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Abstract

In order to compliment the growing use of renewable energies in the United States, additional
technologies must be employed on the bulk power system. This paper forecasts the most probable
energy storage technologies. These include: compressed air energy storage, pumped hydro,
flywheels, lead acid batteries, and advanced battery technologies. A SWOT analysis was
performed on each of the storage types to identify potential benefits or disadvantages. This
analysis provided a multi-perspective view of these energy storage approaches. Next Bibliometric
and Patent searches were conducted for all of the key technology types. This data was then used
to create growth curves applying the Gompertz and Pearl methods. An analysis of this research
shows the how different rates of growth correspond to the maturity of the various storage types, and
predicts when some of the newer technologies will overtake the mature technologies in this area.

Problem Statement

The US Department of Energy constructs energy forecasts annually [1]. In their February 2009
forecast, they estimate that our electricity demand will grow from 13,382 trillion Btu's in 2009 to a
predicted 16,730 trillion Btu's in 2030. Similarly, the overall energy consumption of the United
States is expected to top 120,000 trillion Btu's by 2020 as shown in Figure 1 [2]. With the
increasing demand for energy in the United States along with rising concerns over natural resource
depletion and environmental concerns stemming from traditional energy generation plants, there is
a growing demand for affordable, commercially available, clean renewable energy sources.
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Figure 1: US energy consumption trend with linear prediction line [2]



While the need for renewable energy technologies is undeniable, as with most new technologies,
the need for the complementary technologies to successfully implement the new technology is often
lagging. In the case of renewable energy, many of the developing technologies are unpredictable
or intermittent in their ability to produce energy and as such will require additional energy storage
technologies to mitigate the erratic nature of the energy production. This energy storage dilemma is
a key negative attribute of renewable energy that must be overcome to make it a viable alternative
to traditional energy generation technologies. Ultimately if all the negative attributes of renewable
energy are managed effectively, a unit of renewable energy will be interchangeable with the
equivalent unit of base load energy. The purpose of this paper is to determine the potential energy
storage technologies that could complement a wind turbine or photovoltaic system and forecast
which of these complementary technologies is best poised to become a viable solution to the
energy storage problem facing these renewable technologies.

Methodology

To properly predict the most likely energy storage technology to compliment a wind turbine or
photovoltaic system in the near future, several steps were taken. First, a literature search of energy
storage technologies was conducted in conjunction with wind and solar energy. From this search,
the technologies were screened by the group members and paired down to the five most feasible
technologies: pumped hydro energy storage, compressed air energy storage (CAES), flywheel
energy storage, Sodium Sulfur (NaS) battery energy storage and Nickel Cadmium (NiCd) battery
energy storage. Next, a SWOT analysis was done to qualitatively evaluate the five technology
options. Then, a patent search and bibliometric search on specific key words is conducted and the
resulting data is used to develop growth curves for the various technologies. The growth curves
developed are done using the Gompertz and Pearl formulas to provide a comparison in the
techniques. Finally the growth curves developed are forecasted and conclusions regarding the
storage technologies are drawn.

Energy Technology Search

Within the realm of energy storage there are a plethora of technologies available, however, only a
select few will be technically feasible as a complementary technology to renewable energy based
on the amount and quality of energy that is storable along with other factors such as response time
and duration of charge. To begin the discussion on energy storage technologies it's valuable to
examine the various classes of energy storage technologies.

According to Baker, [3] there are the following types of energy storage: electrochemical systems
such as batteries and flow cells, kinetic energy storage such as flywheels, potential energy storage
such as pumped hydro or compressed air systems and thermal energy storage such as phase
change materials. Independently applied each of these energy storage techniques has positive and
negative characteristics and as such, Baker further identifies the advantages of mixing storage
technologies to address a variety of issues such as response time and duration of discharge. From
the literature search it was determined that the five most likely technologies to complement a wind
or solar power generation system are: pumped hydro energy storage, compressed air energy
storage (CAES), flywheel energy storage, Sodium Sulfur (NaS) battery energy storage and Nickel
Cadmium (NiCd) battery energy storage.



Pumped Hydro Energy Storage

Pumped hydro storage is a relatively simple concept that involved pumping water from a lower
reservoir to an upper reservoir during off peak hours and then generating electricity during peak
hours by flowing the water through turbines back down to the lower reservoir [4]. Figure 2 below
depicts a pumped hydro storage plant. The concept of pumped hydro has been around since the
late 1800s in Europe and is a fairly widespread technology today accounting for approximately 3%
of the total global energy generation.
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Figure 2: Pumped hydro storage plant depiction [5]
Compressed Air Energy Storage (CAES)

Similar to pumped hydro storage, compressed air storage uses electricity during off peak electricity
to compress air a storage reservoir (typically underground) and then during peak times the
compressed air is heated and run through a series of expanders to power a generator that
produces electricity [6]. The concept of compressed air energy storage has been around for
roughly 30 years and there are currently two sites operating, one in Alabama and one in Germany,
a depiction of such a plant can be seen in Figure 3.
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Figure 3: Compressed air energy storage plant depiction [7]

Flywheel Energy Storage

While pumped hydro and CAES are potential energy storage technologies, flywheel energy storage
is a kinetic energy storage technology. The concept of flywheel energy storage is simple, a heavy
mass is rotated to a high speed and then the torque generated by slowing down the mass is used to
create electricity [8]. Flywheels typically come in two categories, low speed (up to 6000 rpm'’s) and
high speed (up to 50,000 rpm’s). The low speed versions are commercially available, lower power,
less efficient and are typically constructed of conventional materials. On the other hand, high speed
flywheels are still in development, higher power, more efficient and use advanced composite

materials.
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Figure 4: Flywheel energy storage system [9]
Battery Energy Storage

Battery energy storage systems are electrochemical systems that convert chemical energy into
electrical energy through the use of batteries [10]. The necessary power requirements of the
system are achieved by stacking the batteries in series and parallel configurations. There are
numerous battery technologies available however for use in a wind or solar energy system Nas and
NiCd batteries are amongst the most promising.

NaS Battery Energy Storage

A sodium sulfer battery consists of molten sulfer at the cathode and molten sodium at the anode
separated by a solid beta alumina ceramic electrolyte [10]. The ceramic electrolyte only allows the
sodium ions to pass through which then combine with the sulfur to form sodium polysulfides. The
battery operates around 300 C and generates roughly 2V, Figure 5 depicts the system. Sodium
sulfur battery technology has been around for about 30 years and became commercially available
in 2002 [3].
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Figure 5: NaS Battery [11]

NiCd Battery Energy Storage

Compared to NaS batteries, NiCd batteries are a rather mature technology having first been
created in 1899 [12]. In a NiCd battery the anode is Cadmium, the cathode is NiO, and the
electrolyte is a basic solution [13]. The NiCd battery reaction generates roughly 1.2 volts which is
significantly less than the NaS system [14].
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Figure 6: NiCd Battery [14]



SWOT Analysis

From the literature it was determined that five energy storage technologies are likely to compliment
a wind or solar energy generation system: pumped hydro energy storage, CAES, flywheel energy
storage, NaS battery energy storage and NiCd battery energy storage. In order to help capture the
less tangible aspects of each system a SWOT analysis is performed on each technology to help
understand their strengths and weaknesses. Eppler et all describes the need for using processes
that can take advantage of qualitative input and transform this into a visual analysis [15]. This
provides an opportunity to conduct analysis and develop strategies when little or no quantitative
data exists.

Pumped Hydro Energy Storage

The SWOT analysis for pumped hydro energy storage is shown below in Table 1. From the analysis
we see that a key strength of the pumped hydro system is it's the most cost effective means of
storing large amounts of energy. On the downside the pumped hydro system requires a large
upfront capital expenditure and can only be feasibly created in certain geographic locations.

most cost-effective Capital costs [16] Balance out renewable Batteries are
means of storing energy sources [16] cheaper and can
large amounts of be set up
electrical energy anywhere [16]
Plant size 300Mw Geographical locations

to 1800Mw [16] [16]

Environmental damage

Table 1: Pumped hydro energy storage SWOT analysis

CAES

The SWOT analysis for a CAES system can be seen in Table 2. On the positive side the
CAES system has a longer lifespan than a typical battery system and in general employs less
hazardous materials compared to batteries. In terms of weaknesses, the CAES system poses a
considerable safety risk if an above ground pressure vessel is used to store the air and suitable
underground storage is difficult to find and not opportunely located.




Longer life time of
pressure vessel
compare with
batteries and Lower
toxictiy of materials
used [16]

Safety concerns[16]

Balance out renewable
energy sources [16]

Safety concerns
(16]

Lower cost [16]

Pressure vessel
expensive to develop and
safety test [16]

Can be replace by
massive produce
batteries [16]

Plant size: 270MW
to 2700MW [17]

Suitable underground
reservoirs not plentiful

Flywheels

Table 2: CAES SWOT analysis

The Flywheel SWOT analysis can be seen in Table 3. From the analysis on flywheels, the key
strengths that stand out are a long life span, high energy density and efficiency. On the other hand,
flywheels require considerable maintenance and have a high cost compared to batteries.

Flywheels also pose an increasing safety concern with size of unit.

Long life, high energy
density and very
efficient [17]

Required high maintenance
[17]

New production with new
composite material reduce
the cost [17]

Safety concerns:
explostion hazard so
hard to use in large
scale [17]

High cost compare with
batteries [17]

Table 3: Flywheel energy storage SWOT analysis




Battery Energy Storage (BES)

As previously discussed, within the BES technologies NaS and NiCd batteries where determined to
be the most likely battery technologies to complement a renewable energy system.

NaS Battery Energy Storage

The SWOT analysis for NaS battery energy storage can be seen in Table 4. From the table it is
clear that for an NaS battery a key strength is the high energy density. However, NaS batteries
have considerable concerns regarding safety as Sodium is highly reactive with water. NaS
technology also faces the threat of being replaced by other battery technologies and concerns over
used system disposal.

High energy density Safety concerns: Pure Na Work with wind and solar Replacement by
[18] reacts violently with water. plant [18] other technology
In modern NaS cells, seal
techniques make fires

unlikely [18]
Can be operated in Environmental
space [18] concerns - special
care for disposal
[18]

Plant size 270MW

(Japan) [18]

Table 4: NaS Energy Storage SWOT analysis

NiCd Battery Energy Storage

Table 5 shows the SWOT analysis for NiCD battery energy storage. The NiCd battery has several
strengths including a robust recharge cycle, durability and higher energy density than some
competing battery technologies. On the down side, the heavy metals used in construction pose an

-10 -




environmental concern at end of life and there is always the threat of competing battery

technologies.

Portable: niche
market, telephone
and emergency

Higher cost: extra labor to
manufacture (compare with
Lead acid) [18]

Portable device

Environmental
concerns - special
care for disposal

lighting [18] [18]
Compared to other Memory and lazy battery
batteries, hard to effects [18]

damage & tolerates
deep discharge [18]

Higher energy Over charge can damage
density (compare the battery [18]
with Lead Acid) [18]

Table 5: NiCd battery energy storage SWOT Analysis

The SWOT analysis provided a comparison of the less tangible aspects of the energy storage
technologies being considered to supplement a renewable energy system. The next section of this
paper will examine the energy storage technologies in a more quantifiable approach by constructing
growth curves from patent and bibliometric data searches.

Growth Curves

There are numerous techniques available for technology forecasting, the selection of specific
forecasting methods used within this paper was driven by the availability of data that could be used
to predict the subset of energy storage technologies [19]. Willis suggested that forecasts should be
developed as a baseline to study the behaviors of the specific trend being studied. Daim et all
writes that direct measurement of a given technology may not be possible, and that a combination
of tools could be necessary to properly forecast adoption rates [20]. This is beneficial in situations
where there is little or no directly measurable data available. Rueda et all suggests that
bibliometrics can be used to identify the technical panel group for a given topic [21]. Growth curves
were chosen as a convenient method to forecast which technologies are developing more rapidly
using the available patent and bibliometric data available. Growth curve formulas are also quite
numerous, Phillips felt that the knees and tipping points of the growth curves are determined by the
number of parameters in the growth curve and the fundamental model [22]. As such, it was desired
to compare a couple different growth curve formulas to determine if the results changed
dramatically; therefore, our team chose the Gompertz and Pearl formulas for our growth curves.

The Gompertz formula can be seen below in equation 1. Franses describes the Gompertz curve as

a better tool for forecasting markets with short introduction periods and a decreasing growth rate in
the maturity stage [22].
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*a(C*1)

Eq. 1 [23]
Where:

y is the data to be predicted

a is the upper asymptote on the dataset

b and c are growth rate parameters and are negative numbers

e is Eulers Number (2.71828...)
t is the time period

The Pearl formula can be seen below in equation 2. Willis indicates that the growth curve originally
suggested by Pearl and Reed may introduce problems with “statistical evaluation of model fit and in

estimating the precision of forecasts”, developed with this method [19]. Willis further explains how
using a curve fitting approach (suggested by Yule) a more precise method is obtained.

B L
B 1+10A-B" Eq. 2 [24]

y

Where:

y is the data to be predicted

L is the upper asymptote on the dataset
A and B are growth rate parameters
tis the time period

A convenient transformation of the Pearl equation, seen in Equation 3, can be derived to make
approximation of the A and B coefficients simpler. Equation 3 shows by plotting the logarithm of the
data to be predicted a linear function is obtained where the intercept of the line is —A and the slope
is B.

_ Y |__
Y_Iogl_fy =—A+B*t c0.3

Data Collection and Analysis

To develop the growth curves two datasets were developed, one for publications and one for
patents. From the SWOT analysis and literature search the following key words were chosen as
the best complimentary technologies for wind energy and were chosen to use in the database
search to give us our data set:

e Flywheel energy storage

e Compressed air energy storage
e Sodium sulfur battery

-12 -



e Nickel cadmium battery

e Pumped Hydro

The first dataset was gathered by doing a bibliometric search using Science Direct to search
published journals. The key words were searched for in the abstract, title and keywords [25]. The
data was then separated into publications per year. The publication data gathered can be seen

below in Table 6.

Year P:E::z" CAES | Flywheel B;::’:w B::g:y
19493 329 241 33 515 B3
1994 324 197 38 B3 o7
1995 355 240 17 72 116
1995 311 244 26 g0 a3
1997 295 231 33 a3 7B
1993 136 2B 2B G4 o5
1999 1256 B8 23 a0 133
2000 134 307 G5 110 152
2001 135 37 G 114 153
2002 144 397 45 1249 167
2003 174 4849 bl 146 172
2004 192 f44 1) 151 172
2004 209 BG4S 74 182 224
2006 218 581 100 146 234
2007 250 a01 102 204 27
2008 293 ol ot 117 237 350

Table 6: Energy storage technology publications per year [25]

The second dataset was gathered using the World Intellectual Property Organization (WIPQ)
database, Patent Scope, which gives a list of international patent applications that have the key

word on the front page [26]. The data was then separated into patent applications per year. Table 7
below shows the international patent application data be energy storage technology.

-13-



Pumpeid Ha%s HiC«

Year Hydro CAES Flywheel Battery Battery

1986
1987
1988
19849
19490
1991
19492
19493
1994
19495
1996
1997
19498
1999
2000
200
2002
2003
2004
20045
2006
2007
2008 2 7 1]
Table 7: Energy storage technology internation patent applications by year [26]
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Growth Curve Development

As previously stated, the Gompertz and Pearl formulas are used to develop the growth curves for
the publication and patent application data. To make the analysis clearer it is convenient to make
the upper asymptotes of the formulas a and L equal to 100%. To do this the data for each year
must be a cumulative value of all the previous years and then divided by a determined max
cumulative value. The determine max cumulative value was determine by doing a similar search on
Science Direct and WIPO databases for a mature energy technology, nuclear power. From the
database searches on nuclear power an upper cumulative value for publications was determined to
be 13500 and the cumulative total for patent applications was determined to be 500. Using these
values tables 6 and 7 were converted into percentages of cumulative maxes. It is important to note
that for the Gompertz formula, the coefficients of b and ¢ are easier to solve for in excel if the time
period t is valued from 1 to x rather than the actual years, so for example in the publications data
1993 would be 1 and 1994 would be 2 and so on for the calculations. Also, the Pearl formula’s
logarithmic function does not handle 0 and so for the case of CAES and Flywheel patent
applications in year 1 which were 0, a value of 0.1 was used in the calculations.

For the purpose of this paper, the growth curve development for pumped hydro publications will be
explained in detail for both the Gompertz and Pearl methods, for the remaining technologies and
patent data only the final curves will be shown. The publication data for pumpeed hydro along with
the cumulative publications and percent of max publications, recall the max publications was
chosen at 13500, is shown in Table 8.

-14 -



Pumped ro | Cumulative
vear = vear Pu;;cHJEEL Publications | ©°'®™
1 1993 329 329 2.4
2 1994 324 St 48
3 1995 iata) 1008 75
4 1996 311 1319 8.8
] 1997 295 1614 12.0
3] 1998 136 1740 13.0
7 1999 125 16875 13.9
5] 2000 134 2009 149
g 2001 134 2144 159
10 2002 144 2288 16.9
11 2003 174 24i52 18.2
12 2004 192 2654 19.7
13 2005 209 28R3 212
14 2006 218 3081 228
15 2007 240 3331 247
16 2008 293 624 268

Table 8 Pumped hydro energy storage publications and overall percentages

Gompertz Growth Curve

Taking the Year # and Percent columns from Table 8 and applying the Gompertz formula (Eqg. 1), a
prediction and error can be generated for the data, shown below in Table 9. Recall that a is
assigned a value of 100 since the publication data has been converted into a percentage value.

For the initial prediction guess values for b and c, recalling that they are negative numbers. The
error column can be done in many ways for the sake of this paper the y(Error) is defined as the
square of the difference between y actual (Percent column) and y prediction (y(Gompertz) column).
Finally, at the bottom of the error column the sum of the error is tallied. Now in order to optimize the
prediction, Excel’s solve function can be used to minimize the summed error by changing the
guessed values of b and c.
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Year & Year Percent yiGompertz) wiErrorj
1 1993 2.4 3.78 1.81
2 1994 4.8 (.85 404
3 1995 75 11.13 13.44
4 10996 9.8 16.57 46,29
5 1997 120 2295 121.04
B 1998 13.0 2995 28944
7 1999 13.9 3729 54771
a 2000 149 44 59 28274
9 2001 159 51 62 1277.48
10 2002 16.9 =820 1701.44
11 2003 18.2 E4.20 2112.32
12 2004 197 B9 57 249034
13 2005 21.2 74.30 2818.55
14 2006 228 78.41 3089.81
15 2007 247 a1.94 327971
16 2008 268 a4 .95 3376.83

Summed Error 22053.57489

Gompertz

y = a‘exp{b exp(c't

a

100

b

4

-0.2

Table 9: Initial prediction of hydro publications using Gompertz formula

The solve function can be found under the drop down menus of Excel under Tools - Solver. If
solver is not present, it may need to be installed and can be done so by going to the Tools drop
down menu and selecting Add-Ins, which will bring up the window shown in Figure 7 showing the

solver Add-in.

-

ROOOOO0E

-Ins available:

Adm3addin

Analysis ToolPak:,
analysis ToolPak - YB&
Conditional Sum Wizard
Euro Currency Tools
Internet Assiskankt YBA
Lookup wWizard
Solver &dd-in

Solver Add-in

Taool Far optimization and equation salving

84

Cancel

Browse, ..

Aukomation, .,

el B
X

Figure 7: Excel Add-in window showing Solver Add-in feature
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After solver has been installed, simply highlight the summed error cell and run solver to get the
window shown in Figure 8 to appear. Make sure that the cell containing the summed error is the
Target Cell, in this case $J$18 and that the Min radial button is highlighted as we are going to
minimize the error function. Next, specify the cells containing the values for b and c are in the By
Changing Cells box, in this case $Q%$4:$Q%$5. Additional constraints can be added such as
specifying the b and ¢ must be negative, however, in this case it is not necessary so to optimize the
data Solve is simply checked.

Set Target Cell: $3418 Solve

Equal To: OMax  ®©Mn O valueof: |0
By Changing Cells;

rasniass

Subject ko the Conskrainks: Options

0.

Close

Reset All

Help

Figure 8: Solver window in Excel

Another window will appear asking if the solver solution should be kept and after clicking OK the
optimized parameters, predictions and error can be seen in Table 10.

Year # Year Percent yviGompertz) wiError) Gompertz

1 1993 2.4 B.01 1278 y = a“expibrexpict
2 1994 4.8 B.591 4.30 a 100
3 1985 il /.89 018 b -2.9578
4 1996 9.8 5.595 0.68 [ -0.0505
) 1997 12.0 10.05 3.51

b 1998 13.0 11.29 278

7 19949 13.9 12.58 1.71

2 2000 14.9 12.84 0.58

5 2001 15.9 15.37 0.26

10 2002 16.9 16.87 0.01

11 2003 18.2 158.42 0.03

12 2004 19.7 2003 0.14

13 2005 21.2 2169 0.23

14 2006 228 23.40 0.33

15 2007 247 25.14 0.22

16 2008 26.8 26.92 0.01

Summed Error 28.04

Table 10: Optimized Gompertz parameters and prediction for pumped hydro publications
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From Table 10 the optimized values of b and ¢ are shown to be -2.9579 and -0.0508 and the new
summed error has reduced from many thousands down to 28. The prediction can then be extended
forward in time and plotted vs the actual data to visually see how well the prediction models the
known data and what it shows in the future. Figure 9 shows the Gompertz prediction of the hydro
publication data forecasted out twenty years.

Hydro_Publications

70.0

60.0 {/
50.0 XX/(
40.0
—&— Hydro Publications
=—>—y(Gompertz)

% Publications

Figure 9: Gompertz growth curve for pumped hydro publication data

Pearl Growth Curve

To generate the Pearl growth curve the data from Table 8 is again going to be used, but first the
percent publications data is going to be transformed using Equation 3 to generate the values of Y
shown in Table 11. With the linearized values of y in Table 11 the coefficients of A and B are easily
determined using the slope and intercept functions in excel. In the cells that should contain the
values of the coefficients A and B the functions shown in Figure 10 are applied where F2:F17 refers
to the cells containing the values of Y and B2:B17 refers to the cells containing the years for the

publications.
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Pearl

100

m| =\

Year # Year Percent b
1 1993 2.4 -1.60
2 1994 4.8 -1.29
i 19495 7.5 -1.09
4 1996 9.8 -0.97
5 19497 120 -0.87
B 19498 13.0 -0.83
7 1994 12.9 -0.79
a 2000 149 176
=) 2001 1549 -0.72
10 2002 16.9 -0.69
11 2003 18.2 -0.65
12 2004 197 -0.61
13 2004 2172 -0.57
14 2006 228 -0.53
15 2007 24.7 -0.48
16 2008 Zh.8 -0.44

Table 11: Pearl linearization data for pumped hydro publication data
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Pearl

L

100] & =INTERCEFT(F2:F17 E2:B17)

A,

20625 &

B

00600 4—#& =SLOPE(F2:F17,B2:B17)

Figure 10: functions for determining coefficients A and B in the Pearl formula

The resulting values for A and B are then applied to the Pearl equation (Eqg. 2) and a predicted
value of y is calculated for the publication data along with an error term similar to that used in the

Gompertz growth curve.

Year Percent Y wiPearl} yiPearl}Error
1993 2.4 -1.60 5.3 7.95
1994 4.8 -1.29 6.0 1.32
1995 75 -1.09 B.8 0.43
1996 98 -0.97 77 4.10
1987 12.0 -0.87 8.8 10.01
1993 13.0 -0.83 10.0 8.99
1994 13.9 -0.79 1.3 (.83
2000 149 076 127 4 B2
2001 1649 072 14.3 2.35
2002 16.9 -0.69 16.1 0.67
2003 18.2 -0.65 18.1 0.02
2004 187 -0.61 202 0.32
2005 212 -0.57 225 1.79
2006 228 -0.53 25.0 4 96
2007 247 -0.48 277 934
2008 268 -0.44 306 13.97
Summed Error 77.67

Pearl
L 100
A -120.8225
B 0.0600
Gompertz

Table 12: Optimized Pearl parameters and prediction for pumped hydro publications

From Table 12 the optimized values of A and B are shown to be -120.8 and 0.06 and the summed
error is approximately 78. The prediction can then be extended forward in time and plotted vs the
actual data similarly to what was done with the Gompertz prediction. Figure 11 shows the Pearl

prediction appended to the graph shown in Figure 9.
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Figure 11: Gompertz and Pearl growth curves for pumped hydro publication data

% Publications
a
o
o

Comparing the two growth curves shows that the Gompertz curve fits the publication data better for
the more recent data and tends to be a less optimistic foercast. Meanwhile, the Pearl equation
tends the fit the earlier publication data better and then begins to over predict the later data and
becomes quite optimistic in the forecast.

Growth Curve Results

The methodology outlined in the previous section was applied to the publication and patent
application data for all technologies and the results are presented in the following section.

Publication Growth Curves

The growth curves for the publication data can be seen in Figures 12 and 13. Figure 12 shows the
Gompertz growth curves and clearly shows CAES publications outpacing the other technologies
and pumped hydro is the second fastest technology until the mid 2020’s when NiCd technology
catches up. Meanwhile, NaS and flywheel technologies both lag behind in terms of publication
growth.
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Publication Growth Curves (Gompertz Method)
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Figure 12: Gompertz growth curves for energy storage technologies publication data

Figure 13 shows the Pearl growth curves and similarly to the Gompertz method CAES far outpaces
the other technologies in terms of publication growth. The Pearl curves also show pumped hydro
as the current second fasting growing technology, however unlike the Gompertz pumped hydro is
quickly overtaken by NiCd technology around 2013. The Peal curves also shows NaS and
Flywheels as lagging behind similar to the Gompertz curves; however, in the Pearl forecast NaS
technology has some potential to catch up in terms of publication growth around 2020 and pass
pumped hydro.
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Publication Growth Curves (Pearl Method)
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Figure 13: Pearl growth curves for energy storage technologies publication data

Patent Application Growth Curves

The growth curves for the patent application data can be seen in Figures 14 and 15. Figure 14
shows the Gompertz growth curves for the patent application data. Similar to the publication data
CAES is the fastest growing technology. One major difference in the patent data shows the
flywheel technology as the second fastest growing technology compared to being the slowest in
terms of publications.

-23-



Patent Growth Curves (Gompertz Method)
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Figure 14: Gompertz growth curves for energy storage technologies patent application data

Figure 15 shows the Pearl growth curves for the patent application data. Similar to the Gompertz
curves the fastest growing technology is CAES followed by flywheels. The major difference
between the Gompertz and Pearl curves is the Pearl curves are forecasting that the CAES and
flywheel technologies in the Pearl curves are approaching the upper asymptote whereas the
Gompertz curves show the technologies not even reaching 30% of the maximum by the mid 2020s.
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Patent Growth Curves (Pearl Method)
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Figure 15: Pearl growth curves for energy storage technologies patent application data

Conclusions

Based on the publication and patent data Compressed Air Energy is set to be the fastest growing
complimentary technology to wind energy. Two of these types of plants are currently in existence
today as mentioned previously indicating the technology is commercially available. This technology
has great potential however implementing this technology involves finding or creating underground
airtight caverns in usable locations.

Of the remaining complimentary technologies pumped hydro seems to be the next fastest growing
technology for the short term in terms of publications; however, NiCd battery technology is poised to
overtake it within as few as 5 years according to the Pearl forecast. According to the patent search
the second fasted growing complimentary technology is flywheel which is a relatively young
technology so the patent growth is higher than some of the more established technologies.
According to Dennis Phillips an expert from the Bonneville Power Administration’s office of
innovation technology, the growth rates for the various technologies made sense in relation to there
various developmental phases, CAES and flywheel technology are emerging technologies showing
strong growth whereas, pumped hydro is a more mature technology that is leveling off in terms of
growth [27].
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Despite the growth in publications and patents of Compressed Air, Flywheel and Pumped Hydro
energy storage the technologies are still expensive and not readily available. Therefore, if the
energy storage requirements can be met by Nickel Cadmium and Sodium Sulfur batteries then they
are still the most logical choice. In comparing the growth curve techniques it appears that the
Gompertz formula is a much more pessimistic forecast; however when modeling the data it
consistently provided a lower sum squared error than the Pearl forecast. On the other hand, the
Pearl formula provided a more optimistic growth curve for a technology, but it was also probably
more realistic for a technology that is truly being adopted as a new standard.

The push for renewable energy needs to take into account the complimentary technologies needed
to successfully implement a renewable energy resource and advance them into a larger portion of
the overall energy production in the United States. The way renewable energies are currently being
marketed they are an incomplete technology since they are not truly interchangeable (apple to
apple) with other energy production processes (base loads do not compare).

Future Work

The authors of the paper plan to expand the research by delving into the energy storage capacities
of the complimentary technologies and cost of each option, both from an environmental and
monetary perspective.
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