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Abstract

The increasing penetration of renewable energy sources power sector represents an important challenge for engstpnss

due to their elevated intermittency. Energy storage constitukey aomponent for its ability to add flexibility to the syste
allowing further integration of these renewable sourcheréfore, the aim of this study is to analyse the implagtid-scale
energy storage in a hydro dominated power system with inogeasiewable generation shares. The Colombian energy system is
used as a case study. The model used in this work is builj tis¢ EnergyPLAN tool and validated against actual data.
Successively, the techno-economic effects of large-smadegy storage technologies are assessed on three diffienamet
scenarios for the year 2030. The results evidence ttiaaising levels of storage could allow significant redastiin both the
curtailed energy and the total fuel consumption of the coufiry.best-case scenario shows an estimated 67% redinctian
emission intensity of the power sector by 2030 compar#tetbaseline scenario.

© 2019The Authors. Published by Elsevier Ltd.
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1. Introduction

Increasing the flexibility of power systems is a key component igltiel efforts oriented to meet the climate change
mitigation goals defined at the 2Conference of Parties (COP21) in Paris in 2015. Flexibility ésled in order to
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reach renewable integration targets without affecting the réljadond efficiency of the grid. Utility-scale electricity
storage is considered one of the technologies suited to ashistafidctive integration of these sources, especially in
countries with weak infrastructure [1]

Each country has a specific potential for energy storage accdaditgycharacteristics, such as energy resources
available, grid infrastructure, regulatory framework, and elegtridmand patterns and trends. Latin America is
considered as one of the most attractive emerging markets fgyesterage development due to its recent growth in
renewable generation, rapidly growing populations, and relatively unggétbleonditiong2]. In order to understand
the effects of this technology in the power system, the developmenbtddls that allow the assessment of its
performance is required. A considerable amount of literature hagphbbbshed on this issue [L8]. However, the
majority of the studies are usually focused on small-scalecagiplis [1] and power systems with electricity mix
dominated by fossil fuels [4,5]. In the case of countries with highesbf hydropower in the electricity mix, very few
studies have investigated the impact of utility-scale enecggg[7]. Therefore, the aim of this study is to analyse
the techno-economic effects of large-scale energy storageiiridbeation of variable renewable energy by using the
Colombian power system as a case study. The EnergyPLAN tool hasdseketo build the model and simulate the
scenarios.

This paper has been divided in five sections. Section 2 providescaiption of the Colombian electricity system.
Section 3 introduces the methodology, including a description ohtitkelling tool used, the main assumptions and
the defined scenarios. Section 4 summarises the main finding® aftutly, and the last section presents the
conclusions and recommendations for future works.

2. Power sector in Colombia

The power sector in Colombia has been traditionally dominayehydro and thermal generation, with average
contributions of 71% and 28%, respectively during the last years. fifaéniag 1% of the total is produced by other
renewables (i.e. wind, solar and bioenergy)If8R017, the installed capacity was 14.4 GW and it consigté#l.9%
hydropower, 24.8% natural gas power plants, 4.9% coal power plants, 6getecation and 0.1% win9].
Currently, there is not any grid-scale electricity storageesy$h the country, and even though the large amounts of
energy stored in the dam reservoirs can be used for long-term purposkertiterm operation is restricted due to
the system configuration. The elevated reliance on hydro resour&es tha system vulnerable to strong droughts
caused by El Nifio and La Nifia southern oscillation (ENSO).hibdeopower generation can vary between 45% and
95% during these periods because of the changes in natural watesitdl the hydropower plant reservoirs [10]
Thermal generation is used to keep the stability and relialifithe national grid due to limitations in the power
transmission system. Furthermore, they are used to matafethend during dry seasons when large hydropower
plants operation is limited. According to the Mining and Energnithg Unit UPME) [11], an average annual
increase of 3.1% in the national electricity demand is eggdor the next 11 years.

3. M ethodology

This section introduces the methodology applied in order to aewbe Colombian power system model. The
modelling tool, input data and defined scenarios are outlined.

In order to analyse the effects of large-scale energy storagkeeopotver system, a model that represents the
Colombian power system was first developed. After revising the eliffenodelling tools available for these analyses
[12], the EnergyPLAN tool was selected. The objective oftdosis to provide assistance in the design of regional
or national long-term energy planning alternatives on the lodidise techno-economic assessment of different
strategies [13]. EnergyPLAN produces a deterministic model usithgiaabprogramming, and therefore the tool is
able to calculate the results in less time compared to ueratilvers. The tootuns a high temporal resolution
simulation for a complete year and generates hourly outputs.vEnallcssketch of the EnergyPLAN inputs/outputs
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can be seen in figure 1. General inputs include system denrandsvable energy sources (RES), power plant
capacities and efficiencies, costs, and a number of optiegalation strategies. The main outputs are annual energy
productions, imports and exports of electricity, X&issions and excess of electricity production [14]. Elreagh
EnergyPLAN can represent the primary sectors of any energy systéims,study only the power sector is considered.
A more detailed description of the modelling tool and an extersglection of case studies can be found in [15].
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Figure 1. Overall sketch of the EnergyPL AN modelling tool [15].

Building a model in EnergyPLAN that represents a national engstgra requires a series of inputs and assumptions,
and thus, it is necessary to ensure that the model is vdlidgéénst actual data (this is described in detaiéition

4.1) [4]. The reference energy system model was developed based om@@ts4rom Colombian statistics. Hourly
electricity supply and demand data were supplied by XM (Nationd) ¢rough its PORTAL BI[16] and the
electricity demand for the reference year was 64.3 TWhcapacity and efficiency of the power plants were obtained
from the Colombian Electrical Information System (SIEL) [9]. Wind powes the only variable renewable source
(VRS) that supplied electricity to the national grid in the refeeeyear with an installed capacity of 19.5 MW. In
order to include further integration of RES in the future scenariogl aal solar datasets were built following the
approach suggested by George efla].

The simulation of energy storage in EnergyPLAN is performed by definingr@owleenergy capacity, charging and
discharging efficiency and the operation strategy. The staggtem can simulate different technologies (PHES,
CAES, battery or hydrogen storage) and is charged during periodscritiesd excess of electricity production
(CEEP) occurs in the power system. Additional information about theiegsiased and the simulation process can
be found in3].
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3.1 Future scenarios
Once the system reference model (2014) was validated, threedcémarios were generated as follows:

1. Scenario 1 (baseline): This scenario is based on the busisassual (BaU) outlook defined by the
Colombian governmerji8], and it assumes that the current perspectives in energy supplynaadddare
expected to remain unchanged.

2. Scenario 2 (COL 2030): This scenario was built based on inputsthenColombian power flexibility
assessment report developed by the International Renewable Energy AGRENA) [19], and it suggests

further penetration of solar photovoltaic and wind power plantseilectricity mix without energy storage.

3. Scenario 3 (COL 2030 + storage): Built from scenario 2, this atteeniacludes energy storage levels that
could be technically achievable by 2039].

The main inputs for the defined reference and future alternativarszenan be seen in detail in table 1.

Table 1. Input data for the defined reference and future scenarios.

Ref. 2014  Scenariol  Scenario2  Scenario 3

Electricity Demand

Total electricity demand (TWh/year 64.37 100.53 100.53 100.53
Electricity Supply

Hydropower (MW) 10920 14895 14895 14895
Thermal power (MW) 4735 6149.8 6149.8 6149.8
Biomass (MW) 72 108 108 108
Wind power (MW) 195 594 4000 4000
Solar PV power (MW) 0 0 7000 7000
Electricity storage

Charge/discharge power (MW) 0 0 0 2000
Storage capacity (GWh) 0 0 0 10

As mentioned in the introduction, increasing shares of RES intel¢latricity mix creates new challenges for the
system and it is necessary to analyse the effects of addatgoitle storage capacity to it. Therefore, the scenario 3
was used to simulatifferent capacities of wind and solar penetration and four stqrager levels (500 MW, 1
GW, 1.5 GW and 2 GW) in order to evaluate its effectrenpower system. An energy storage capacity of 10 GWh
was used based on the results reported in [19] and this neahained constant for all the simulations.

4. Results and discussion

In this section, the results of the validation process ansitth@ated scenarios are described.

4.1 Model validation

The reference scenario was validated following the process desbyit@dnnolly et al. in [13] (see table 2). The
electricity demand and supply, primary energy supply (PES) and greenhou§&HgzsMmissions were compared

against the actual figures reported by the International Energy \gi&i#) [20]. The modelled outputs and the actual
values are within expected margins (less than 4% differencefhemedore the reference model represents accurately
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the Colombian electricity system and can be used to develop étergy scenarios for the country.
Table 2. Model validation results.

Modelled in Per centage
EnergyPLAN  Adudldata i once
Electricity production [GWh/year]
Wind 70 70.23 -0.32%
Hydro 44760 44742 0.04%
Conventional Power Plant 19110 19074 0.18%
Biomass 450 442 1.81%
GHG emissions [MtC@)] 12.46 12.97 -3.93%

4.2 Scenario results

Increasing levels of RES penetration create new challdbgeke electricity system operation. However, energy
storage could increase the flexibility of the system and assastdressing some of these challenges. In this study, the
effects of increasing storage capacity in the Colombian power systessseessed by recording the changes in RES
shares, CEEP or electricity curtailed, fuel consumption (PES)GHG emissions. One of the main objectives of
adding electricity storage to the grid is to minimise the CEERiaadt to replace thermal plants production, and thus
reduce fuel consumption.

Figure 2 shows the change in both the CEEP and PES as thesol@dand storage power levels increase. As
expected, the results illustrate that increasing levelaearigg storage can reduce the amount of CEEP and PES, and
thus assist in the integration of higher shares of wind andeswagy. It can be observed that including energy storage
(2 GW charge/discharge power and 10 GWh storage capacitg) system could result in an increase in the combined
technical feasible RES penetration (wind and solar) from apprtedyrie0% to 25% of the total electricity production.

It should be noted that as the storage power level increases300 MW to 2 GW), the difference in CEEP and PES
is reduced, thus establishing a technical limit to the géocapacity. For the scenario presentdrge/discharge
power levels above 2 GW do not produce significant changes system.
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Figure 2. CEEP and PES change with increasing storage power (10 GWh capacity).
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The total amount of electricity produced and the estimated @iriSsions in 2030 for all the three scenarios are
shown in figure 3. Hydropower is expected to continue being the main souetecwicity production, and this
represents an advantage in terms of RES integration. The reshksseEnario 2 evidence the benefits of adding RES
to the power system represented in a reduction of about 68 @HG emissions of the sector. However, the energy
curtailed in this scenario is approximately 4.98 TWh. Tiselte of the scenario 3 show that adding energy storage
could assist the system to reduce approximate§26 of this CEEP. This is the best-case scenario, angam@u to

the scenario 2, further reductions are achieved in both th@ &hissions (21%) and the fuel consumption (20%).
The emission intensity of the sector could also be further egldiacapproximately 62.1 gGgkWh, which is about
athird of the value estimated in the BaU scenario (195.3,g@h).
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Figure 3. Electricity production and GHG emissions for the scenarios.
4.3 Cost analysis

After discussing the technical impacts of adding energy storage t@dlombian system, pumped hydro energy
storage (PHES), compressed air energy storage (CAES) anccidduktiery storage were selected to be introduced
in the power system in order to estimate its cost and fésiflihese technologies were considered due to their
current level of developmef21], suitability for assisting in the integration of large-scale RE$9] and the great
potential reported [19,21] for use in countries such as Colombia. larthigsis, the total costs of the power systems
were annualised, and these include investment repaymentsafidedariable operation and maintenance (O&M),
integration and C@costs. Only the investment costs associated with new itapaltded to the system were
consideredA complete description of the equations and assumptions used totedtiese costs can be found in
[15]. The scenario 3 is used to simulate the selected storageltagiba and their cost and efficiencies are modified
accordingly. All the future technology efficiencies and technology fael costs are based on 2030 projections by
IRENA [22] and the EnergyPLAN cost database [15]. An interestofa®86, which has been used when assessing
other infrastructure projects in Colombia, and & @ficeof 40 €/tCOze Were defined into the model.
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Figure 4. Estimated costs of the evaluated energy storage technologies.

The total annual cost of the power system and each of its contpare illustrated in figure 4. PHES is found to be
the most cost-effective storage alternative, and this ielynbécause of its low annuiglvestment cost and the fuel
savings (approximately 68% compared to the baseline scenario). Dhe topography of the country and the
characteristics of the power system infrastructure, the capisalof PHES could be further reduced if the current
reservoirs are used as part of the storage system. CAES taphisahe least-attractive option in terms of fuel savings
and its capital cost is higher compared with PHES. Leatikmttery technology is the least-cost effective of all the
alternatives, but it could represent an attractive option itafgital cost falls in the future due to technology
improvements.

5. Conclusions

In this paper, a techno-economic assessment of the impacts of@ederergy storage in a hydro dominated power
system with increasing RES shares was developed. The resdéaaad that energy storage has an important role in
enabling greater levels of wind and solar penetration into therieligcsystem, and thus adding more flexibility and
reducing its carbon intensity. In the case of Colombia, thedasst scenario could allow an increase in the combined
technical feasible RES penetration (wind and solar) from approxiniés to 25% and assist in the reduction of the
CEEP to 1.63 TWh. In addition, the GHG emissions could drop approxmaté compared to the baseline scenario.
PHES was found to be the most cost-effective storage technologyagpdars to be the best option for the Colombian
power system.

This study concentrated on the techno-economics aspects of etweage sand renewables integration only in the
power sector. However, additional scenarios that include diffeesors and technical solutions to add flexibility to
the complete energy system should be analysed and comparedetsultepresented in this research. Expansion of
the transmission grid capacity, active demand response, enecoignelf and electrification of transport are part of a
set of prospective solutions that could assist in achievingatbrtransition towards more sustainable energy systems.
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