MTR)D,

max

In the optimum, the payment for power Ag(1+
MTR)Dynqy and the payment for energy Y32 A5D;N;
equal the investment and operation cost of the system.
The dual variable A; corresponds to the marginal cost of
increasing the system installed capacity, and the typical
value used is the investment cost (in US$/kW) of a gas
turbine, since it has the lowest investment cost. The
variable A; represents the marginal cost of the energy (in
US$/MWh) in each block. From this theory is derived
that the payment for capacity is to be valued as the
investment cost of the most economical technology.

2.2 Capacity value estimation methods:

Allocation schemes

The capacity benefits of a given generating capacity
addition can be expressed in terms of the increase in the
system peak load carrying capability [14]. This factor is
known as the ELCC index (Effective Load Carrying
Capability). The ELCC essentially decomposes the
contribution that an individual generator (or group of
generators) makes to overall resource adequacy. A
generator contributes to resource adequacy if it reduces
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the LOLP in some or all hours or days [2]. To compute
the ELCC of a given generator, first the LOLE of the
system is calculated without the capacity of the generator
being evaluated (LOLE?B), as follows:

T T
LOLE" ='LOLF, =) Prob{G, <L,}

t=1 t=1

(10)

When the generator being evaluated is considered
within the LOLE calculation, it is expected a decrease in
the LOLE, since the system has more installed capacity
available. Therefore, in a second step the LOLE is again
calculated, but this time considering the generator under
evaluation and with an additional term for the demand L,
which is adjusted in order to obtain an equal value of the
LOLE as the one obtained without the contribution of the
generator being evaluated, i.e. until LOLE* = LOLE®:

LOLE" = iProb{G, +Gf <L +L}

t=1

Y

where Ggq corresponds to the available generation of
generator g at time t. In this way, the ELCC of the
generator g is defined as the increased demand L that
can be achieved by incorporating the generation to the
system, while maintaining the same level of LOLE.

Another alternative to measure the adequacy
contribution of a power plant is by using the indices
Equivalent Conventional Power (ECP) or the Equivalent
Conventional Capacity (ECC). The ECP or ECC of a
generator g is is defined as the capacity of a reference
unit that can be replaced by the generator g while
maintaining the same LOLE. Normally, it is assumed
that the reference unit has an expected failure rate
greater than zero. To compute the ECP or the ECC, the
LOLE of the system including the generator g is
calculated as follows:

LOLE® = ZT:Prob{G, +Gf <L} (12)

t=1

In a next step, the LOLE of the system including the
reference generator and without the generator g is
calculated, as follows:

T
LOLE® = Prob{G, + B, < L}

t=1

13)

where B, is the available generation of the reference unit
in t. The nominal capacity of the reference unit is
adjusted iteratively until LOLEY = LOLES. In this way,
the ECP of the generator g is defined as the nominal
capacity of the reference unit that achieves the previous
equality.

3 Proposed framework

In this section we present a methodological approach for
calculating the contribution of VGTs to system capacity
sufficiency in hydrothermal power systems, and to

determine the

allocation.

corresponding  capacity  payment

3.1 Methodological approach and model

Our proposed framework is based on the methodological
approach used in Chile for determining the sufficient
capacity of each generator presented in Section 1, and
the marginal pricing method presented in Section 2.1.
The proposed framework consists of solving the optimal
generation expansion plan of the power system with and
without considering VGTs. These results are used to
determine the Initial Capacity of VGTs, which is defined
as the difference between the installed capacities of the
conventional generators obtained with and without
considering the VGTS. Once the Initial Capacity of
VGTs is obtained, we calculate the Preliminary Capacity
and the Definitive Capacity according to the
methodological approach used in Chile. Finally, the
capacity payment is performed based on the Definitive
Capacity of each generator. Fig. 4 shows an overview of
the proposed framework.

The generation expansion planning model is similar to
the one presented in (4)-(8), but adapted to its use in
hydrothermal power systems. In this regard, the model
includes the restrictions to represent the water balances
in the reservoirs and, in order to correctly represent the
use of the reservoirs, instead of using representative
blocks for the demand, it considers all hours within a
year. Notice that other types of storage can be easily
included in the model as well.

Optimal generation
expansion with VGTs

'

Ainstalled capacity Initial Preliminar
conventional generators Capacity Capacity

Definitive

Capacity

Optimal generation f )
expansion without VGTs Probabilistic
model

Fig. 4 Overview of the proposed framework
The optimal generation expansion problem can be
written as follows:

NG NG 8760
minZ = »'a,P,+ > > bG, (14)

i=l1 i=1 t=1

S.t
NG F

.G, 2D, V7, (15)
V, Vo, + 4G, +0, = A, V1,YieQ, 2, (16)
Pf,—-G,>0, Vt,VieQ,,, (17)
P,G,>0,Vt,VieQ, (18)
‘/min < ‘/it < ‘/max’VI’ vl € QH (19)

1 3

Peak demand
adjustment




E3S Web of Conferences 140, 11008 (2019)
EECE-2019

https://doi.org/10.1051/e3sconf/201914011008

where (Q;, Qy and Q- are the sets containing all
generators, the hydraulic power plants and the VGTs,
respectively, and NG is the total number of generators
(NG = |Qg]). The objective function (14) consists of
minimizing the system investment and operating costs.
Constraint (15) represents the energy balance for each
hour and the variables Aj, are the corresponding
Lagrange multiplier. The water balance of each
hydropower with reservoir is presented in (16), where u;
represents the convertion from electrical power to
turbined water, Q;; is a slack variable that represents the
spilled water and A;; is the inflow water. The variable
A3 ¢ is the corresponding Lagrange multiplier. Constraint
(17) limits the generation feed-in of VGTs (wind, solar
and run-off-rivers) according to the hourly capacity
factor f;;, which can be computed based on historical
profiles. Finally, constraints (18) and (19) impose limits
to the power capacity and the generators, and in the
water stored in the reservoirs, respectively.

The optimization problem (14)-(19) has the
following assumptions: i) the capacity factors of VGTs
are assumed known and fixed for each hour t; ii) the
demand profile is deterministic; iii) no forced outage
rates are considered; and iv) the theoretical reserve
margin is zero.

Once the Initial Capacity of the VGTs are computed,
the Preliminary Capacity and the Definite Capacity are
calculated according to procedure described in Section 1.
Finally, the allocation of the capacity payment among all
generators is performed based on the Definitive
Capacities obtained in the previous step. According to
the marginalist theory, the investment and operating cost
of all generating units should be recovered from energy
sales at short term marginal price and from capacity
payments. This monetary balance can be written as
follows:

NG NG T
> .(CL,+COP)=>>SMC, -G, +IP°  (20)

i=1 i=1 t=1

where CI; and COP; are the equivalent annual
investment cost and the annual operating cost of power
plant i, respectively; SMC, is the short-term marginal
cost at hour t; G;; is the power generation of plant i at
hour t and IPS is the total annual income for generation
capacity. The total annual income for generation
capacity to be allocated among the generators is:

NG NG T
IP* = (CI,+COP)-> Y'CMG,G, (1)

i=1 i=1 t=1

Assuming that the sufficiency capacity of each
generator is valued at a fixed price CP (US$/Mw), then
the remuneration for sufficiency capacity for each
generator is:

NG
IP’=%CP-P’ (22)
i=l1

where P? is the sufficiency capacity of generator
i (Definitive Capacity).

An important characteristic that any capacity
payment method must fulfill is that it should not
introduce any market distortions. In this regard, each
power plant should be able to recover its investment and
operating costs from energy sales and from the
sufficiency capacity payment. This characteristic can be
mathematically written as follows:

T
IP® =CP-P’' =CI, +COP.- Y CMG,G,  (23)
t=1

The coherency of the proposed methodology with the
marginalist theory can be analyzed by evaluating the
fulfillment of (23) in the results obtained.

4 Case Studies

In this section we present the case studies carried out to
i) validate the proposed methodology and analyze its
results in an illustrative test case and ii) to show the
sufficiency capacity value of VGTs in the Chilean Power
System  (SEN) obtained wusing the proposed
methodology.

4.1 lllustrative test case

In this case, we implemented our proposed methodology
in an illustrative test system that considers PV as VGT
technology. A dry hydrological year was assume to
reflect a worst case scenario regarding the system
sufficiency. In addition, we considered two cases for the
peak demand: a) the peak demand occurs between 12:00
and 14:00, i.e. when solar power is available; and b) the
peak demand occurs at night, when no solar power is
available.

Fig. 5 shows the dispatch in a representative weekly
for the results obtained in case a), when the peak demand
occurs during solar hours. The figure above shows the
results obtained with PV and the figure below without
PV. The Equivalent Conventional Power (ECP) that is
replaced by PV plants obtained with our proposed
methodology was 1843 MW.

To compare the results obtained with other traditional
approaches, we used the ELCC method to determine the
increase in demand that can be achieved by forcing the
entrance of the PV plants. In this case, the results were
that the demand could be increase in 1842 MW without
EENS, which is very similar to the PV capacity value
obtained with our proposed methodology. Fig. 6 shows
the increase in demand obtained with the ELCC method.

Finally, we calculated the capacity values of the
generation park using the current normative in Chile.
The results obtained for each case study are shown in
Fig. 7. From this figure it can be seen that when the peak
demand occurs during solar hours the results obtained
with both methodologies are similar. However, when the
peak demand occurs during the night, the capacity value
of PV plants obtained using the current Chilean
methodology is zero, while our methodology determines
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Fig. 5. Weekly dispatch for the results obtained in the cases 1 (thermal, hydro and PV) in the figure above, and 1a (thermal and
hydro) in the figure below.
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Fig. 6. Weekly dispatch for the results obtained in the cases 1 (thermal, hydro and PV) in the figure above, and 1a (thermal and
hydro) in the figure below.

a capacity value of 1738 MW. The reason why our

proposal values the contribution of PV to the system 12000

capacity sufficiency even though PV plants do not 9000
generate during peak demand hours, is because PV does 6000 PV
contribute indirectly by relieving hydropower plants 3000 ® Hydropower
B Thermal
Chile

from using water resources for supplying the demand in 0
off-peak hours. Notice that for this case study a dry
hydrological year was assumed, and therefore the water
resource is scarce. These results are coherent with the

Proposal Chile Proposal

Peak demand in solar hours Peak demand at night

Fig. 7. Capacity values obtained with the current methodology

fact that PV plants do replace conventional generating
capacity while maintaining the same level of system
sufficiency. From these results it can be concluded that
in hydrothermal power systems where the water resource
undergo significant interannual variability and can be
scarce, PV plants do contribute to the system sufficiency
and should be therefore remunerated.

used in Chile and with our proposal for different cases of peak
demand occurrence.

4.2 The Chilean case

Finally, in this section we present the results obtained by
applying the proposed methodology in the Main Chilean
Power System (SEN) from April 2016 to March 2017.
This period is chosen according to the hydrological year,
which starts in April when the de-icing epoch begins.
The installed capacity during that period was around 14
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Fig. 8. Yearly duration curve during the period under study. The red horizontal line depicts the Initial Capacity for wind and PV

obtained with our proposed methodology.

GW: 5 GW of thermal power, 5.6 GW of hydropower
with reservoir, 1.8 GW of solar power and 1.4 GW of
wind power. Fig. 8 shows the yearly duration curve
during the period under study. The red horizontal line
depicts the Initial Capacity for wind and PV obtained
with our proposed methodology. The Initial Capacity for
wind and PV was equal to 708 MW, which represents
21% of its installed capacity. This value is similar with
the capacity factor obtained for these VGTs during the
period under study, which was 22%. By replacing the
wind and PV feed-in profile for each plant with the ones
with the minimum capacity factor obtained in the last 5
years, then the capacity value of wind and PV is reduced
to 558 MW. This result shows that, even if worst case
feed-in profiles in terms of yearly generation are
assumed, our proposed methodology still values the
contribution to the system sufficiency capacity of these
VGTs.

Next we analyzed the impact of different penetration
levels of VGT in the Initial Capacity Value. To this end,
we fixed the demand and the hydrological scenario, and
increased share of PV and wind energy. The results
obtained are shown in Fig. 9. In this figure we also
shows the results obtained for the Initial Capacity when
implementing the capacity factor methodology. From
this figure it can be seen that for low levels of VGT
penetration (below 15%) the results obtained with the
proposed methodology are very similar to the ones
obtained with the methodology based on the capacity
factors. However, for higher penetration levels of VGTs,
the sufficiency capacity value determined with our
methodology starts being progressively less than the one
obtained with the methodology based on the capacity
factor. Finally, we analyzed the impact of the volumes of
the reservoirs in the capacity value of VGTs. To this end,
we reduced the storage capacity of each reservoir from
its nominal value to zero. The results obtained in this
case are shown in Fig. 10. From this figure it can be seen
that, while the capacity value of wind is more or less
independent from the storage capacity of the reservoirs,
the capacity value of PV strongly depends on it,
especially for low levels of storage capacity. The reason
for this is because PV can only produce during day

hours, and therefore the capacity value of PV strongly
depends on the availability of storage capacity to shift
energy from day hours to night hours and thus contribute
to supply peak demand during night hours indirectly.
Notice that up to a certain storage capacity (in this case,
above 7200 million m?.
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Fig. 9. Initial Capacity for PV and wind power plants in the
SEN for different VGT penetration levels.
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Fig. 10. Initial Capacity for PV and wind power plants in the
SEN for different values of storage capacity in the reservoirs.

5 Conclusions

In this paper we propose a novel methodological
approach for determining the contribution of VGTs to
system capacity sufficiency in hydrothermal power
systems. Furthermore, our proposed framework includes
a method for capacity payment allocation that does not
introduce market distortions. Our proposed framework is
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based on the methodological approach used in Chile and
the marginal pricing method of peak-load-pricing. We
showed that in the presence of reservoirs our proposal
values the contribution of VGTs even when the
generation does not occur in periods of peak hours. The
main reason is that in these cases the VGTs do contribute
indirectly to supply peak demand hours by relieving
hydropower plants from wusing the limited water
resources during off-peak hours, and use it instead
during peak demand hours.
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