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Abstract

Pumped storage cost is compared with lead acid battery cost for hypothetical solar electric village mini-grid requiring 100 kWh of energy storage and with a peak load of 20 kW. Using existing technology, and using assumptions that favor pumped storage, the pumped storage option is found to be 4.8 times more costly (net present value) than lead acid battery storage, making it unlikely that pumped storage is cost-competitive. Sensitivity analysis finds that the result is robust to wide variations in key variables, including discount rate, peak sun hours/day, battery lifetime, and peak load.
Introduction
The high expense and difficulty of electricity storage is a key challenge for electricity infrastructure in general. For any system powered entirely by intermittent renewable energy, it is particularly difficult. To date, mini-grids generally use lead acid batteries, or forego energy storage and use dispatchable generation (generally diesel generators) running all the time that electricity is demanded, with only supplemental energy provided by intermittent renewables.
Lead-acid batteries have well-known shortcomings. They need frequent replacement (every 1 to 8 years depending on a variety of factors), their costs are significant, and they can be dangerous in a variety of aspects: batteries can explode, the sulfuric acid they contain can cause severe burns, and the batteries must be recycled to avoid contaminating the environment with lead. 

Large-scale pumped hydroelectric storage has been used since 1929. It remains the most commonly used and most commercially viable electricity storage technology (Cheung, Cheung et al. 2003). Pumped storage is currently used for installations varying in size from 30 MW to 350MW per installation. By 1997, 290 pumped hydroelectric with 82.8 GW of capacity were installed worldwide. In Japan 10% of total electricity is produced from pumped hydroelectric storage (Bradshaw 2000; Wikipedia 2006).

How it works: during periods of excess electricity generation, water is pumped from a low reservoir to a higher one. During periods when electricity is demanded, the water flows through turbines from the high reservoir to the lower one to generate power. Early pumped storage in large facilities used separate pumps and turbines. For large pumped storage, technology is now available that allows turbines to operate “backwards” as a pump with high efficiency (up to 78% for new machines) of the input electrical energy (Bradshaw 2000).
Considering the success of pumped storage in large facilities and the well-known challenges with lead-acid batteries, would it make sense to use pumped storage in a stand-alone mini-grid application instead of lead acid batteries? This study answers this question for the case of a typical (hypothetical) solar PV mini-grid situation.
The answer (explained in detail below) is that with today’s technology pumped storage is unlikely to be competitive with lead acid batteries for mini-grid applications.

Methods and calculation
The hypothetical case we investigate has the following characteristics:

	Storage requirement (kWh)
	100

	Peak load (kW)
	20

	Power source
	Solar PV

	Height of hill available for upper reservoir (meters)
	50

	Days of energy storage
	1

	Average sun hours per day
	4.5

	Discount rate
	10%


Table 1: Base-case assumptions.
A system of this size would meet the electricity needs of a community of 80 to 100 rural households in Thailand. The 100 kWh of storage represents sufficient energy to power 5 hours of peak load – roughly enough power for one day, following a typical village load profile of loads concentrated during a few hours in the night and morning time (Greacen 2004). 
For each option, we estimate the initial and ongoing capital and O&M costs of the equipment. Costs that are common to both options (e.g. cost of electricity generation source such as PV modules, distribution wires) are excluded from this analysis. 

In order to reduce the contestability of our findings, our analysis makes an explicit effort to over estimate the costs of the battery option and underestimate the cost of the pumped storage option. In the sensitivity analysis section, we investigate wide variations in initial assumptions. The spreadsheet model used to evaluate the options is available for public download at: 

www.palangthai.org/docs/PumpedStorageVsBattery2May06.xls  
Battery Option

The rated energy storage of a battery is: 
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Equation 1
Vnominal is the nominal battery voltage and Crated is the battery’s rated ampere-hour capacity.

Following standard lead acid battery sizing procedures
, we restrict depth of discharge (DOD) to 50% of battery capacity in order to ensure long battery life (Perez 1993). We assume that new batteries are 85% efficient (round-trip charge ( discharge) and that at the end of their useful life they work at only 50% efficiency. Taking the simple average of the “new” and “old” efficiencies, we estimate that batteries are typically 68% efficient averaged over their lifetime. 
The actual usable energy storage in a battery is thus given by:
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Equation 2
Where Eusable is measured in kilowatt hours (kWh), and DOD is the allowable depth of discharge (50%).
Using retail prices for batteries (SMA SI-BAT1200 OPzV) deep-cycle lead-acid, Vnominal = 60 volt, Crated =1200 Ah)
, we find that one kWh of usable storage costs US$528, and the mini-grid’s required 100 kWh of usable storage costs US$52,768.

The battery option requires an inverter to convert direct current (dc) electricity into alternating current (ac) used by common appliances. For these calculations we chose four German-made 4.5 kW SMA Sunny Island inverters.

The overall battery/inverter efficiency is given by:
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Equation 3
where 
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 in the inverter efficiency  (assumed to be 85%) and 
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 is the average battery efficiency (estimated above to be 68%).

The accompanying spreadsheet calculates net present value of costs for a battery bank that provides the required 100 kWh of usable storage, as well as an inverter costs. The costs include the costs of periodic battery and inverter replacement, at 4 and 10 years respectively
. The total net present value of the cost of battery option is  $176,336.
Pumped Hydroelectric Storage

While contemporary pumped-storage in large hydropower facilities are able to use the turbine run backwards as a pump, this technology has not been developed for small scale (less than 1 megawatt) applications or for stand-alone (off-grid) applications.
 This study thus considers options for a pumped storage scheme possible using existing technology: requiring a pump (in this case solar powered) and a separate turbine.
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Figure 1: Schematic of pumped storage option considered in this analysis, using separate pump and turbine. Source (Energy Managers Training 2006)
The operation of the system is as follows: fresh water is pumped from the lower reservoir into the upper reservoir via solar-powered pump. Typical pumps are centrifugal (for high-flow, low head) or positive displacement pump (high head) applications. Motors for PV pumps are brush type permanent, brushless permanent magnet or ac motor with specialized inverter that produces variable-frequency to match pump speed to the power available from the solar PV panel (Kenna and Gillett 1984). To produce the electricity, the water from above reservoir is released to the below reservoir passing through the turbine generating the electricity as needed. Appropriate turbines include crossflow, pelton, and turgo type (Inversin 1986).
Reservoir(s) 

As shown in figure 1, a pumped storage system requires upper and lower reservoirs. If upper and lower existing lakes are available, these could be used. If only one lake is available, a second reservoir will need to be constructed. The ocean is not a suitable lower reservoir since no solar water pumping or micro-hydro equipment is available that can withstand the corrosive effects of salt water.

The formula below shows the energy available from a volume of water falling from an upper reservoir to a lower reservoir separated by a height (h):
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Equation 4
Where


Eusable is the energy released in Joules

V is the required volume of water in cubic meters (m3)


h is the total head in meters (m)
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 is the density of water (1000 kg/m3)


g is the gravitational acceleration (9.81 m/s2)
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is the combined turbine efficiency and pipe efficiency. In this case, we (generously) assume the turbine is 60% efficient, and that pipe is 90% efficient, leading to overall turbine efficiency of 54%.
One Joule/second is a Watt. Since there are 3600 seconds in an hour, equation (1) can be rewritten
 in kWh as:
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Equation 5
Solving for V, we have:
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Equation 6






Using Eusable = 100 kWh, h = 50 meters, and 
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= 54%, each reservoir (upper and lower) must have a volume of V = 1359 m3.
This study does not include the costs of such a reservoir. It should be noted that this is a volume of water is roughly equivalent to an Olympic size swimming pool (50 meters long, 20 meters wide, 1.4 meters deep). Volume requirements could be lessened by increasing height (h) of the upper reservoir above the lower reservoir. For example, doubling height to 100 meters would require reservoirs of “only” half the volume of an Olympic swimming pool.
If the reservoir was constructed from concrete in the shape of a sphere (the shape with the lowest area/volume ratio) with an average wall-thickness of 0.125 meters, it would require 75 cubic meters of concrete. 
Turbine and associated control equipment
Micro-hydro turbine costs are very site specific. Well-implemented micro-hydro projects in Nepal, Sri Lanka have cost around $1000 to $2000 per installed kW (Harvey, Brown et al. 1998). In Thailand, DEDE projects are typically twice this amount (Greacen 2004) due to lack of competition, lack of design innovations, and other factors. Though probably unrealistically low, this study conservatively assumes that for the pumped storage option the micro-hydro turbine and accompanying pipe can be built for $1000 per kW, or $10,000 for a 10 kW turbine – sufficient to meet peak loads. We assume the turbine/generator lasts 20 years (an ambitious assumption perhaps, but shorter timescales would further worsen the economics of the pump-storage option.)
In villages, loads are not constant. Residents turn on and off lights and other appliances as they see fit.  A control scheme is necessary that ensures that electricity production is equal to demand at all times in order to keep voltage and frequency at levels that do not damage appliances. Micro-hydro systems powered by village streams have a simple, if somewhat wasteful solution: full power is produced whenever the micro-hydro is turned on, but excess electricity not demanded by the load is diverted to ballast load resistors that produce (waste) heat. Low load factors in villages mean that a majority of a village micro-hydro generator’s electricity production can be dissipated as waste heat. This solution is not appropriate for pumped storage as it would lower overall efficiency to unacceptably low levels.

There are two options to balance demand and supply in a village pumped storage scheme: (1) produce full power at the turbine, but use a bi-directional inverter to divert any excess to a small battery bank. When the battery bank is full, turn off the micro-hydro completely and use battery until it is somewhat discharged and then re-start the turbine and begin the process again; or (2) use a hydraulic controller that opens and closes the micro-hydro’s penstock valve in response to changes in load. 

Both options have drawbacks. The small battery/inverter approach requires batteries which need periodic replacement, as discussed above in the section on batteries. Moreover, the use of batteries and an inverter introduces more energy conversion steps and therefore new sources of energy loss. And finally, the option requires purchase of an inverter and a scheme to turn on and off the penstock valve when the battery is discharged/charged.
Hydraulic controllers also introduce inefficiencies: by shutting the valve to reduce water flow the controller introduces high friction losses. Turbines are efficient at design flows, and generally quite inefficient when operated at flows less than design flow. Finally, in practice hydraulic controllers are expensive, have many moving electro-mechanical parts, are prone to breakdown, and react slowly to changes in load sometimes causing severe oscillations in voltage and frequency (Greacen 2004).
This study chooses the battery/inverter option because it would likely have fewer technical problems, but either option introduces similar costs and inefficiencies.
Solar pumps

Unfortunately, no solar pumps are produced in sizes larger than 5 HP because solar pumping at large pump sizes is not competitive with diesel pumping and therefore manufacturers concentrate only on smaller pumps (Dankoff 2003). As a result, if available equipment is to be used, multiple solar pumps are required.

If the pumps are to fill the 100 kW of storage in D days, then the number of pumps is given by:
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Equation 7
where n is the number of pumps, V is the volume of the reservoir, and f is the amount that each pump can pump in one day (cubic meters per day).

The most energy efficient and cost-effective solar pump for “high volume” 50 meter head pumping range is the Solar Force Piston Pump (Dankoff 2006), which uses a DC motor and a positive-displacement pump. At 48.8 meters it can pump 5.6 cubic meters per day, requiring a PV array of 323 watts assuming 5 sun-hours per day (359 watts assuming 4.5 sun hours/day).
Equation (4) suggests that 244 pumps are required to fill the reservoir in 1 day assuming 4.5 sun-hours of light. Each pump costs $1,500 (when ordered in quantities exceeding 100 units). We assume these pumps last 20 years (again, an ambitious, but shorter timescales would further worsen the economics of the pump-storage option.)
Efficiency of pumped-storage

Efficiency of the pumped storage scheme is given by the equation:
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Equation 8
Where
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 is the portion of energy that flows directly from turbine to the load, and (1-
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) is the portion that is also passes through the inverter/battery in short-term storage. 
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is assumed in this study to be 50%.
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 is the pump efficiency (assumed to be 50%)
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 is the efficiency of the pipe (accounting for losses associated with friction). The number appears twice because water must flow uphill (during pumping) and downhill (during turbine operation).
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Additional PV array

The efficiency of the battery storage option is estimated at 57%.  The efficiency of the pumped storage option is about 19% -- about 1/3 that of the battery storage option. This means that for the same amount of useful energy out of the system, three times as much electricity from the solar panels is needed in the pumped storage arrangement.

The array needed for the battery option is calculated as:
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Equation 9
Where 
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 is the battery/inverter efficiency calculated in Equation 3. Eusable is as discussed above, and is 100 kWh. storagedays is the number of days that the solar panels take to replenish the discharged batteries, and is assumed to be 1 day in the base case (consistent with typical village mini-grid systems that have backup generation). sunhrs is the number of “peak sun hours” per day. One hour of sunshine at 1000 watts/m2 equals one equivalent peak sun hour. Southern Thailand has on average about 4.5 peak sun hours per day.
 
Using these assumptions, the array is:

Ppv-battery = 39 kWp.
The array needed for the pumped storage option requires an additional 77 kW. Assuming PV costs $5 per watt, this requires additional $387,435 in solar PV costs compared with the battery option to make up for power lost in the pumped storage lower storage efficiency.
Summary comparison and sensitivity analysis
This section considers the net present value (NPV) of the different options based on the differences in costs and efficiencies discussed above, assumed discount rate (10%)  and lifetimes of equipment shown in Table 2.

	Equipment
	Lifetime (years)

	PV modules
	20

	Pumps
	20

	Micro-hydro generator
	20

	Inverter
	10

	Batteries
	4


Table 2: Equipment lifetime assumptions for NPV calculations. 20 year lifetime for pumps and micro-hydro generator is chosen to favor the “pump as turbine” option. 
Using Excel’s NPV function, the accompanying spreadsheet calculates that over a 20 year period, the cost of the battery option is $176,000 while the pumped storage option is about 4.8 times higher at $841,000. As discussed above, this calculation ignores:

· Cost of reservoirs
· Cost of fresh water

· Evaporation and leakage losses

· Cost of replacing pumps and turbine (assumed to last 20 years)

· Salvage value of sulfated lead acid batteries

In addition, the assumed base-case battery life (4 years) is short compared to the manufacturer’s rated cycle life of 5750 cycles (16 years assuming one cycle per day).
Adding these adjustments further improves the relative cost effectiveness of the battery option.
The sensitivity of the result to variations in assumptions is shown below:

	(Base case value)
	Scenario
	Sensitivity value
	Result (ratio of pumped storage to battery option cost)

	10%
	Low discount rate
	0%
	2.8

	
	High discount rate
	20%
	6.5

	20kW
	High peak load
	30 kW
	4.5

	
	Low peak load
	5 kW
	5.1

	4.5 hours
	High sun hours
	5.5 hours
	4.4

	
	Low sun hours
	3.5 hours
	5.4

	1 day
	Low storage days
	0.5 day
	9.1

	
	High storage days

	3 days
	1.8

	2 years
	Long battery life
	8 years
	6.8

	
	Extremely short battery life
	2 year
	2.9

	$5/Wp
	Cheap solar PV
	$1 per Wp
	3.0

	Base case assumptions
	4.8


Table 3: Sensitivity analysis
From the sensitivity analysis, it appears unlikely that pumped storage is more cost effective than lead acid batteries. In all cases considered in the sensitivity analysis, the pumped storage option is twice or more costly than the battery storage option.
The sensitivity analysis suggests that pumped storage appears to improve (but is still far from competitive with batteries) in cases of low discount rate, high peak load, high sun hours, high storage days, and extremely short battery life.

All things being equal, a low discount rate favors options with higher portion of costs as investment costs. This is the case with pumped storage, which has lower replacement costs.

Increasing peak load has relatively little effect, since inverters (and turbines in the pump option) are a relatively small portion of total costs.
High sun hours increases the competitiveness of pumped storage because it reduces (somewhat) the requirement to purchase new PV capacity to make up for energy lost in the high inefficiencies of pumped storage.

High storage days also increases the relative competiveness of pumped storage because according to the model battery costs are a linear function of kWh, whereas reservoir costs are not (in fact, in the model reservoir costs are assumed to be zero). This reflects a possible shortcoming of the model, but also suggests that for very large storage times (more than 5 days) and situations in which reservoir storage capacity is free (or very inexpensive) pumped storage might be cheaper than a huge battery bank. Village power experience shows, however, that in practical applications storage times this long are avoided. Instead, systems use some form of backup generation (typically a diesel generator).

Finally, extremely short battery lifetimes (2 year) makes pumped storage look somewhat better. This result derives from the higher NPV of a battery option that requires frequent battery purchases over the next 20 years.
In the event that there is a huge breakthrough in solar PV prices, and costs are brought down to $1 per installed peak watt (from $5 currently), then the additional array made necessary by pump storage inefficiencies is less expensive, but not enough to make pumped storage competitive.

Discussion
Considering that pumped storage is a competitive option for large scale (>30 MW) systems, why is it such a non-competitive option for mini-grids?

· Large scale grid-intertie systems can rely on the off-peak hour grid to provide stable voltage to pump water. A solar-powered mini-grid, on the other hand, has to use special pumps that will not stall at low/medium insolation levels. These types of pumps cannot be run backwards to generate electricity. And they are only sold in “small” sizes. Many separate pumps are required, and a separate turbine, increasing capital costs.
· Load in village mini-grids is not constant. But it is challenging and inefficient to control water flows to a micro-hydro in such a way that it adapts to changing loads. If an inverter/battery step is added to provide short-term storage to meet variations in load, this introduces additional inefficiencies.
· The much lower efficiency of small-scale pumped energy storage means that more solar array is needed to produce the same final output (after storage). The high expense of solar modules and low efficiency of pumped storage are cost prohibitive. But even $1 per watt solar is not enough to make pumped storage worthwhile.
References
http://www.electricitystorage.org/pubs/2000/summer2000/PHS-CAES.pdfBradshaw, D. T. (2000). "IEEE PES meeting on energy storage pumped hydroelectric storage (PHS) and compressed air energy storage (CAES)." TVA. 
Cheung, K. Y. C., S. T. H. Cheung, et al. (2003). "Large-Scale Energy Storage Systems." Imperial College London. http://www.doc.ic.ac.uk/~mpj01/ise2grp/energystorage_report/
Dankoff, W. (2003). "Solar Irrigation: The Economics of Large Versus Small Systems." http://www.kingsolar.com/catalog/mfg/dankoff/solarirrigation.htm
Dankoff, W. (2006). "Solar Force Piston Pump specification sheet." http://www.absak.com/pdf/SolarForceSpec.pdf
Energy Managers Training (2006). "Types of energy storage." http://www.energymanagertraining.com/power_plants/Energy_typs.htm
ESMAP (2000). "BRAZIL: Rural Electrification with Renewable Energy Systems in the Northeast: A Preinvestment Study." July. http://www.worldbank.org/html/fpd/esmap/pdfs/232_00-Brazil.pdf
Greacen, C. (2004). "The Marginalization of "Small is Beautiful": Micro-hydroelectricity, Common Property, and the Politics of Rural Electricity Provision in Thailand." Energy and Resources Group: University of California, Berkeley. http://www.vidacom.org/chris/GreacenDissertation.pdf
Harvey, A., A. Brown, et al. (1998). Micro-hydro Design Manual: A Guide to Small-scale Water Power Schemes. London, Intermediate Technology Publications. 

Inversin, A. R. (1986). Micro-Hydropower Sourcebook. Arlington, VA, NRECA International Foundation. 

Kenna, J. and B. Gillett (1984). Solar Water Pumping a Handbook, Intermediate Technology Publications. 

Kruska, M. (2006). "Delivering Power to the Planet." Siemens. http://siteresources.worldbank.org/INTENERGY/Resources/Kruska.pdf
Perez, R. (1993). "Battery Technology Comparisons." Home Power Magazine 35(June/July): 54-56. 

Wikipedia (2006). "Pumped-storage hydroelectricity." http://en.wikipedia.org/wiki/Pumped-storage_hydroelectricity
Williams, A. (1995). Pumps as Turbines: A User's Guide, ITDG Publishing. 



� http://www.solarexpert.com/Pvbattery.html


� Quote from Oussama Chehab, SMA Technologie AG 3 April, 2006.


� Quote from Oussama Chehab, SMA Technologie AG 3 April, 2006.


� This is a substantial derating for these batteries, considering that the manufacturer rates the battery at 5750 cycles, implying a lifetime of 15 years if cycled daily.


� It is true that off-the-shelf centrifugal pumps can be operated backwards effectively as a turbine, with the pump’s induction motor operated as an induction generator. But the head and flow requirements for the device operating as a pump are significantly different than what is required to effectively operate the devices as a turbine. (� ADDIN EN.CITE <EndNote><Cite><Author>Williams</Author><Year>1995</Year><RecNum>967</RecNum><MDL><REFERENCE_TYPE>1</REFERENCE_TYPE><REFNUM>967</REFNUM><AUTHORS><AUTHOR>Arthur Williams</AUTHOR></AUTHORS><YEAR>1995</YEAR><TITLE>Pumps as Turbines: A User&apos;s Guide</TITLE><PUBLISHER>ITDG Publishing</PUBLISHER></MDL></Cite></EndNote>�Williams, A. (1995). Pumps as Turbines: A User's Guide, ITDG Publishing. � In addition, the control and energy conversion requirements for operating a convertible pump/turbine at variable power inputs/outputs required by a stand-alone mini-grid powered by intermittent renewables and with intermittent and variable loads pose special problems. While such technology is theoretically possible, none currently exists.





� the 1000 kg/m3 factor balances out 1000 watts/kW


� http://www.solar4power.com/map7-global-solar-power.html


� Increasing storage days in the model has the effect of decreasing the array size in the model, since 100 kWh storage capacity is constant.
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