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Abstract 

The needs for flexibility, the interactions in the reserve and energy markets, and the opportunities for a new flexible 

generation asset were explored for scenarios of high integration of Variable Renewable Energy (VRE) into the Chilean 

National Electricity System (NES). To this end, a historical analysis of day-ahead plans and real-time operational data 

published by the system operator was conducted. Then, a total of 27 scenarios considering varying hydrological conditions, 

multiple carbon prices, and the presence of a new flexible generation asset were modeled to simulate day-ahead dispatch 

programs for 2021 and 2026. The new flexible generation project with low minimum generation level, relatively constant 

heat rate, and high ramp rate was included in different locations across scenarios to identify opportunities for flexible assets. 

The unit commitment schedules obtained in 6 of these day-ahead scenarios were further used in real-time dispatch 

simulations to capture the effect of forecast deviations in the re-dispatch of generation units.  

 

Result analysis led to the identification of some of the dynamics which are driving the need for flexibility in the NES. 

These flexibility drivers include changes in net load dynamics, new operational modes of existing thermoelectric facilities, 

and interactions between different deviations from the day-ahead plans. Identified interactions between pricing signals in 

the system, and between the energy and reserve markets were found to affect the future efficient integration of renewables 

and decarbonization of the generation mix. Carbon pricing was found to have a significant effect on the energy market for 

the simulated scenarios, specially on the competition for the intermediate generation market. In addition, the interaction 

between the energy and reserve markets was observed to become more intense in the 2026 scenarios with more VRE 

integration, specially with a higher carbon price. 

 

Across all scenarios, the new flexible generation unit considered in the simulations created value for the system by reducing 

global operational costs, carbon emissions, and VRE curtailment. A significant fraction of the value created for the system 

by the flexible asset was found to be provided in real-time simulations, when responding to redispatch decisions to cover 

deviations from day-ahead plans. Nevertheless, a gap was identified between profit captured by this flexible unit 

considering current regulation of the energy and reserve markets, and the actual benefits that the asset produced for the 

system. Additionally, results showed that profits of such a project in the energy and reserves spot markets are highly 

dependent on the price of carbon. This was particularly relevant in the northern region of the NES, where a higher carbon 

price led to a more effective decarbonization when a new flexible project capable of providing economical reserves was 

available. 

 

1. Introduction 

The Chilean National Electric System (NES) has integrated Variable Renewable Energy (VRE) generation capacity at one 

of the fastest rates in the world. At the start of 2016, 5% of the monthly energy generation came from solar or wind 

resources. By the end of 2017, the monthly production of wind and solar plants had more than doubled, making Chile the 

only Latin American country to have joined the group of fewer than 15 countries worldwide that generate at least 10% of 

their electricity from VRE resources. Future contract renewal opportunities created by regulated auctions where distribution 

companies sign Power Purchase Agreements (PPA) to supply regulated clients, and bilateral PPA renewal opportunities 

with non-regulated clients will drive the future integration of even greater amounts of VRE in a market where technologies 

compete without subsidies. 

 

The physical structure of the Chilean NES creates unique interactions between energy and operating reserve services. The 

power sector has historically consisted of two separate interconnected systems: the Central Interconnected System (SIC), 

a hydrothermal system with a large hydroelectric reservoir generation capacity which supplies demand concentrated in 

some metropolitan/industrial centers, and the Greater North Interconnected System (SING) which primarily supplies 

mining load centers with thermoelectric generation capacity. The SIC and SING were interconnected through a 500 kV 

transmission line in November 2017. The connection of both systems resulted in a 3100 km long, mostly radial transmission 

grid which is centrally dispatched by an Independent System Operator (ISO) on an audited cost basis. 
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Renewable generation resources vary widely across the NES. The northern zone hosts some of the highest solar radiation 

levels on the planet, whereas the southern zone has important hydroelectric and wind resources. The radial structure of the 

transmission grid, the different profiles associated with VRE resources, and the high concentration of load are factors which 

generate regional dynamics and create regional opportunities derived from the integration of VRE. As shown in Figure 1, 

transmission limitations caused by delays in the construction of the Cardones – Polpaico 500 kV line and a rapid 

development of solar and wind projects led to VRE curtailment and significant differences in observed electricity spot 

prices between the central and northern portions of the former SIC in 2017. 

 

 
Figure 1: Overview on the Chilean National Electricity System. 

 

As shown in Figure 1, the net load2 exhibits unique dynamics in different regions. Load in the mining-intensive former 

SING area is mostly flat, so an increase in solar PV generation has led to steep evening net load ramps that other generators 

must supply. The highest hourly net load ramp observed for the entire system in 2017 was of 1360 MW, which amounted 

to 13% of the peak demand of that year. Additionally, the production of solar PV and wind plants have increased the 

cycling of thermoelectric units, specially in the north due to transmission congestion. The long-term impact of these new 

operational modes on operations and maintenance costs of thermoelectric facilities is still not completely clear. 

 

Furthermore, the variability and uncertainty of solar PV and wind generation have coupled with uncertainty in demand 

forecasts and other system operational constraints to impact the electricity market and the economic dispatch. In the short-

term, demand and VRE production profile deviations from the day-ahead dispatch plan of the Independent System Operator 

(ISO) and frequent limitations and unscheduled outages of thermoelectric generation units have driven the dispatch of 

backup units with high production costs. In addition, limits for local atmospheric emissions and for water discharge 

temperature constrain the flexibility and operations of thermoelectric units in a manner that is difficult to predict. These 

constraints can coincide with periods when the system is stressed, such as the evening hours in which solar PV generation 

steeply ramps down. In the medium-term, increased uncertainty in the availability of water inflows to hydroelectric 

reservoirs poses a challenge for water use planning in such facilities, which provide key storage, ramping, and reserve 

capabilities to the electric system. 
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These new trends are raising important questions about operational, investment, and regulatory policies, such as: 

 

• What are the flexibility requirements that will have to be satisfied in order to economically and reliably 

incorporate greater amounts of VRE capacity?  

• How would existing assets compete to provide such flexibility? 

• How do the emerging dynamics create opportunities for new assets to provide operational flexibility? 

• How can decision makers improve evaluation processes for flexible assets when making investment decisions or 

designing policy? 

 

The new challenges created by the integration of renewable energy are not limited to Chile. Several studies have analyzed 

net load patterns to identify and estimate future impacts of VRE variability and uncertainty. For example, in [1] the authors 

assess impacts and effects of large-scale wind and solar integration on California’s net load, stressing the need to properly 

design market mechanisms to ease renewable energy integration. Similarly, in [2] flexibility requirements are investigated 

at the operational level at different scales across 27 European countries.The study concluded that the challenges raised by 

VRE integration need to be addressed both through technological improvements and appropriate market design.  

 

Operational flexibility challenges are different depending on the timescale. For example, while in [2] impacts from 1 to 12 

hours are analyzed, in [3] the authors focused on assessing the flexibility requirements in the 1 to 14 day timescale. 

Flexibility requirements at different timescales were discussed in [4], from regulation (seconds to minutes), to load 

following (minutes to hours), to days (scheduling). In addition, other authors have researched how to properly account for 

flexibility in investment planning [5], [6], [7], finding that ignoring operational flexibility constraints in the planning 

timescale may lead to inadequate levels of investment, hindering economic efficiency and potentially the systems’ 

reliability. Some authors have discussed the challenges in procuring adequate levels of flexibility in a power system without 

fossil fuels [8], pointing out the many technical, economic, and regulatory issues that could arise in such scenario. 

 

While some authors have addressed the reliability impacts of increased VRE penetration [9], others have explored market 

designs to aid in seamless integration of VRE, recomending incentives for flexibility services [10], [11], [12]. Additional 

flexibility to respond to future flexibility needs can be obtained from conventional generators, although with significant 

additional operating costs [9],[13], by storage technologies and demand response [14], or by investment in new flexible 

generation assets. Thus, the procurement of sufficient flexibility may require development or modification of ancillary 

services markets, creation of new incentives, or imposition of new requirements on generators [9], [15]. 

 

In this paper, the needs for flexibility, the interactions in the reserve and energy markets and the value creation of a flexible 

generation asset were explored for scenarios of high integration of variable renewable energy into the Chilean National 

Electricity System. The conclusions presented as part of this paper were derived from a historical analysis of the observed 

day-ahead plans and real-time operations data published by the system operator, unit commitment simulations for day-

ahead plans, and real-time simulations that considered deviations from the day-ahead plan forecasts. The rest of the 

document is organized as follows. First, the scenarios and methodology used to perform a historical analysis for 2017 and 

computational simulations of system operations for 2021 and 2026 are explained in Section 2. Simulation results are then 

reported in Section 3, along with a projection for operational flexibility needs, a characterization of operations of existing 

and new generation units, and an assessment of their competitiveness and their interactions in the energy and ancillary 

service markets in the presence of a carbon price policy. Finally, main findings are summarized in Section 4. 

2. Methodology 

The conclusions presented as part of this paper were derived from a historical analysis of the observed day-ahead plans 

published by the ISO and real-time operations data, unit commitment simulations for day-ahead plans, and real-time 

simulations that considered deviations from the day-ahead plan forecasts. A new flexible generation project with low 

minimum generation level, relatively constant heat rate, and high ramp rate that could provide its full 500+ MW of capacity 

in the reserves market was included in some of the scenarios to identify opportunities for flexibility providers. The profits 

of such a project in the energy and reserves spot markets were compared against estimated benefits created for the system. 

This Section presents the methodology used to carry out the historical analysis of operations, the computational simulations, 

and the profitability estimation for a new flexibility provider.   

2.1 Historical Analysis of Day-Ahead Planning and Real-Time Operations 

A thorough analysis was performed on publicly available operational data of the Chilean NES for the year 2017. Day-

ahead unit commitment schedules and actual generation records on a per-unit basis with hourly resolution were analyzed. 

Programmed and actual generation data was processed so that deviations from day-ahead schedules could be quantified. 

Additionally, the information was mapped to power plants and busbars in the transmission network, so that technological 

and regional dynamics could be identified. Moreover, real-time operational events reported by the ISO were analyzed and 

categorized to identify recurrent events, and quantify their frequency and magnitude. 



2.2 Simulated Scenarios 

 

A total of 27 scenarios were modeled to simulate day-ahead dispatch programs for 2021 and 2026. The unit commitment 

plans obtained in 6 of these scenarios were used in real-time dispatch simulations to capture the effect of forecast deviations 

in the re-dispatch of units. Scenarios were constructed for low, median, and high water inflow availability conditions for 

hydroelectric reservoirs, and for carbon prices of 5 and 30 USD/ton CO2, included in the variable generation cost of thermal 

units. Fuel costs, generation and transmission expansion plans, VRE production profiles and load projections were assumed 

to be the same across all scenarios. Each scenario was first simulated considering the presence of a new flexible generation 

asset in the North Region3, then with the asset located in the Center-South Region, and, finally, without the presence of 

this asset. Figure 1 shows the combination of variables used to construct different scenarios.  

 

 
Figure 2: Construction of the 27 scenarios considered in day-ahead simulations. 

 

Table 1 shows key technical parameters considered for the new flexible generation asset and average values of all modeled 

thermoelectric units. 

 

Table 1: Modeled unit parameters relating to flexibility. 

Property 
New Flexible 

Asset 

Average 

Parameters of 

Coal Units 

Average 

Parameters of 

CCGT Plants 

Maximum Net Capacity 

(MW) 
540 180 360 

Variable Cost at Net Capacity 

(USD/MWh) 
55 40 51 

Variable Cost at Minimum Capacity 

(USD/MWh) 
55 45 62 

Minimum Stable Generation Level 

(% of Net Capacity) 
1 52 57 

Warm Startup Time 

(minutes) 
5 210 30 

Startup Cost 

(USD) 
0 41500 7200 

2.3 Day-Ahead and Real-Time Simulations 

Simulations to evaluate system operations in multiple scenarios for 2021 and 2026 were carried out using the Plexos® 

Integrated Energy Model [16]. Minimum generation levels, ramp rates, minimum up/down times, startup costs and times, 

heat rate at partial loads, and other parameters were included for all 135 thermal generation units considered in the energy 

and reserves co-optimization model. This unit commitment model was used to simulate the day-ahead planning process 

that the Chilean ISO carries out. The bulk transmission system was modeled as a 117-node network with DC power flow 

with losses approximated by a piecewise linear function. Additionally, hydroelectric network connectivity, cascading 

generators, and irrigation constraints were fully represented in the model. 

 

Unit commitment simulations were carried out in two stages. First, a hydrothermal coordination problem was solved to 

obtain water use profiles for each year. Water use profiles were obtained by solving a linear economic dispatch problem 

for each hydrological scenario, considering 21 load blocks per week and a transport model for the transmission network. 

Then, weekly water level targets were used as hard constraints when running the day-ahead unit commitment subproblems 

to avoid over or underuse of water in a particular period. The unit commitment subproblems were solved with an hourly 
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former SIC, encompassed between the Parinacota and Maitencillo substations. The rest of the former SIC, between the Punta Colorada 

and Quellón busbars, will be refered to as the “Center-South Region” balancing zone. As of May 2018, these two balancing zones consist 

on separate reserves markets with their own requirements. 



resolution, and a rolling horizon of 3 days with a 2-day look-ahead period. All optimization problems were solved with 

XPRESS-MP using a 0.005 MIP gap. Each presolved unit commitment subproblem consisted on approximately 90000 

constraints and 110000 variables, of which 3800 were binary. 

 

Day-ahead plans obtained in 6 of the 27 scenarios were considered for subsequent real-time dispatch simulations, which 

considered deviations in demand and VRE production forecasts. The unit commitment schedule of coal units obtained in 

the day-ahead scenarios was fixed and then used as an input for the real-time simulations. In the real-time simulations, a 

new economic dispatch was obtained for each of the combinations between 15 new synthetic VRE profiles and a new 

synthetic load profile constructed by replicating historical forecast errors. The economic dispatch of the real-time 

simulations considered the same unit commitment constraints as the day-ahead model. An overview of the described 

methodology is presented in Figure 3. 

 

 
Figure 3: Modeling methodology for day-ahead and real-time simulations. 

2.4 Spot Market Profit Calculation for Generation Facilities 

To estimate the profitability of a specific power plant, it was assumed that each unit would receive revenues for selling its 

energy at the price determined by the spot market in the busbar where it injects its electricity, i.e. the Locational Marginal 

Price. The variable cost for each generation units considered three components: generation fuel costs, variable operations 

and maintenance (VO&M) costs, and carbon emission taxes. The profit obtained every hour in the energy spot market was 

calculated as the product between the energy injected by the plant in that hour, and the difference between the spot price 

and the variable cost of generation. 

 

It was assumed that units could also capture revenues from providing ancillary services in the simulations. For simplicity, 

only the spinning reserve4 service was considered in calculating profitability. Current regulation establishes that spinning 

reserve services are only remunerated when there is an opportunity cost for the provider; otherwise, the unit’s operational 

costs are simply reimbursed. So, profit for the spinning reserve service was calculated based on the opportunity cost each 

unit incurred by not selling more energy in the spot market when spot prices were higher than the unit’s variable cost of 

production. Therefore, the opportunity cost was calculated as the product between the amount of reserves provided in each 

hour, and the difference between the spot price and the variable cost of production. 

3. Results 

An analysis of the outputs of the historical analysis, day-ahead simulations, and real-time simulations is presented in this 

Section. This analysis led to identification of dynamics which are driving the need for flexibility in the NES, henceforth 

refered to as “flexibility drivers”. The identified flexibility drivers include changes in the dynamics of the net load, new 

modes of operation of existing thermoelectric facilities, and an increase in the interactions between deviations from the 

day-ahead plans. Additionally, the analysis of simulation outputs led to the identification of relevant interactions between 

the energy and reserve markets, as well as between the energy market and the carbon price signal. Sections 3.1 through 3.4 

consider the historical analysis and day-ahead simulations.  

                                                           
4 In Chile, the ancillary services market includes 5 services: spinning reserves, frequency control, voltage control, service recovery 

schemes, and load shedding. Payments for the spinning reserves service amount to more than 60% of the total economic transfers in the 

ancillary services market. 



 

Finally, this Section presents a comparison of the results obtained in scenarios simulated with and without the inclusion of 

a new flexible generation project, in order to outline potential opportunities and challenges associated with installing assets 

capable of providing 

 operational flexibility to the system. Section 3.5 considers the results of both day-ahead and real-time operations 

simulations. 

3.1 Flexibility Driver 1: Changes in Net Load Dynamics 

The integration of VRE generation capacity changes the magnitude and behavior of the net load that dispatchable generators 

must supply. This change is affecting the structure and dynamics of competition in the energy market. The evolution of the 

yearly net load duration curve as more more wind and solar power is integrated into the NES was found to imply a need 

for more intermediate generation capacity to optimally satisfy the net load. The analysis of the net load across the system 

led to the identification of regional ramping and intermediate generation requirements, which are presented in this Section. 

 

3.1.1 Emerging Need for Intermediate Generation 

Power systems have traditionally required a significant proportion of baseload generation and reduced amounts of 

intermediate and peak generation to supply the demand. However, as presented in Figure 4 for the actual and projected 

operations in the Chilean NES, the integration of solar and wind generation was found to give rise to a “middle market,” 

which refers to the dispatchable generation or storage capacity that operates at intermediate loads or on cycling modes to 

cover the variations from renewable energy and electricity demand. As more renewable energy gets integrated, the need 

for baseload power is reduced. The expected rise of the middle market should affect market competition, since the 

dispatchability of units in this new market segment will be based on other parameters, in addition to the variable cost of 

production, such as: 

 

▪ Minimum Stable Generation Level 

▪ Startup Costs 

▪ Startup Time 

▪ Minimum Time of Operation/Shutdown 

▪ Ramping Capacity 

▪ Heat Rate at Partial Loads 

▪ Emissions at Partial Loads 

▪ Frequency Regulation Capability  

 

 
Figure 4: Expected evolution of the net load duration curve of the Chilean NES. 

 

The integration of greater amounts of VRE generation, specially solar PV, was found not only to increase the need for 

intermediate generation units that can vary their output across days and hours, but also for the combination of units which 

could meet net-load ramp rates. Under the considered new VRE capacity additions in the simulations, maximum net load 

1-hour upward ramp requirements in the NES were projected to increase from 1360 MW in 2017 to over 2800 MW by 

2026. The projected 3-hour net-load ramps for 2026 impose an upwards ramp requirement of almost 50% of the system’s 

peak net load each day on the available generation units. These ramping services would have to be provided by a 

combination of units participating in both the energy and the ancillary service markets. 

 

The expected competition for the “middle market” should depend on where flexibility is needed in the electricity system, 

since increased needs for intermediate generation vary regionally. The location of new renewable projects, the location of 

existing assets that provide flexibility, and the evolution of the transmission system should greatly influence the regional 

needs for flexibility.  

 



3.1.2 Regional Requirements for Intermediate Generation and Ramping 

 A significant amount of reservoir hydroelectric capacity which can use stored water to complement renewables exists in 

southern Chile. Simulations showed the capacity of these facilities to modify their output to effectively flatten the widely-

known “duck curve” produced by solar PV penetration, as shown in Figure 5. However, simulation results also showed 

regional dynamics. Scenario assumptions considered that most of the new solar PV capacity would be located in the North 

Region of the NES and included a conservatively low demand growth projection. Under these assumptions, results showed 

that the net load “duck curve” could be eventually be split in half, as shown in Figure 5. In this case, either thermoelectric 

facilities would need to shut down during daylight hours, be maintained at minimum run levels and induce solar PV 

generation curtailment, or energy would need to be exported to the Center-South Region. 

 

 
Figure 5: Net load curves for June 18th in 2017 and in different regions for the simulated median hydrological 

scenarios for 2021 and 2026. 

3.2 Flexibility Driver 2: New Modes of Operation of Conventional Power Plants 

New modes of operations for conventional power plants such as coal and Combined Cycle Gas Turbine (CCGT) facilities 

were observed in the historical analysis and the performed simulations. Simulations showed an increase in cycling of coal 

power plants in all future scenarios. Similarly, simulations conducted on scenarios with an increased price of carbon showed 

an expected increase in startups and shutdowns of some CCGT power plants. 

 

3.2.1 Increased Cycling of Coal Power Plants 

Simulations showed that as more VRE generation was integrated, conventional coal power plants experienced different 

modes of operations depending on their location and on the magnitude of the carbon price. As seen in Figure 7, coal plants 

reduced their output as more VRE was integrated in the 2026 median hydrological scenarios with a 5 USD/ton CO2 carbon 

price. Units in the North Region were subject to increased cycling between minimum and maximum generation levels in 

the 2026 scenarios. In the 30 USD/ton CO2 carbon price scenario for 2026, simulations showed that coal units in the Center-

South Region would reduce their annual output significantly, with multiple units being permanently shut down. In contrast, 

coal plants in the North region were found to remain in a daily cycling mode for this scenario. 

 

 
Figure 6: Operational modes of coal power plants under median hydrological scenarios. 

 

3.2.2 Increased Startups of CCGT Power Plants 

In scenarios with a carbon price of 5 USD/ton CO2 and median hydrological conditions, CCGT plants were found to have 

a low capacity factor. Considering the fuel price scenario defined in Section 2.2, only with carbon prices of 30 USD/ton 

CO2 or higher would CCGT plants effectively replace generation from coal sources in the 2026 scenarios. Simulations 



showed that CCGT plants would take the role of baseload energy providers in the Center-South Region under a high carbon 

price scenario. In contrast, some CCGT units in the North Region were observed to go into a persistent cycling mode in 

order to accommodate for solar PV generation under a low demand growth scenario; shutting down during daylight hours 

and starting back up during the evening, up to 300 times per year. 

 

 
Figure 7: Operational modes of CCGT power plants under median hydrological scenarios. 

 

The most significant effects on Variable Operations and Maintenance (VO&M) costs for both coal units and CCGT 

facilities are caused by an increased number of plant startups [17]. The exact effect of startups on VO&M costs depend on 

many factors that can be site and plant specific, including operational modes, plant configuration, maintenance and 

operations procedures, among others. For the evaluated scenarios, an increase in VO&M costs could be expected for 

cycling CCGT facilities under the 30 USD/ton CO2 scenarios. If increased VO&M costs were considered in the simulations, 

then some CCGT plants could lose their competitiveness as flexibility providers in the North balancing region. 

3.3 Flexibility Driver 3: Increased Interactions Between Real-Time Deviations from Day-Ahead Plan 

Several phenomena occur in real-time operations that produce deviations from the day-ahead generation plans determined 

by the ISO. Understanding the nature, magnitude, and frequency of the deviations is key to assessing the need for flexibility. 

Coincidental deviations in forecasted net load and planned conventional power plant operations can strain the power 

system, thus increasing the need for flexibility. This Section shows the relevance of historical real-time deviations from 

day-ahead plans and discusses potential interactions with increased flexibility needs driven by VRE integration. 

 

3.3.1 Deviations from Forecasted Net Load 

In most power systems, deviations from the day-ahead operations plan have historically been limited to unit failures and 

demand forecast errors. These events may present significant frequency and magnitude of occurrence. Nevertheless, new 

sources of uncertainty have appeared in recent years. Systems with increasing levels of VRE generation are subject to wind 

and solar PV production forecast deviations. Figure 8 shows the aggregated deviations between real-time operations and 

day-ahead plans for VRE and total generation in the NES for 2017. 

 

 
Figure 8: Aggregated deviations from day-ahead plans for solar, wind, and total generation in 2017. 

 

3.3.2 Deviations in Conventional Power Plant Operations 

In most power systems, a significant source of deviations from the day-ahead operations plan is the occurrence of 

generation unit failures. In 2017, coal and CCGT plants in the Chilean NES experienced more than 240 trips in which more 

than 90 MW were disconnected. Further, more stringent environmental regulation in the energy sector has led to the 

activation of new operational constraints for conventional power plants. 

 



First, coal units of the NES –particularly those located in the coastline of the North Region– have been subject to output 

limitations driven by temperature limits in water discharges, specially during evening hours in the hotter months of the 

year and under the El Niño warm ocean temperature cycle. Secondly, compliance with atmospheric emissions regulation 

have affected the flexibility of CCGT units by limiting their turndown capability and may eventually limit the allowed 

number of startups in a given year [18]. Finally, hydroelectric power plants have been subject to operational limitations 

caused by water level constraints imposed on reservoirs by recreational and crop irrigation requirements and policies. These 

constraints have been found to be more frequently activated during drier periods of the year. The frequency of these 

limitations could be expected to increase, given that water availability in reservoirs has decreased for the past 10 years in 

Chile due to dryer hydrological conditions than the historical average. 

 

3.3.3 Interaction Between Real-Time Deviations and Net Load Ramps 

The risk of simultaneous deviation events and high net load ramp requirements is highlighted in Figure 9, which shows the 

number of actual deviation events in 2017 and their possible coincidence with high net load ramp requirements for the 

simulated scenarios. Additionally, the deviations shown in Figure 9 could also coincide with the deviations in the forecasted 

net load shown in Section 3.3.1. The previously described sources of deviations, their interactions, and the coincidence 

with net load ramps can pose economic and reliability challenges for the system, thus creating opportunities for assets 

which can provide flexibility during these periods. 

 

 
Figure 9: Distribution of deviation events and net load ramps throughout the day in 2017 and projection of net 

load ramps for a given winter day in simulated 2021 and 2026 scenarios. 

 

Two challenges could take place in short-term operations in the presence of deviations under a high level of VRE 

integration. First, the historical analysis of 2017 showed that there are instances when high local ramp requirements 

coincide with unplanned limitations, such as during morning and evening hours. In these cases, rapid re-dispatches have 

been carried out in order to meet net load ramp requirements. Secondly, unexpected solar and wind drops in generation 

could induce the use of spinning reserves to balance demand up to a point where the amount of available spinning reserve 

fell below the required level. In these cases, short-term drops in production could possibly prompt the system operator to 

dispatch a fast-start unit to avoid letting spinning reserve levels drop below the requirement. Thus, the unplanned dispatch 

of fast-start units to provide ramps or reserves would be opportunities for flexible assets which can respond in a more 

economically efficient manner. 

3.4 Observed Interactions in the Energy and Reserve Markets 

The performed simulations and the conducted historical analysis were useful in identifying interactions between pricing 

signals in the system and energy and reserve markets, which will affect the efficient integration of renewables and 

decarbonization of the generation mix. Carbon pricing was found to have a significant effect on the energy market for the 

simulated scenarios, especially in the competition for the middle market. In addition, the interaction between the energy 

and reserve markets was observed to become more intense in the 2026 scenarios with more VRE integration and, specially, 



with a higher price of carbon. This Section presents the resulting generation mix from the scenario simulations, and 

discusses the effectiveness of VRE integration and carbon pricing for decarbonization under the considered scenarios. 

 

3.4.1 Energy Market and the Price of Carbon 

The net load duration curve was used to conduct a high-level analysis of the energy market operations resulting from the 

performed simulations. Figure 10 shows the actual generation mix that supplied the net load duration curve for 2017 and 

the simulation results for the 2021 and 2026 scenarios. To provide a meaningful comparison with the actual dispatch of 

2017, which was a relatively dry year, the low water inflow availability scenarios are presented for 2021 and 2026. 

 

 
Figure 10: Breakdown of the energy market under low hydrological scenarios compared to 2017. 

 

In the scenarios shown, the added VRE capacity covered the incremental demand and grabbed market share from thermal 

units. Whereas gas plants supplied a significant fraction of the demand in 2017, their participation was found to decrease 

in the modeled scenarios for 2021 and 2026 as new VRE was added, unless a higher price of carbon was considered. The 

reservoir hydroelectric capacity in the system was found to provide most flexibility needs in the 2021 low hydrological 

scenario, therefore allowing most coal units to operate in a baseload mode, as shown in Section 3.2.1. 

 

Simulations for the 2026 low hydrological scenarios showed that coal power plants retained their market share in the 

scenarios where the carbon price was not raised. In these scenarios, hydroelectric reservoirs supplied most flexibility needs 

in the energy market. Increasing the carbon price to 30 USD/ton CO2 had a significant effect in the 2026 scenario. The 

increase in carbon price allowed gas plants to effectively replace a portion of coal generation and grab a larger share of the 

intermediate generation segment, thus reducing system-wide carbon emissions. However, an increase in the carbon price 

was insufficient to significantly decarbonize the generation mix in the North Region. Even during summer months, when 

solar PV production was at its highest, multiple coal units in the North balancing region were found to stay online in cycling 

mode to provide cost-effective generation at night hours and upwards reserves during daylight hours. 

 

Results for the 2026 scenarios showed that transmission constraints induced a drop in locational marginal costs to zero in 

the North Region during daylight hours, as observed for 2017 in Figure 1. If aggresive solar PV additions in the Atacama 

Desert and a low demand growth scenario for the North Region were to materialize, the transport capacity of the new 

Cardones-Polpaico 500 kV line could be saturated, as shown in Figure 11 for the simulated 2026 scenarios. Additionally, 

marginal costs of zero were observed in the southernmost busbars for high water inflow availability scenarios, given the 

assumptions made for new wind capacity and assumed delays in the transmission expansion process for a new planned 500 

kV line between the center and southern load zones. 

 

The introduction of a higher carbon tax for the 2026 scenarios inverted the order of gas and coal units in the supply curve. 

A 30 USD/ton CO2 tax was sufficient for multiple gas CCGT facilities to replace coal units and supply baseload power. A 

carbon price of 30 USD/ton CO2 had a significant effect on the energy market spot prices, increasing the marginal cost in 

the Center-South Region by 18 USD/MWh on average for a median hydrological scenario. 

 



 
 

Figure 11: Locational marginal costs on selected busbars for simulated scenarios. 

 

3.4.2 Energy Market and Reserves 

The interaction between the energy and reserve markets produced interesting dynamics in the system. Figure 12 illustrates 

the share of operational reserves that was provided by different technologies in the historical analysis and in the simulated 

2021 and 2026 scenarios. In the Center-South Region, reserves were provided almost exclusively by hydroelectric 

generators. In contrast, reserves in the North balancing zone were provided mostly by coal and gas units. 

 

 
Figure 12: Breakdown of the assigned reserves market under median hydrological scenarios. 

 

Modeled scenarios showed an evolution of the reserves markets in both balancing zones and different opportunities for a 

flexible project. In the North Region, the energy and reserves cooptimization led to unit commitment plans with fewer coal 

units online than in 2017, to enable greater solar PV production during daylight hours. A fraction of the upwards reserves 

was provided by gas turbines operating at low or minimum generation levels. When the same scenarios were simulated 

with the presence of the flexible project in the North Region, the project grabbed a share from the reserves market from 

both coal and gas units. Having the project online at low generation levels to provide reserves during daylight hours and 

ramping up during the evening was determined to be more economical for the system than to operate some coal units. The 

project was also more competitive to provide reserves while at minimum generation levels than several gas turbines, 

because the project had a better heat rate at partial loads. 

 

Hydro provided low cost reserves in the Center-South Region, which drove out other competitors in the modeled scenarios. 

However, the flexible project was assigned some reserves in the day-ahead simulations, specially in high hydrological 

scenarios. So, an opportunity was identified to provide reserves in the Center-South to complement hydroelectric units and 



allow them to operate close to maximum generation levels when water availability is high, thus maximizing the use of low 

cost hydro resources. Moreover, historical operational data showed that when hydro reserves are activated and hydro units 

re-dispatched during real-time operations, water storage level constraints may be triggered. In such cases, the use of hydro 

resources in reservoirs with active water storage level constraints was limited for a period and an opportunity was created 

for alternative flexible units to provide intermediate generation needs. 

 

Competition for the reserves market has historically been different during daylight and nighttime hours. As Figure 13 

shows for December, 2017, current VRE penetration levels are sufficient to force coal plants to operate at minimum levels 

during daytime in the presence of transmission congestion in the North Region, thus creating an excess of available spinning 

reserves. Simulations of the 2026 scenarios showed that even with the completion of the Cardones-Polpaico transmission 

line, the amount of assumed solar PV integration and the low demand growth scenario for the North Region caused a drop 

in the price of reserves during daylight hours due to oversupply. 

 

 

 
Figure 13: Average amount of available upwards reserves from different sources in December, 2017. 

3.5 Opportunities for New Flexibility Providers 

As shown in prior Sections, changes in net load dynamics, new operational modes of existing units, and interactions 

between different types of deviations from the day ahead plan create opportunities for assets which can provide flexibility. 

Additionally, potential interactions between a carbon price and the energy and reserve markets can influence the 

competitiveness of different types of flexible assets. 

 

To evaluate benefits created for the system and profit captured by a flexible assest, scenarios were simulated with a new 

generation project with low minimum generation level, relatively constant heat rate, and high ramp rate that could provide 

its full 500+ MW of capacity in the reserves market. Simulations were run with the project located both in the North Region 

and in the Center-South Region. Results observed for this generation asset could also apply to a storage facility, to a virtual 

power plant based on demand response, or to some other flexible technology with similar parameters to those assumed. 

 

3.5.1 System Benefit Produced and Profit Captured by a New Flexible Asset 

In part, the project created systemic benefits by providing flexible generation to cover peaks in demand, specially during 

evening hours. The asset with relatively constant heat rate was found to be more competitive than gas turbines in providing 

low levels of generation, since the heat rate of a turbine increases significantly at power outputs close to its minimum stable 

level. On the other hand, the flexible asset with no significant startup costs was more competitive than CCGT plants to 

supply energy for periods of a couple of hours, since CCGT facilities must incur in fixed startup costs that only depend on 

the number of hours that the facility has been offline. 

 

Nonetheless, most of the benefit that the flexible asset produced for the system in the simulated scenarios was through the 

provision of upwards reserves while at minimum generation levels. When located in the Center-South Region, the project 

was assigned reserves instead of hydroelectric units during high hydrological scenarios. In such scenarios, the opportunity 

cost of allocating hydro capacity to supply reserves instead generating energy was higher than the fuel cost necessary to 

maintain the flexible unit at minimum generation levels. The flexible unit improved the economic performance of the 

system by allowing for a more efficient use of hydroelectric resources. 

 

In the scenarios where the unit was located in the North Region, the operational reserves provided by the flexible asset 

replaced those provided by coal units, as observed in Figure 12. These coal plants were found to be kept on primarily to 

provide spinning reserves during daylight hours and energy during the night. Thus, an opportunity exists for a flexible asset 

that can provide economical reserves in the North Region and then allow for some coal plants to shut down. 

 

More importantly, the flexible asset was efficient while covering the deviations between simulated real-time demand and 

VRE production, and the day-ahead program forecast. When unit commitment decisions were fixed to those defined in the 

day-ahead plan, then the system operator in the real-time simulations could only choose between using operational reserves 

or starting up fast-start units to cover upwards deviations in net load. An asset with no startup costs, with negligible startup 



time, and subject to a constant variable cost of production was found to be economical both for covering net load forecast 

deviations and for providing additional reserves in real-time operations. 

 

Across all scenarios, the new flexible generation unit created value for the system by reducing global operational costs, 

carbon emissions, and VRE curtailment. The value created by the flexible asset was more accurately estimated by 

simulating the real-time operations, including forecast errors and redispatching decisions. Nevertheless, profit captured by 

this flexible unit through current regulation of the energy and reserve markets was found to be lower than the actual benefits 

that the asset produces in the system. Figure 14 shows the gap between the system benefits generated by and profit captured 

by the asset for the simulated 2026 real-time scenarios considering median hydrological conditions. 

 

 
Figure 14: Average system benefit produced by and profit captured by a new flexible asset in the 15 real-time 

scenarios for each 2026 day-ahead scenario. 

 

The asset provided significant reserves, thus enabling the shutdown of multiple coal plants. The shutdown of coal plants 

drove a reduction in operating costs, VRE curtailment and carbon emissions, creating benefit for the system. However, 

profits captured by the flexible asset were lower than the actual cost reductions delivered to the system in all scenarios.  

Marginal costs during daylight hours in the North Region were found to be mostly set to the variable costs of coal units or 

even reached zero. Therefore, the flexible asset was found to capture small profits for the provision of reserves during 

daylight hours, because of its variable production cost generally being higher than the marginal cost of the system. 

 

The results illustrated in Figure 14 show that an increase in the carbon price reduced the gap between the profitability of 

the project and the benefit it generates for the system. Additionally, results showed that profits of such a project in the 

energy and reserves spot markets are highly dependent of the price of carbon. This is particularly relevant in the North 

Region, where a higher carbon price leads to a more effective decarbonization with the presence of a new flexible project 

that replaces coal units in the provision of reserves during daylight hours.  

 

Flexible assets create significant value in real-time operations by providing cost-effective net load balancing services. 

Results shown in Figure 14 reveal that a significant fraction of the profits of a flexible asset are produced when providing 

flexibility to cover deviations from day-ahead plans. In the 2026 median hydrology scenario with a 30 USD/ton CO2 carbon 

price, 45% of the average profits of the modeled flexible project in the North Region were produced when covering net 

load deviations in the simulated real-time scenarios. Therefore, economic value estimates in the context of a flexibility 

project evaluation are improved when considering tools to model deviations from day-ahead plans. Similarly, public policy 

making should consider the increasing need for assets that can cost-effectively cover real-time deviations, specially when 

evaluating the effects of decarbonization policies for the North Region. 

 

4. Conclusions 

The rapid integration of VRE in Chile is giving rise to a “middle market”, with increased need for intermediate generation 

that can adapt to variations in electricity demand and renewable energy production. The expected competition for the 

“middle market” will depend on the location of new renewable projects, the location of existing assets that provide 

flexibility, and the evolution of the transmission system, since these factors greatly influence the regional needs for 

intermediate generation. In the simulated scenarios, the capacity of hydroelectric facilities to modify their output and 

effectively flatten the widely-known “duck curve” produced by solar PV penetration was observed. Considering assumed 

new VRE integration in the Atacama Desert and a low demand growth scenario, results from the 2026 scenario simulations 

showed that the net load “duck curve” of the North Region could eventually be split in half during daylight hours. In such 

a case, either thermoelectric facilities would need to shut down during daylight hours, be maintained at minimum generation 

levels and induce solar PV generation curtailment, or energy would need to be exported to the Center-South Region. 

 

Simulations showed that as more VRE generation was integrated, conventional coal power plants experienced different 

modes of operations depending on their location and on the magnitude of the carbon price. CCGT units in the North Region 



were observed to go into a persistent cycling mode in order to accommodate solar PV generation under a low demand 

growth scenario; shutting down during daylight hours and starting back up during the evening, up to 300 times per year. 

Thus, an increase in VO&M costs could be expected for cycling CCGT facilities under the 30 USD/ton CO2 scenarios. If 

increased VO&M costs were considered, then some CCGT plants could lose their competitiveness as flexibility providers 

in the North Region. 

 

Understanding the nature, magnitude, and frequency of the deviations is key when assessing the need for flexibility. 

Deviations in the forecast of net load and conventional power plant operations which coincide with net load ramps can 

pose economic and reliability challenges for the system, thus creating opportunities for assets which can provide flexibility 

during these challenging periods. Two challenges could take place in short-term operations in the presence of deviations 

under a high level of VRE integration. First, the historical analysis of 2017 showed that there are instances when high local 

ramp requirements coincide with unplanned limitations, such as during morning and evening hours. In these cases, rapid 

re-dispatches have been carried out in order to meet net load ramp requirements. Secondly, unexpected solar and wind 

drops in generation could induce the use of spinning reserves to balance demand up to a point where the amount of available 

spinning reserve fell below the required level. In both cases, short-term drops in production could possibly prompt the ISO 

to dispatch a fast-start unit. The unplanned dispatch of fast-start units creates opportunities for flexible assets which can 

start up in a more economically efficient manner. 

 

Computational simulations and an analysis of historical data were useful for identifying interactions between pricing 

signals in the system and energy and reserve markets, which will affect the efficient integration of renewables and 

decarbonization of the generation mix. Carbon pricing was found to have a significant effect on the energy market for the 

simulated scenarios, especially in the competition for the “middle market”. In the 2026 scenarios, a carbon price increase 

allowed gas plants to effectively replace a portion of coal generation, grabbing a larger share of the intermediate generation 

segment and reducing system-wide carbon emissions. 

 

However, an increase in carbon price was not sufficient to significantly decarbonize generation in the North Region, since 

multiple coal units in this region were found to stay online in cycling mode to provide upwards reserves during daylight 

hours. An opportunity for resources with low minimum generation levels capable of providing reserves in the North Region 

was identified. A flexible generation project capable of providing such reserves could drive the shutdown of some coal 

units in the North Region, reducing system operational costs. Simulations with the flexible asset located in the Center-

South Region showed the asset complemented hydroelectric units and allowed them to operate closer to maximum 

generation levels when high water availability was observed, thus maximizing the use of low cost hydro resources. 

 

Across all scenarios, a new flexible generation unit created value for the system by reducing global operational costs, 

carbon emissions, and VRE curtailment. The value created by a flexible generation asset for the system was more accurately 

estimated when real-time operations were simulated, including redispatching decisions due to forecast errors. Therefore, 

better estimates for the economic value of projects capable of providing operational flexibility may be obtained when 

considering tools that model deviations from day-ahead plans, both for private investment evaluation and public policy 

making. Nevertheless, profit captured by this flexible unit considering current regulation of the energy and reserve markets 

was found to be lower than the actual benefits that the asset produces in the system. Additionally, results showed that 

profits of such a project in the energy and reserves spot markets were highly dependent on the carbon price. This is 

particularly relevant in the North Region, where a higher carbon price led to a more effective decarbonization in the 

presence of a new flexible project that could provide economical reserves. 

  



References 

[1] Shaker, H., Zareipour, H., & Wood, D. (2016). Impacts of large-scale wind and solar power integration on 

California׳ s net electrical load. Renewable and Sustainable Energy Reviews, 58, 761-774. 

[2] Huber, M., Dimkova, D., & Hamacher, T. (2014). Integration of wind and solar power in Europe: Assessment of 

flexibility requirements. Energy, 69, 236-246. 

[3] Saarinen, L., Dahlbäck, N., & Lundin, U. (2015). Power system flexibility need induced by wind and solar 

power intermittency on time scales of 1–14 days. Renewable Energy, 83, 339-344. 

[4] Kroposki, B. (2017). Integrating high levels of variable renewable energy into electric power systems. Journal 

of Modern Power Systems and Clean Energy, 5(6), 831-837. 

[5] Belderbos, A., & Delarue, E. (2015). Accounting for flexibility in power system planning with renewables. 

International Journal of Electrical Power & Energy Systems, 71, 33-41. 

[6] Koltsaklis, N. E., & Georgiadis, M. C. (2015). A multi-period, multi-regional generation expansion planning 

model incorporating unit commitment constraints. Applied Energy, 158, 310-331. 

[7] Poncelet, K., Höschle, H., Delarue, E., Virag, A., & D’haeseleer, W. (2017). Selecting representative days for 

capturing the implications of integrating intermittent renewables in generation expansion planning 

problems. IEEE Transactions on Power Systems, 32(3), 1936-1948. 

[8] Taylor, J. A., Dhople, S. V., & Callaway, D. S. (2016). Power systems without fuel. Renewable and Sustainable 

Energy Reviews, 57, 1322-1336. 

[9] Gil, E. (2015). Power system reliability impacts of wind generation and operational reserve requirements. 

Ingeniería e Investigación, 35:82 – 88, December. 

[10] Ela, E., Milligan, M., Bloom, A., Botterud, A., Townsend, A., Levin, T., & Frew, B. A. (2016). Wholesale 

electricity market design with increasing levels of renewable generation: Incentivizing flexibility in system 

operations. The Electricity Journal, 29(4), 51-60. 

[11] Navid, N., & Rosenwald, G. (2002). Market solutions for managing ramp flexibility with high penetration of 

renewable resource. IEEE Transactions on Sustainable Energy, 3(4):784–790, October.  

[12] Chuang, A.S., & Schwaegerl, C.. (2009). Ancillary services for renewable integration. In Integration of Wide-

Scale Renewable Resources Into the Power Delivery System, 2009 CIGRE/IEEE PES Joint Symposium, July. 

[13] NREL. (2001). The importance of flexible electricity supply. Solar Energy Ttechnologies Program, 1-3. 

[14] Lund, P. D., Lindgren, J., Mikkola, J., & Salpakari, J. (2015). Review of energy system flexibility measures to 

enable high levels of variable renewable electricity. Renewable and Sustainable Energy Reviews, 45, 785-807. 

[15] Lobato Miguelez, E., Egido Cortés, I., Rouco Rodríguez, L., & Lopez Camino, G. (2008). An overview of 

ancillary services in Spain. Electric Power Systems Research, 78(3):515 – 523. 

[16] Energy Exemplar. (2018). PLEXOS for Power Systems–Power Market Simulation and Analysis Software 

[computer software]. May. URL http://www.energyexemplar.com/. 

[17] Kumar, N., Besuner, P.M., Lefton, S.A., Agan, D.D., & Hilleman, D.D. (2012). Power Plant Cycling Costs. 

Intertek APTECH, Sunnyvale. 

[18] Inodú. (2017). Flexibilidad de operación de centrales termoeléctricas chilenas con los instrumentos de gestión 

ambiental vigentes. Prepared for Ministry of Energy, Chile. 

 


