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Overview 
Portugal plans to more than double its pumped hydro storage capacity by 2020 to accommodate an increasing penetration of renewables.  The new pumped hydro storage will take the form of hydroelectric dams equipped with turbines and pumps.  While new hydroelectric capacity will bring market prices down across the board, we consider only the storage function of the dams on the markets and other stakeholders.  Such an increase in storage capacity and renewables has the potential to affect the market price of electricity in the Iberian market, MIBEL.  We use a nonlinear optimization program to analyze the affect of storage on market prices, consumer expenditures, thermal generator revenues, and storage owner profits.  We define the social welfare effect of storage as the net change in CO2 emissions of the electricity system.  We find that storage produces a social welfare benefit at the expense of thermal plants.  Other works that examine the welfare effects of electricity storage are Walawalkar, Apt, and Mancini (2007) and Sioshansi et al. (2009).  

Methods
We calculate the benefits and costs of storage to consumers, storage operators, and thermal generators using a nonlinear optimization program.  Depending on the storage owner, the objective function of the optimization changes.  We consider three cases:  an independent storage owner, thermal generator-owned storage, and consumer-owned storage (storage owned by a PUC, for example).  The objective function for the independent storage owner maximizes net revenues from electricity arbitrage.  In the case where one entity owns thermal generation and storage, the owner maximizes revenues from the storage and thermal operations combined.  For consumer-owned storage, the objective function minimizes the consumer expenditure on electricity, with the assumption that consumers pay market prices for each unit of electricity consumed.

We relate market volume to market price using two best-fit lines per day corresponding to high and low demand periods (Figures 1 and 2).  We define low demand as the period between midnight and 9 am, and high demand as the period from 10 am to 11 pm.  
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Figure 1.  One day of load in the Iberian (Spanish and  	Figure 2.  Best fit lines relating 	price and market volume for
Portuguese) Electricity Market 			high and low demand periods
						
Results
We find that large-scale storage shaves peak prices in the MIBEL market while increasing prices during off-peak periods (Figure 3).  This leads to decreased revenues for thermal generators in the Portuguese utility EDP (Figure 4).
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Figure 3.  MIBEL market price of electricity with and 	Figure 4.  Daily thermal generator revenues with and 
without storage					without storage in the system.  Error bars represent
revenue level uncertainty from using forecast market prices to operate storage
Changes in electricity generation from thermals affect overall CO2 emissions.  Further, changes in CO2 emissions and stakeholder benefits will be different depending on the objective function of the storage owner (independent, thermal generator owner, or consumers).  Consumer-owned storage will seek to minimize consumer expenditures on electricity, while thermal generator-owned storage will need to balance the competing objectives of storage revenues and generator revenues.  Finally, time of year factors into the potential net revenues from storage.  Highest revenue potential occurs during the most volatile price periods of the year (i.e. periods with large price spreads).  Analysis of MIBEL prices in 2011 shows the highest potential for revenues occurs in winter (Figures 5 and 6).
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Figure 5.  Maximum difference between minimum and 	Figure 6.  Daily profits from storage of each new dam
maximum price per two week period in 2011	in spring and winter.  Profits are much higher in winter due to higher maximum price spreads

Conclusions

We show that planned hydropower storage capacity in Portugal will affect Iberian electricity market prices, consumer expenditures on electricity, thermal generator revenues, and CO2 emissions.  Our conclusions are relevant beyond the Iberian Peninsula; any electricity market facing significant new storage capacity will experience changes in peak and off-peak prices, and consequently changes to consumer expenditures and thermal generator revenues.
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No storage	Coal	NG	350.2	548.34	Storage	28.805	42.6	28.805	42.6	Coal	NG	320.235	503.74	Daily Revenues (Thousands)

Max price spread, MIBEL 2011
Observed prices	100.0	82.0	28.5	39.65	32.83	46.1	59.1	44.19	24.43	57.67	25.0	23.37	22.72	26.87	30.23	28.95	29.01	24.4	45.31	36.43	40.14	84.62	90.91	50.0	79.9	61.6	Two week period

Winter	Foz Tua	Alvito	Baixo Sabor	Gouvaes	Girabolhos	66.493	19.281	35.194	29.474	22.768	Spring	Foz Tua	Alvito	Baixo Sabor	Gouvaes	Girabolhos	4.121	1.73	2.751	2.639	2.588	Daily Profits (Thousands)
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