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Abstract— The main goal of this work is to study the role of storage 

in the context of the Portuguese power system. Portugal is one of 

the countries in the world with more installed storage capacity, 

namely pumped hydro storage (PHS). Most of this work has been 

focused on the development to 2030 and the implications of 

increasing RES levels. This work adds value in relation to similar 

studies by modelling the power system in an hourly time-step 

instead of modelling, for instance, a typical week of each season. 

Therefore, it is more accurate in modelling the seasonal and daily 

fluctuations that occur throughout the year. It also adds value by 

using updated data on technology costs and on the decisions of the 

Portuguese government, excluding from the analysis the recent 

cancelled hydropower projects. PHS revealed important to avoid 

the curtailment of renewable energy. It was concluded that the 

predicted storage capacity for 2030 can accommodate the expected 

increase in intermittent renewable generation with no need for 

further investments in PHS or battery solutions. 
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I.  INTRODUCTION 

In the power system, there is one rule that has to be followed 
no matter what. The supply and the demand must be balanced at 
all moments. This is a challenging task due to the fact that, in 
general, electricity has to be generated at the exact moment that 
is demanded. In the past, this was relatively easy to accomplish, 
when the power system relied mostly on fossil fuels. Generation 
based on fossil fuels has the advantage of being dispatchable, i.e. 
controllable. However, the disadvantages of the utilisation of 
fossil fuels surpass the advantages. As it is known, fossil fuels 
are responsible for the emissions of greenhouse gases that 
contribute to the warming of the planet. For this reason, over the 
past years, we have witnessed the energy transition to clean 
renewable energy sources.  However, some renewable sources 
like wind and solar are variant in time, as their production 
depends on weather conditions. The sun is not always shining 
neither the wind is always blowing. This represents an additional 
challenge to the grid operator to balance generation and demand. 
Demand has always been the non-controllable variable, but with 
dispatchable generation, the balancing problem was perfectly 
achievable. However, with the introduction of intermittent 

renewable generation in the grid, to maintain a constant balance 
between production and consumption is becoming increasingly 
hard. As previously stated, electricity has to be generated at the 
precise time that it is consumed, and there is only one possibility 
to make this maxim not entirely accurate, and that is precisely 
energy storage. For that reason, energy storage has gathered high 
expectations and is many times regarded as the fundamental 
piece of the future power grid. Theoretically, with energy 
storage, it would be possible to rely uniquely on wind and solar 
power to meet our electricity demand. These sources of energy 
are intermittent and this is why wind and solar are part of a group 
called variable renewable generation. In fact, the concept behind 
energy storage seems simple. When there is too much wind or 
solar production, the surplus of energy can be stored. When there 
is not enough production, the stored electricity can be used.  

The apparently easy concept behind energy storage attracts 
a lot of attention to the topic. Such impetus originates, many 
times, opposite reactions with some regarding it as the “Holy 
Grail” for the energy transition, while others are sneering at it. 
The reality is somewhere in the middle of this. It is imperative 
to increase grid flexibility if higher levels of variable renewable 
generation are to be achieved. Energy storage constitutes one of 
the available technologies that can enhance that grid flexibility. 
Nonetheless, it is necessary to prove the effectiveness of energy 
storage solutions in real-world cases, both from a technical and 
an economic perspective. To accomplish that, it is essential to 
create models that can simplify the complexity of energy 
systems. In this work, it will be studied a real case of the 
utilisation of storage, that is its utilisation in the context of the 
Portuguese grid. In fact, Portugal is one of the nations with more 
deployment of energy storage. In mid-2017, Portugal was 
ranking 12th worldwide regarding pumped hydro installed 
capacity (PHS) [1]. The modelling of the Portuguese power 
system will be performed with the help of an energy systems 
simulation tool. First, 2014 was simulated as a reference year. 
The reference year is essential to get acquainted with the 
software, with the Portuguese grid and also to calibrate the 
model for the simulation of future scenarios. The evolution of 
Portugal’s power system will be considered with a 2030 horizon. 
Further than 2030, it is both hard to predict how will the system 
as well as the prices of batteries evolve. Therefore, it was 
preferred to centre our attention in 2030 scenario. Both technical 
and economic simulations will be performed and included in the 



analysis. The objectives of the modelling of the Portuguese 
power system are the following: 

• The prediction of the energy mix for 2030. 

• The prediction of the utilisation of the storage capacity, 
namely with projections of the energy consumed by 
pumped hydro storage (PHS). 

• The prediction of CO2 emissions and percentage of 
renewable energy sources (RES) utilisation. 

• The assessment of the necessary storage capacity to 
avoid renewable curtailment, i.e. wasted renewable 
energy.  

• The assessment of the future needs to install further 
storage capacity, either with more pumped hydro 
capacity or with the introduction of batteries, i.e. try to 
evaluate if the planned/expected storage capacity for 
2030 is enough or if it is required to add more capacity 
to the system. 

The paper is organised in folowing order: Section I – 
Introduction; Section II – Energy storage and state-of-the-art; 
Section III – Methodology; Section IV – Results analysis; 
Section V – Conclusions. 

II. ENERGY STORAGE AND STATE-OF-THE-ART 

Energy storage can be useful in many contexts and have 
multiple applications in different stages of the grid, from behind-
the-meter to front-of-the-meter or grid-scale applications.  

Behind-the-meter applications can include the installation of 
back-up capacity in microgrids. Energy storage can provide 
power to small power systems, making them able to “island” and 
disconnect from the broader grid [2]. Energy storage could also 
provide demand response services for commercial and industrial 
consumers. Demand response gives the opportunity for these 
customers to shift part of their electricity usage from peak 
periods to off-peak periods, stimulated by tariff incentives from 
the grid operator. For residential clients, energy storage could 
provide back-up capacity and improve power quality. 
Furthermore, it can enhance the performance of photovoltaic 
(PV) residential systems, either increasing self-generation or 
controlling the flow of electricity sold to the grid [2]. 

On a grid-scale, it can assist in the large-scale integration of 
variable renewable energy. It can improve the transmission 
system performance by providing voltage support, decreasing 
transmission losses and diminishing congestion [2]. 
Furthermore, it can defer the investment in additional 
transmission capacity. There is also an opportunity for energy 
storage to replace thermal back-up capacity. With the increasing 
percentage of intermittent sources in the energy mix, there is a 
need for back-up capacity generation. This back-up capacity is 
supposed to be able to change its energy output in short periods 
of time. The limited utilisation of these power plants that provide 
back-up capacity can constitute an opportunity for energy 
storage (ES). With the future decrease in ES prices, storage 
solutions may compete with peaking power plants that provide 
back-up capacity [3]. Moreover, a storage system can 
accumulate additional revenue by providing other services 
throughout the rest of the year. For instance, it can provide 

ancillary services. Ancillary services are support services 
available to the grid operators, DSO and TSO, and are essential 
for maintaining power quality and ensure a secure and reliable 
electricity system [4]. Frequency regulation is one of the 
ancillary services that energy storage can provide. It consists of 
the close control of power imbalances between supply and 
demand and therefore maintaining grid frequency within 
desirable levels. This regulation service can be an adequate 
application for energy storage. According to [5], that evaluated 
the value of different regulation services based on their time 
response characteristics, the value of storage with a fast ramp 
rate can double the one from conventional generation as it can 
have a more accurate time response. Other ancillary services that 
energy storage could provide include the reactive power support 
in order to correct the power factor or adjust voltage levels [6]. 
Therefore, energy storage could have a business case providing 
ancillary services, though this segment has limited market size. 
Energy storage could contribute to a more cost-efficient 
electricity system by taking advantage of the price differences 
between different periods, what is commonly called of 
electricity arbitrage. Electricity arbitrage involves acquiring 
electricity in off-peak periods when electricity prices are low and 
take advantage of this period to charge storage systems. 
Afterwards, in peak periods, the stored energy can be used or 
sold in periods with higher prices. In the same way, storage can 
be used in periods with an excess of wind or solar production in 
order to avoid curtailment of renewable energy. Curtailment 
means to voluntarily reduce the energy output of variable 
renewable generation to prevent grid imbalances. In these 
periods of excess, the prices of electricity are low and there is an 
opportunity to arbitrage the price through storage. 

From the above use cases of energy storage, it is undeniable 
that energy storage can have multiple utilisation scenarios. 
However, in most of the cases, energy storage is not applied due 
to its high investment/capital costs. Therefore, it is necessary to 
prove the economic feasibility of the earlier referred options to 
convince both investors and policymakers of the usefulness of 
energy storage. In order to do that, an adequate methodology 
should be presented as the already existent for generation, the 
LCOE (Levelized Cost of Energy). There should be a reliable 
and trusting methodology for storage, the LCOS (Levelized Cost 
of Storage). 

The LCOS could provide a straightforward methodology in 
order to address the viability from the economical point of view 
of the investor. However, there is not a consensual methodology 
for LCOS calculation as there is for generation technologies with 
the widely used LCOE [7]. 

According to [6], LCOE is defined as the net present value 
of the entire cost of electricity generated over the lifetime of a 
generation asset divided by the total generated energy. It permits 
to compare different technologies which have different 
lifetimes, capacities, investment costs, fuel costs and  
efficiencies [6]. 

With the help of the LCOE is possible to compare different 
generation technologies in terms of cost, providing a unified 
methodology. Additionally, it is possible to infer about the 
profitability of a project with the comparison between LCOE 
and the price of electricity (in the point of connection to the grid) 



[6]. In contrast to electricity generators that have mainly one 
purpose that is to produce energy, storage technologies can serve 
multiple applications. The design parameters of the energy 
storage system (ESS) vary accordingly to the service that is 
being provided. Unlike, generation technologies which are 
characterised by power capacity, ESS are described by power 
capacity and energy capacity. Power capacity is the maximum 
instantaneous amount of power that can be produced, usually 
measured in MW. Energy capacity is the total amount of energy 
that can be stored in an ESS, traditionally measured in MWh.  
These parameters, along with others like the number of cycles 
per year, influence the LCOS and therefore it is only possible to 
compare costs for different technologies for the same use case, 
i.e. the same application. 

In the literature, there are different methodologies available 
for the LCOS. It is widely accepted that fuel costs and generated 
electricity, in the LCOE, should be replaced by charging costs 
and discharged electricity, respectively. In the first instance, the 
LCOS should have an analogical formulation to the one of the 
LCOE. It should reflect the discounted cost of electricity per unit 
of discharged electricity as it is represented in equation (1). 

𝐿𝐶𝑂𝑆 =  
∑(𝐶𝐴𝑃𝐸𝑋𝑡+𝑂&𝑀𝑡+𝐶𝐶𝑡) (1+𝑟)−𝑡

∑ 𝑀𝑊ℎ𝑡 (1+𝑟)−𝑡           (1) 

Where: 
𝐶𝐴𝑃𝐸𝑋𝑡 = Capital expenditures in year t 

𝑂&𝑀𝑡 = Fixed operation and maintenance costs in year t  

𝐶𝐶𝑡 = Charging cost in year t  

𝑀𝑊ℎ𝑡 = Electricity discharged in MWh in year t 

(1 + 𝑟)−𝑡 = Discount factor for year t  

Other factors should be taken into consideration when 
evaluating the life cycle costs of storage. Firstly, as the prices of 
electricity vary over time, an average value for electricity should 
be used [7][8]. Secondly, it should be taken into account that the 
storage capacity can limit the system to discharge and charge in 
the most optimal moments [7]. Finally, LCOS does not account 
for other services that energy storage could provide like ancillary 
services [7]. 

The principal con appointed to LCOS is that is a 
methodology solely based on costs. This can prevent investors 
from seeing the broader picture and the benefits and value of 
energy storage. A given energy storage system (ESS) can 
accumulate different sources of revenue by being used in 
different use cases. Although the system is usually designed and 
optimised for a specific application, the ESS can contribute with 
other sources of value [2] by providing additional services. The 
only condition is that the different services do not interfere with 
each other. 

The LCOS of different technologies must be compared for 
the same application. Certain technologies are more appropriate 
for specific applications. But there is a wide range of 
technologies. Currently, pumped hydro storage is the most 
mature and deployed technology in the world. It accounts for 
96% of the total power capacity installed in the world [1] and is 

                                                           
1 Costs in Lazard’s LCOS in USD/MWh. 2016 conversion rate (1 USD = 0.904 EUR) 
2  IRENA International Renewable Energy Agency  

the only commercially proven technology that can provide 
significative energy and power capacities [9]. Pumped hydro 
takes advantage of two storage reservoirs at different heights, 
using low-cost electricity to pump the water to the reservoir at a 
higher altitude and running as a conventional hydropower plant 
when electricity prices are high. PHS is characterised by large 
power capacity (100 MW-2000 MW), long lifetime, long 
discharge times and high efficiency, which favoured PHS over 
other technologies for bulk energy storage [9]. Due to the large 
energy capacity, it can perform daily energy time shift, as well 
as seasonal storage.  

The downsides of PHS include the long implementation 
times of the projects. The implementation of PHS projects takes 
around five years to complete. Two or three years for optimising 
the technical solution, social and environmental studies and 
financing. Afterwards, another two or three years for 
construction. Furthermore, PHS carries adverse environmental 
impact and geographical restrictions, i.e. there are limited 
locations where it is possible to develop this sort of projects.  

The stated factors can accelerate the utilisation of other 
energy storage solutions. Due to its rapidly falling costs, 
batteries have risen significant interest. But how do these two 
technologies compare? It can be challenging to compare PHS 
and battery technologies. Firstly, for the fact that they are 
technically very different from each other. Secondly, battery 
technologies are in formative stages and PHS is a very 
site-specific technology, i.e. the technical solution is adapted to 
the geography of the location. This results in incongruencies in 
the cost data across the scientific literature. Finally, batteries are 
divided in a wide range of families. The term “batteries” applies 
to a significant number of different technologies. Even among 
each technological family, there is often a wide range of 
subfamilies.  

In Lazard’s Levelized Cost of Storage [2], the life-cycle 
costs of different storage technologies are calculated for 
previously defined use cases. In the integration of large-scale 
variable energy resource generation like wind and solar, the 
LCOS for pumped-hydro ranges between 137 €/MWh to  
179 €/MWh1. In 2016, battery costs ranged from 237 €/MWh to 
709 €/MWh. This corresponds to the discounted costs through 
the lifetime of the storage system per MWh of delivered 
electricity. The capital costs are expressed as well in price per 
energy unit, though they are quantifying what investment must 
be made to acquire a storage system with a certain energy 
capacity. According to Lazard [2], pumped hydro capital costs 
range from 192.5 €/kWh to 283.0 €/kWh, while batteries range 
from 348.9 €/kWh to 1084.8 €/kWh. The wide range of costs in 
batteries is explained by the different stages of development of 
the different battery technologies. It is hard to predict how far 
the reduction in battery costs can go. However, according to 
IRENA2 [1], it is expected a decrease in the range of 50%-60% 
in a 2030 horizon. With that, it is likely that the LCOS of 
batteries could decrease to around 150 €/MWh and 200 €/MWh, 
making batteries able to compete with PHS. Lazard’s Levelized 
Cost of Storage calculations is based on a twenty-year project 
lifetime. However, considering that PHS has a much longer 

 



lifetime (50 to 100 years) and that batteries may need to be 
replaced every 10 or 20 years, the whole life cycle costs of 
batteries would be higher when longer lifetimes are considered. 
Therefore, if the lifetime of the batteries is not significantly 
increased, it is unlikely that batteries can compete with pumped 
hydro in providing large bulk energy services in the near future. 

In [9], different energy storage technologies are analysed in 
a perspective of determining which technologies have the most 
potential for grid-scale applications with the objective of 
mitigating the intermittency in renewable generation. This study 
provides an overview of the different technologies while 
comparing the life cycle costs for each one.  The results showed 
that PHS and CAES are still the most cost-efficient options for 
bulk energy storage.  

In the present work, it will be analysed a system that makes 
extent use of energy storage. The year of 2014 was used as the 
reference year in order to verify the validity of the model. 
Afterwards, the evolution of the power system with a 2030 
horizon will be studied. 

III. METHODOLOGY 

A model of the Portuguese power system was developed 
with the help of the EnergyPLAN tool. EnergyPLAN is a 
deterministic input/output model, i.e. a specific input will 
generate a certain output. It is not a stochastic model or a model 
that uses Monte Carlo methods [10]. Inputs are essentially 
demands, installed capacities and hourly production of the 
intermittent production, costs and strategies to handle the excess 
of energy produced by fluctuating renewables. Outputs are 
annual productions by technology, electricity imports/exports, 
fuel consumption, fuel costs, CO2 emissions and excess 
electricity production which is equal to the total generation 
minus the demand. 

EnergyPLAN was chosen over the vast range of other energy 
systems tools because it is a user-friendly freeware tool designed 
for studying future energy systems. It simulates a whole year in 
hourly time-steps. With this method, the software accounts for 
the effect of fluctuations in renewables production and demand 
for the entire year. Furthermore, is continuously being used to 
support academic and scientific research. 

The inputs for the model consist of several demands. 
However, the user can insert only the electricity demand in case 
he/she just intends to study the power system. Electricity 
demand requires two inputs: the total energy demand in one year 
(TWh) and a distribution data with 8784 values with the demand 
in each hour during a whole year (MW). Besides electricity 
demand, all the non-dispatchable technologies as the fluctuating 
renewable energy need the same distribution data for one year. 
These distribution data sets consist of simple text files with 8784 
values (the software always considers a leap year). The tool also 
requires the values for the capacities of each generation 
technology. For dispatchable generation also the efficiency 
values must be filled in.  

To ensure that EnergyPLAN can model the Portuguese 
system accurately, it was developed a model of the year 2014. 
This constitutes the reference year and it is essential to get 
acquainted with the software, with the grid under analysis and to 
calibrate the model for the simulation of future scenarios. 

After validating the reference year, two scenarios were 
considered for 2030. The Central scenario and the RES scenario. 
The Central scenario was mostly constituted by data from the 
RMSA 2017-2030 document [11]. The RMSA 2017-2030 is an 
official document that analyses the evolution of the Portuguese 
power system with a horizon to 2030. The RES scenario is equal 
to the Central scenario in every aspect except that is 
characterised by a 20% increase of wind and solar power 
capacities. Two sensibility analysis were considered for the 
Central and for the RES scenario. To investigate renewable 
integration on different consumption scenarios, 3 different 
demand scenarios were considered. A scenario of high, medium 
and low demand with growth annual rates for demand of 0.8%, 
0.5% and 0.2%. Three different scenarios of water availability 
were also simulated: a dry, a wet and a normal year. 

IV. RESULTS ANALYSIS 

A. Energy mix in 2030 

In a technical simulation, the algorithm applied by the 
software tries to minimise the use of fossil fuels by essentially 
using the national capacity. It does not import electricity if there 
is enough installed capacity that can match the demand. 
Moreover, the algorithm implemented by EnergyPLAN only 
exports energy when in excess. The exportation of energy is 
prioritised over pumped hydro. Only when there is no more 
transmission capacity, then pumped hydro is used. For instance, 
if at a particular moment, there is an excess of 2400 MW and the 
transmission capacity is limited to 2000 MW, 2000 MW will be 
exported and 400 MW will be used for pumping. 

The economic simulation in EnergyPLAN is designed to 
find the least cost solution while matching demand and supply, 
rather than on minimising fuel consumption. The simulation 
takes mainly two aspects in consideration. Firstly, the short-term 
marginal cost of producing electricity for each producing unit. 
Secondly, the least-cost solution of producing units is identified 
to match the demand [12]. Pumped storage is used to optimise 
the system in a more efficient way by taking advantage of price 
variations in different time periods, known as price arbitrage. 
The algorithm does not prioritise pumped storage in particular. 

The comparison of these two modes of simulation of 
EnergyPLAN makes possible to see the difference that the 
utilisation of PHS has in the energy mix, because in the technical 
simulation PHS was barely used while in the economic 
simulation was used to a greater extent.  

A technical simulation showed that in 2030, Portugal will 
still depend to some extent in ordinary status generation (OSG) 
thermal power, despite the decommissioning of coal power 
plants. Especially in a dry weather scenario, OSG natural gas 
would have to compensate for the reduced hydro production 
with 32% of the energy mix. If CHP is included, natural gas 
would assume a preponderance of 41% in a dry scenario, which 
would put Portugal exposed to the volatility in natural gas prices. 
This dependence from only one fossil fuel source can make 
Portugal in a delicate position in terms of security of supply. 
According to [13], Portugal imported natural gas mainly from 
two countries: Algeria (49%) and Nigeria (25%). Possible 
political instabilities that might occur in these countries can lead 
to an increase in prices and it would be especially harmful in a 



dry scenario. The PHS capacity assumes a valuable role in this 
situation. The results with an economic simulation, that makes a 
utilisation of PHS in a more similar way to what happens in the 
Portuguese reality, showed that in a normal scenario, pumped 
hydro allowed for an increase of dammed hydro production from 
9% to 16%, figure 1. Conversely, it allowed for a reduction in 
OSG natural gas from 23% to 17%. In a dry year, figure 2, and 
in a wet year, figure 3, it allowed for a reduction in OSG natural 
from 19% to 16% and from 32% to 22%, respectively. Hence, 
pumped storage seems to be especially important in a dry year, 
for the reason that it contributes to a better management of the 
scarce water supply. Also in a dry year, it is expected to be a 
more extensive use of PHS, table 1. 

Table 1. PHS consumption for different water scenarios 

Scenarios 2014  

(reference) 

2030 

normal 

year 

2030  

wet  

year 

2030  

dry  

year 

PHS [TWh] 1.08  3.09 3.54 5.66 

 

The reduction in CO2 emissions from 2014 to 2030 is 
noteworthy: from 12 Mt to 6.6 Mt (technical simulation). This 
shows the importance of the decommission of the coal power 
plants. With an economic simulation, the reduction is even more 
significant (4.5 Mt) since the broader utilisation of PHS makes 
possible this further reduction. 

The reduction in CO2 emissions is even more significant if 
we take into consideration that 2014 was a wet year which 
consequently makes use of less thermal generation. In 2014, the 
percentage of renewables in final electricity consumption was 
62% [14]. In a normal 2030 year is expected to be between 66% 
(technical simulation) or 72% (economic simulation). The share 
of renewable energy in the energy mix increased only partially 
in comparison to 2014 due to the fact that combined cycle gas 
turbines (CCGT) replaced most of the coal generation, and thus 
the percentage did not suffer any major increase.  

 

 

 Figure 1.  Energy mix 2030. Normal year 

 

 

(a) Wet year 

 

(b) Dry year 

Figure 2.  Energy mix in 2030. Wet and dry year. 

 

B. Renewable energy curtailment 

As mentioned before, in a national power system, the supply 
and the demand must be continuously balanced. When the 
supply exceeds the demand, the output from dispatchable 
sources like hydropower or condensing power plants is reduced. 
However, in condensing power plants, the flexibility to adjust 
rapidly their production is limited and the excess has to be either 
exported, stored or the renewable energy production has to be 
reduced in what is known as curtailment. EnergyPLAN 
identifies this excess of energy that cannot be either exported or 
stored in a variable named CEEP (Critical Excess Electricity 
Production). To access the importance of storage in preventing 
curtailment, the system was simulated with varying levels of 
PHS power capacity. The results are presented in figure 4. A 
system without storage would have 0.51 TWh of wasted 
renewable energy in a normal 2030 scenario. In a wet scenario, 



this value is higher for the reason that there is more intermittent 
generation from river hydro resources. Contrarily, there is the 
opposite effect in a dry year. 

Figure 3.  CEEP for varying PHS power capacity. 

To provide some context to these results it may be important 
to remember that Portugal in 2014 had around 1100 MW PHS 
capacity, in the present it has around 2400 MW and is expected 
to have around 3500 MW in 2030. 

The curtailed renewable energy decreases significantly when 
storage capacity is added. This is verified in the normal, wet and 
dry scenarios.  The CEEP is almost entirely reduced with 2000 
MW of PHS for the three scenarios. Therefore, more installed 
capacity does not contribute in reducing curtailment of 
renewable energy.  

However, more installed capacity could be necessary in a 
scenario with more variable renewable energy. Therefore, a 
scenario with plus 20% of wind and solar was simulated. 

In the RES scenario, the curtailed renewable energy, or 
CEEP, increases substantially in systems without PHS capacity 
or low PHS capacities, figure 4. This occurs in the three different 
water scenarios. This shows that in systems with more variable 
renewable energy, the storage capacity of the system assumes 
greater importance. But again, the system does not seem to 
benefit with more than 2000 MW of PHS as the reduction of the 
curtailment is not noteworthy past that point. 

 

Figure 4.  CEEP for varying PHS power capacity in the RES 

and Central scenario. Normal year. 

 
 

 

 

Figure 5.  CEEP for varying PHS power capacity in the RES 

and Central scenario. Wet and dry year. 

 

C. Economic comparison of the Central and RES scenarios 

In economic simulations, EnergyPLAN requires several cost 
data inputs. The cost data inserted into the model was based on 
EnergyPLAN Cost Database for 2030 [15]. The investment 
costs for generation units in M€/MW and for storage in 
M€/GWh, the lifetime of the project and the fixed operations and 
maintenance costs in percentage of the investment are filled in 
the model. Afterwards, the EnergyPLAN calculates the total 
investment costs according to the installed capacity of each 
technology type. Then, according to the typical lifetime of each 
technology, the tool annualises the costs, separating in 
annualised investment costs and annual fixed O&M costs. For 
solar PV, for instance, considering an investment cost for 2030 
of 0.82 M€/MW [15] and with the predicted installed capacity 
of 1773 MW in 2030, the total investment cost will be 1454 M€. 
Then, the annualised investment costs will be 74 M€, 
considering a 3% interest rate and a 30-year project lifetime. As 
it is exemplified for PV, EnergyPLAN does the same for the 
entire system, considering all generation technologies, storage 
capacity, pumping capacity and interconnection. A comparison 
of the annual costs for the entire system is represented in figures 
6 and 7 for the Central and RES scenarios. The costs are divided 



into annualised investment costs, in annual variable O&M costs 
and annual fixed operation costs. 

A sensibility analysis is performed for different demand 
levels, figure 6, and for dry and wet conditions, figure 7. In 
figures 6 and 7, it is possible to observe that the high annual 
investment costs in the RES scenario are compensated by lower 
variable costs, resulting in lower total annual costs for the 
system. This happens for all sensibility analyses performed, 
leading to the conclusion that the system would benefit from 
higher levels of solar and wind energy. The fact that wind and 
solar have null variable energy costs, i.e. they have no further 
costs of producing an additional unit of energy, compensates for 
the higher investments in renewable energy. On the other hand, 
the Central scenario has higher variable costs because of a 
broader utilisation of thermal power plants that imply variable 
costs with fossil fuels. 

 

 

Figure 6. Cost distribution for Central and RES  
scenarios and different demands 

 

 

Figure 7. Cost distribution for Central and RES  
scenarios and different water conditions 

 

 

                                                           
                   
3 DOD – Depth of Discharge 

D. Storage capacity evaluation 

In this section, it will be presented a critical analysis of the 
predicted storage capacity for 2030. It will be assessed if this 
capacity is sufficient or if there are needs for installing further 
capacity, either more PHS capacity or with the introduction of 
battery energy systems (BES). 

The expected PHS capacity for 2030 was considered to be 
3538.4 MW, together with the expected transmission capacity of 
3500 MW, it avoids the existence of any renewable energy 
curtailment, i.e. the CEEP variable in EnergyPLAN assumes a 
zero value. Therefore, from the technical point of view, it is 
unnecessary to increase the storage capacity of the system. 
Nonetheless, with the arbitrage of the price, it could be 
beneficial from the economic perspective.  

In the LCOS analysis, the parameters used in the calculation 
have to be the same in order to provide a fair comparison of 
different technologies. The parameters considered in Lazard’s 
LCOS analysis for large-scale energy storage [2] are 
summarised in table 2. A system with a power rating of 100 MW 
and storage capacity of 800 MWh is considered to complete a 
full cycle per day for 350 days of the year, what gives a total 
annual energy output of 280 GWh. 

Table 2. Operational parameters of the LCOS calculation [2]. 

Project life [years] 20 

Power rating [MW] 100 

Storage capacity [MWh] 800 

100% DOD3 cycles/day 1 

Days/year 350 

Annual Delivered Energy [MWh] 280 000 

 

Despite the fact that the system does not need any additional 
capacity from a technical point of view, it was considered to 
install more additional capacity with the intention to examine if 
the system would benefit from an economic perspective. Two 
options of supplementary storage capacity were considered: 
additional PHS capacity (open-cycle) or the introduction of BES 
with 100 MW and 800 MWh of power and storage capacity, 
respectively. This corresponds to the same parameters 
considered in the Lazard’s analysis. The simulations showed 
that for pumped hydro, the additional storage capacity delivered 
an annual energy to the grid of 70 GWh, while for batteries it 
delivered 95 GWh. Both values are a fraction of the 280 GWh 
considered in the LCOS calculation. This would result in higher 
costs for than the ones predicted in the LCOS calculation. The 
LCOS would assume a higher value for these investments in 
particular, as the LCOS is inversely proportional to the energy 
delivered to the grid. On the one hand, batteries deliver more 
energy to the grid. On the other hand, the LCOS of PHS in 2030 
is expected to remain lower than the LCOS of batteries. 
However, the additional delivered energy by batteries does not 



seem sufficient to compensate for the higher costs of batteries. 
The same total annual costs mentioned in the previous section 
were observed. EnergyPLAN calculates that a system with no 
more storage capacity will have 5326 M€ of overall annual costs, 
while a system with more PHS capacity will have 5331 M€ and 
a system with batteries 5337 M€. These values confirm that 
investing in more energy storage is not beneficial from an 
economic perspective. In case it is invested in more energy 
storage, PHS is expected to still present itself as a better option 
than batteries by 2030. For the RES scenario, the PHS delivered 
130 GWh to the grid and batteries 155 GWh. The total annual 
costs were 5203 M€ with no storage, 5205 M€ for PHS and  
5207 M€ for batteries. These results yield similar results to the 
Central scenario. Again, the justification of more investments in 
energy storage is not evident. However, the differences between 
costs of not investing in further storage and investing are lower 
than before, what corroborates that energy storage holds greater 
value in systems with larger RES penetration.  

It is important to note that EnergyPLAN can only capture the 
benefits of performing the price arbitrage of electricity. 
However, energy storage could find other use cases that would 
increase its profitability by providing ancillary services for 
example. Therefore, these results should not be assumed as 
definitive and further simulations should be performed with 
other tools or models.  

V. CONCLUSIONS 

In this work, it was studied the role of storage in a real-world 
case. The analysis was performed for the context of the 
Portuguese power system, though the methodology can be 
applied into any other national grid. In order to study the 
Portuguese power system, a model was developed with the help 
of EnergyPLAN simulation tool. A reference year was modelled 
to ensure that the model can simulate the energy system 
accurately. With a reference year, the user can compare the 
historical data with the output of the simulation. Besides, it 
enables the user a learning process of the tool algorithms and 
also of the energy system under study. Afterwards, the evolution 
of the power system was studied with a 2030 horizon. When 
investigating the development of the system regarding 
hydropower capacity, it was noticed that similar analyses did not 
include the recent cancellation of some of the hydropower and 
PHS projects initially planned. This constituted an additional 
motivation for investigating whether the storage capacity can 
integrate the rising levels of variable renewable energy predicted 
for 2030, and verify if the cancellation of the projects would 
affect the reliability of the system.  

A technical simulation showed that in 2030, Portugal will 
still depend to some extent in ordinary status generation (OSG) 
thermal power, despite the decommissioning of coal power 
plants. Especially in a dry weather scenario, natural gas would 
have to compensate for the reduced hydro production with 32% 
of the energy mix. If CHP is included, natural gas would assume 
a preponderance of 41% in a dry scenario, which would put 
Portugal exposed to the volatility in natural gas prices. The PHS 
capacity assumes a valuable role in this situation. In a dry 
scenario, pumped hydro allowed for an increase of dammed 
hydro production from 5% to 14%. Conversely, it allowed for a 
reduction in OSG natural gas from 32% to 22%. Even in normal 

and wet conditions, the reductions in OSG thermal production 
induced by pumped hydro are substantial with a decrease from 
23% to 17% for normal conditions and from 19% to 16% in wet 
conditions.  

The reduction in CO2 emissions from 2014 to 2030 from  
12 Mt to 6.6 Mt (technical simulation) or 4.5 Mt (economic 
simulation) shows the importance of the decommissioning of 
coal power plants. The share of renewable energy in the energy 
mix increased only partially in comparison to 2014.  This is 
explained by the fact that combined cycle gas turbines (CCGT) 
replaced most of the coal generation, and thus the percentage of 
renewable energy did not increase significantly. 

The economic simulation was observed to be more accurate 
in depicting the Portuguese reality, for the reason that it makes 
broader use of PHS as it occurs in reality. Furthermore, it depicts 
more accurately the interaction between Portugal and Spain, 
regarding exports and imports of electricity. 

Regarding the ability of the storage system to integrate the 
rising levels of intermittent renewables in a 2030 horizon, the 
results showed that the predicted PHS capacity (3538.4 MW) 
was enough for avoiding the existence of any critical excess of 
energy. Critical excess is the energy that cannot either be 
exported or stored, leading to the curtailment of renewable 
energy, in order to avoid a collapse in the power system. For this 
inexistence of critical excess, the increase in interconnection 
capacity with Spain to 3500 MW also revealed to be 
fundamental. A scenario with more variable renewable energy 
generation was also considered (RES scenario), namely a 20% 
increase in wind and PV capacity in comparison to the 
predictions of the RMSA 2017-2030. This scenario also 
presented no critical excess with the predicted PHS capacity for 
2030. Simulations were run for lower PHS capacities.  A system 
with no PHS capacity would have a critical excess of 0.51 TWh 
and this situation would accentuate with 0.88 TWh in a wet 
scenario due to the presence of higher levels of non-dispatchable 
river hydro generation. In a scenario with more renewables, the 
storage capacity assumes higher importance, avoiding the 
curtailment of more renewable energy than the central scenario. 
A PHS capacity of 2000 MW revealed to be enough to avoid 
most of the curtailment of renewable energy.  

It was shown that the increase in renewable energy would 
decrease the overall costs of the system for all the different 
demand and weather scenarios, as the lower variable costs would 
compensate the higher investment costs of more RES. This fact, 
together with the fact that the system can integrate higher levels 
of RES with sufficient storage capacity, it leads to thinking that 
further efforts should be made in increasing RES power 
capacity, and go beyond the predictions for 2030 wind and solar 
installed capacities. 

Regarding the need for more storage capacity, the system did 
not seem to benefit from a technical perspective as lower storage 
capacities were sufficient to avoid RES curtailment. From an 
economic perspective, the overall total costs presented higher 
values for more storage capacity, especially for battery 
solutions. Economically, PHS still seems to be a more cost-
efficient option than batteries by 2030. 



The results presented in this work should be considered with 
some caution as they are the output of a model that may not 
entirely depict the reality. In EnergyPLAN model, the 
generation capacity for each technology is aggregated in a sum 
of individual power plants. It is like only one power plant of each 
technology is used to simulate the whole generation capacity of 
a country. This makes the tool unable to account for the 
geographical location of the generation and loads, and possible 
congestions in the internal transmission system. For this reason, 
the task of integrating higher renewable energy shares can be 
somehow facilitated in comparison to reality. Moreover, PHS 
systems in particular may have improved capacity factors due to 
the aggregation of the installed power and storage capacities. 
Therefore, in fact, the need for energy storage can be slightly 
higher than here predicted. One perspective of future work could 
be to perform similar analyses but considering more individual 
data of the generation, loads and PHS systems. However, this 
would increase drastically the complexity of the model. 

Other perspectives for future work could be to compare the 
costs of investment in storage with the costs of the alternatives. 
For instance, the costs of investing in thermal back-up capacity. 
Or additionally, to study the effects of climate change in the 
results. With climate change, it is expected more extreme 
seasons, i.e. longer periods of dry climate followed by periods 
of intensive rain. Therefore, the impact of climate change in the 
results could be interesting to examine. It is expected that PHS 
assumes a greater importance under such conditions, as it would 
contribute for a better management of the water supply. 
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