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1 Introduction  
Reducing carbon emissions is one of the great challenges the electricity sector is 
facing today. In the European Union this problem is approached by increasing the 
share of renewables within the electricity mix [1]. However, integration of renewables 
brings about some substantial problems for the energy system. For example the 
discontinuous supply by some of these energy sources. While hydro power usually 
provides a continuous output, sources like wind and solar power, show a 
discontinuous supply profile. Their output depends on seasonal and meteorological 
conditions and often does not correspond with the actual electricity demand. That’s 
why backup capacities are required to cover demand in times with low renewable 
supply, whereas in times of excessive renewable supply and low demand production 
has to be curtailed. This leads to less economic efficiency in the system and 
consequently to higher electricity costs.  
This problem can be faced by extending electric storage capacities. With electric 
storage energy can be stored in times of excessive supply and used in times of 
supply shortage. This leads to better capacity utilization of renewables sources and a 
higher efficiency in the systems as a whole. However, the installation of an electric 
storage requires high investment that has to be economically justified. Like any other 
energy investment a storage plant will only be realized if it is expected to generate 
profit. In this paper we analyze different types of electricity storage systems and 
technologies from an economic perspective. In pursue of that we perform an 
economic assessment based on present and possible future market conditions.  
The remaining paper is structured in the following manner: 
Chapter 2 gives and overview on the storage technologies and storage types 
analyzed. Chapter 3 explains the method of the economic assessment. Chapter 4 
discusses the results and chapter 1 will draw conclusions.  
 

2 Electric storage systems 
This chapter gives a brief overview on the analyzed storage types and storage 
technologies.  

2.1 System definition 
In order to compare technologies we chose different storage types like day-, week- 
and seasonal storage. For each of these types we define reference characteristics 
like power and capacity. Since the analysis has a country specific focus on Austria 
we assumed a plant power of 300 MW which is a typical size for power plant units in 
Austria. For each storage type different technologies are considered accounting for 
the properties of the technologies (see Table 1). Capacities of day and week 
storages are set according to typical pump storage operation schedules for these 
types. For the seasonal storage capacity is defined according to optimal storage 
operation of each technology.  
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Table 1: Specifications of storage systems (data sources: see text) 

 

2.2 Pumped hydro 
In pumped hydro storages energy is stored by using electricity to drive pumps that lift 
water to a reservoir at higher altitudes. For discharging this process is reverted and 
the water from the reservoir drives turbines and generators that convert the energy 
into electricity. Modern pump hydro plants can reach efficiencies of up to 85% in the 
total cycle [2]. The technology is considered mature since it has been used for 
decades with considerable power installed on a global level [3]. The main problem of 
the technology is the fact that sites with sufficient altitude difference to build such a 
plant are limited and often far away from actual demand centers.  
In the analysis we consider pumped hydro storage for all three defined storage types 
(see Table 1). Cycle efficiency and specific investment costs are set according to [2] 
respectively [3]. 

2.3 Adiabatic compressed air energy storage 
Compressed air energy storage (CAES) plants use the potential energy of 
compressed air to store electricity. The electricity is used to drive compressors that 
compress the air at high pressure to store it in pressure vessels or in geological 
formations (e.g. salt caverns). When released the compressed air is used to drive 
turbines that generate electricity. There are two types of compressed air energy 
storage plants: diabatic and adiabatic plants. In diabatic plants natural gas has to be 
co-fired while discharging to keep temperature in the turbine high during expansion of 
the air. Adiabatic (AA-CAES) systems use the heat accumulated during compression 
to keep the temperature of the turbine high during expansion. Hence, an AA-CAES 
consists of a compressed air storage and a thermal energy storage system, making 
the technology more complex and costly. However, with up to 70% in the cycle it also 
shows much better efficiency than the diabatic system with up to 50% [2]. 
Globally there are currently only two diabatic CAES plants in operation [2]. The AA-
CAES is still in a conceptual phase [4]. Large scale compressed air energy storage 

pumped 
hydro

AA-CAES NaS Redox-Flow Li-Ion
pumped 

hydro
hydrogen 

storage
methane 
storage

Power [MW] 300 300 300 300 300 300 300 300
Capacity [MWh] 2100 2100 2100 2100 2100 10500 10500 10500

Efficiency charging [%] 92 84 87 87 92 92 68 50
discharging [%] 92 84 87 87 92 92 55 55

Lifetime/Depreciation time [years] 20 20 10 10 10 20 20 20

Investment costs
[€/kW] 500-1000 600-1200 1000-2500 1500-2200 1200-2800

[€/kWh] 200-500 200-600 500-1500

values used in the analysis: [€/kW] 750 1000 1500 2000 2700
[€/kWh] 400 400 600

total [mio. €] 225 300 840 840 1260 450 600 810

day storage week storage

ranges based on values found in 
literature & own estimations:



Maximilian Kloess  5 
 

relies on the availability of suitable geological formations (e.g. salt cavern) that are 
suitable in size and durability for storage operation. Potential sites where such a 
CAES can be installed are therefore limited.  
As diabatic CAES require fossil fuels for discharge, they appears to be inappropriate 
for a renewable energy system. Therefore, we only consider AA-CAES in the 
analysis. Since no large scale projects have been realized so far, we had to estimate 
investment costs based on data found on diabatic CAES [2] [5] [6] (see Table 1). 

2.4 Sodium Sulfur Batteries  
Sodium sulfur batteries have been used for power system applications in japan for 
several years and can be considered a mature technology. They offer good cycle 
efficiency (≈75%) and high cycle life (≈2500 cycles). Their capacity related 
investment costs are between 200 and 500 €/kWh [7][8][9][10]. One major 
disadvantage of the technology is the high standby-losses due to the fact that the 
cells require high operation temperature (300-350°C) [11]. 

2.5 Redox Flow Batteries 
The redox flow battery consists of two electrolyte reservoirs and a reactor unit. When 
charged or discharged the electrolyte is pumped to the reaction unit. The power of 
the systems therefore depends on the reaction unit, the electrochemical cell, 
whereas the capacity depends on the volume of the electrolyte reservoirs. This 
makes the systems very flexible for different applications.  
The cycle efficiency of the redox flow batteries is around 75 % and the cycle life 
accounts for approximately 3000 cycles [7][9][12][2]. There seems to be some 
uncertainty concerning the specific investment costs, since figures found in literature 
range from 200 to 1000€/kWh [11][7][9]. 

2.6 Lithium Ion Batteries 
Lithium Ion batteries are a relatively new technology in the field of power systems 
applications. They have excellent cycle efficiency above 90% [7] and high cycle life 
(≈3000 cycles). Their main disadvantage is their high costs, with specific investment 
costs ranging from 500 to 1500€/kWh [7][9][11][10].  

2.7 Hydrogen storage 
In hydrogen storage systems electricity is converted into hydrogen via electrolysis. 
The hydrogen is then stored either in pressure vessels or in suitable geological 
formations (e.g. salt caverns). To recover the stored energy hydrogen is fired in 
thermal power plants (e.g. a gas and steam plant). With 30-40 % the efficiency of the 
storage cycle is relatively low. So far no large scale plant has been realized. This is 
why we had to estimate investment costs based on the single components of the 
system (based on figures found in [9] & [13]) which implicates some uncertainty (see 
Table 1). 
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2.8 Renewable methane storage (RES-E-CH4) 
A relatively new approach to store electricity is the conversion into methane. In a frist 
step electricity is converted into hydrogen, which is then turned into methane by 
adding CO2. The methane can be fed in the natural gas grid, respectively natural gas 
storage facilities can be used for storage. The reconversion to electric power is done 
by conventional gas and steam plants. There is still uncertainty concerning the reals 
cycle efficiency that can be achieved. We estimated cycle efficiency to be in the 
range of 25-30% based on data found in [14]. The main advantage of the concept is 
the fact that most components of the storage system (natural gas grid and storage, 
gas and steams plants) already exist and the technology fits well in the structure of 
the existing power system.  

3 Method of approach 
In the economic assessment we take a two-step approach. First we compare storage 
technologies based on defined input parameters. In a second step we simulate 
optimal storage operation based on electricity spot market prices.  

3.1 Storage costs and efficiency 
In order to get a brief overview on relevant economic parameter for storage systems 
we first calculated storage costs on predefined parameters. Basically, storage cost 
Cs is defined by its capital cost CC and operation cost OC, the operation time OT, the 
electricity price pin for charging and the efficiency of the storage cycle η. Storage 
costs are defined by capital costs CC and operation costs OC. Yearly capital costs 
are calculated the capital recovery factor defined by the technology specific 
depreciation time (see table Table 1) and an interest rate of 8%. 
 

𝐶𝑠 = 𝐶𝐶+𝑂𝐶
𝑂𝑇

+ 𝑝𝑖𝑛 ∙ (1 − 𝜂)         (3-1) 

𝐶𝐶 = 𝐼𝐶 ∙ 𝐶𝐶𝐶          (3-2) 

𝐶𝐶𝐶 = 𝑟∙(1+𝑟)𝐷𝑇

(1+𝑟)𝐷𝑇−1
          (3-3) 

Cs… storage costs [€/MWh] 
CC … capital costs [€/MWh/year] 
OC … operation costs [€/MWh/year] 
OT … operation time [h/day; h/year] 
pin … electricity price for charging [€/MWh] 
η … storage efficiency (cycle) 
IC … investment costs [€/MWh] 
CRF … capital recovery factor 
r … interest rate [%] 
DT … depreciation time [years] 
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The equations show that the relevant economic parameters for storage technologies 
are investment costs, efficiency and operation time. In a first step we exogenously 
define the operation time based on typical day- respectively week-storage operation 
(day storage: 2555h; week storage: 4275h). If the price of electricity is not considered 
(pin=0 €/MWh) this leads to the storage costs displayed in Figure 1. The cost range 
arises from the uncertainties concerning the investment costs of the technology. As 
explained by equation (3-1), storage costs are also affected by the price of electricity 
for charging. The price dependent storage costs are depicted in Figure 3. 
 

 
Figure 1: Storage cost of different 
technologies without considering electricity 
prices (pin = 0€/MWh) 

 
Figure 2: cycle efficiency of analyzed 
storage technologies 

 
Figure 3: Storage costs of analyzed 
technologies over electricity price for 
charging 

 

However, in practice defining storage cost is not that straight forward as defined. In 
real market based operation, time of operation depends on the electricity price as 
well as on the efficiency of the storage: 
𝑂𝑂 = 𝑓(𝑝(𝑡), 𝜂𝑠)           (3-4) 
pe … electricity price [€/MWh] 
 
Hence, to gain a real insight in the economic performance of technologies we have to 
look into real economic storage operation as we will demonstrate in the following 
chapter.  
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3.2 Optimal storage operation  
For the economic analysis we simulate optimal storage operation for each of the 
defined systems based on spot market electricity prices. For the simulation we use a 
linear optimization model implemented in General Algebraic Modeling System 
GAMS, determining optimal storage operation in order to maximize revenues from 
peak/off-peak arbitrage:  

𝑚𝑚𝑚 [𝐶𝑝−𝑜]  with  𝐶𝑝−𝑜 = 𝑝(𝑡) ∙ 𝑃 ∙ 𝜂𝑜𝑢𝑡 −
𝑝(𝑡)∙𝑃
𝜂𝑖𝑛

   (3-5) 

Rp-o … revenues from peak/off-peak spread [€/Jahr] 
p … electricity price [€/MWh] 
P … operation power of the storage 
 
The profit of the storage plant G is defined by the revenues as derived from optimal 
peak-off peak arbitrage operation Rp-o and by storage costs C.  

𝐺 = 𝐶𝑝−𝑜 − 𝐶          (3-6) 

G … profit [€/year] 
Rp-o … revenues from peak/off-peak spread [€/year] 
C … storage costs [€/MWh] 

3.3 Parameter assumptions 
As described in the previous section the critical parameters for the economic 
performance of a storage system are investment costs, storage efficiency and the 
electricity price. In the following sections we will briefly discuss the assumption made 
for these parameters. 

3.3.1. Investment costs and capital costs: 
The assumed investment costs are based on values found in literature. However, it is 
evident that investment costs can differ considerably even when the same 
technology is applied. Most of these deviations in cost can be traced back to the site 
conditions for the specific storage project. Especially, for technologies that rely on 
specific natural conditions, e.g. pump storage, compressed air storage, on the site, 
there is a high sensitivity of investment costs with respect to the conditions found. 
This is why we find a broad range of investments for each technology in literature. A 
further problem is caused by technology-specific differences. Investment costs of 
most large scale technologies are given in cost per unit of power. This is appropriate 
for technologies like pumped hydro plants, where the cost strongly depends on the 
installed turbine and generator power and less on the capacity of the storage 
reservoir. However, for batteries this is different. Their investment costs depend 
solely on the installed capacity. Table 1 displays the ranges of investment costs 
found in literature as well as the values used in the analysis (see also section 2).  
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3.3.2. Storage efficiency 
Figure 2 shows the ranges of storage efficiency for the analyzed technologies that 
were found in literature. We used values in the upper band of the ranges to represent 
the latest state of technology (see Table 1 and section 2).  

3.3.3. Electricity prices 
For the economic assessment we used 2009 EXAA prices [15]. For the day and 
week storage we selected typical days (work days and weekend days) for the 
relevant meteorological seasons (summer, winter, transition). Figure 4 illustrates the 
run of the prices for the three week-types. 
The electricity price is the basis of storage operation and therewith strongly affects 
the revenues that can be achieved with the storage. In the future electricity prices are 
expected to increase in Austria as a consequence of higher renewable shares in the 
supply mix [16]. How this will affect the run of the price curve during the day, week 
and seasons remains uncertain. Hence, an important question with respect to future 
storage operation is: Will there by higher peak-/off-peak spreads or will the price 
curve level out with more renewables in the supply? 
In order to test for effects of different price curves on the storage revenues we use a 
2020 price scenario. The 2020 prices are based on [16] who estimated development 
of average electricity prices for different supply scenario. We selected a scenario with 
high renewable shares (“CO2 reduction scenario”) and created the 2020 price curve 
by multiplying the 2009 curve with the corresponding factor of price increase. It is 
evident that this approach leads to higher amplitudes in the price curve and hence to 
a higher peak- to off-peak spread.  
 

 
Figure 4: weekly electricity price for summer-, winter- and transition weeks 

4 Results  
In this section we will explain the results for the analyzed storage types: Day-, week- 
and year storage. We will present the optimal operation strategies for maximal 
revenues for the analyzed storage technologies. The revenues will be compared with 
the estimated yearly costs to derive the profit of the investment. Furthermore, we will 
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perform a sensitivity analysis to test the robustness of the results with respect to 
changes in investment costs and the electricity price.  

4.1 Day storage systems 
Figure 5 to Figure 7 show the optimal day-storage operation for the analyzed 
technologies for the three seasons and the two day types (work day and weekend). 
Pumped hydro storage, with a cycle efficiency of 85%, is charged during the night 
starting around 12pm and discharged around midday between 11am and 3pm. In 
winter days there is a short recharging phase at late afternoon around 5pm, before 
storage gets completely discharged during evening peak hours (see Figure 5). Lower 
storage cycle efficiency, like the 75% of NaS and Redox Flow batteries or the 70% of 
the AA-CAES, leads to different optimal storage operation (see Figure 6). There is a 
lower maximum state of charge SOC during summer days and no afternoon recharge 
phase in winter days. The reduced operation time and the higher storage losses lead 
to lower revenues for less efficient storage systems (see Figure 8). This clearly 
shows the correlation between storage efficiency and storage operation time and 
confirms the objections concerning the simple storage cost calculation presented in 
section 3.1. 
 

 
Figure 5 optimal day storage operation – 
pumped hydro (electricity prices 2009) 

 
Figure 6: optimal day storage operation – 
NaS & Redox Flow (electricity prices 2009) 

 
Figure 7 optimal day storage operation – 
AA-CAES (electricity prices 2009) 

 
 
 
 
 
 

Figure 7 gives an overview on revenues and costs of the considered day storage 
technologies. It shows that with 2009 electricity prices no storage technology is 
profitable. None of the analyzed technologies can generate a profit under the given 
assumption. However, pumped hydro and AA-CAES can become cost effective 
either with higher spreads in the electricity price (see 2020 price scenario in Figure 8) 
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or with lower investment costs, as shown by the sensitivity analysis in Figure 9. The 
results also indicate that batteries are far too costly for this field of application 
because of their high capacity-related investment costs.  
 

 
Figure 8 revenues, costs and profit of 
different technologies in day storage 
operation 

 
Figure 9: sensitiviy of profit with respect to 
specific investment costs (prices 2009) 

 

4.2 Week storage systems 
Figure 10 to Figure 12 show optimal operation of week storage systems for the three 
seasons. They illustrate how the differences in storage efficiency of the three 
analyzed technologies (pumped hydro: 85%; hydrogen: 40%; methane: 30%) affect 
storage operation and consequently revenues (Figure 13). The pumped hydro 
storage can use both, the weekend to week-day spread, as well as the intraday 
spread and fully exploits the defined storage capacity (10 500MWh) (see Figure 10). 
Whereas, the less efficient hydrogen and methane storage systems show much 
lower storage operation times and use only a fraction of the maximum capacity, 
leading to low yearly revenues (Figure 11 and Figure 12). 
 

 
Figure 10: optimal week storage operation – 
pumped hydro storage 

 
Figure 11: optimal week storage operation – 
hydrogen storage 
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Figure 12: optimal week storage operation – 
methane storage 

 
 
 
 
 
 

Figure 13 and Figure 14 show that, similar to the day storage, pumped hydro can 
become cost effective with higher spreads in future electricity prices or with lower 
investment costs. From an economic perspective hydrogen and methane storage 
systems are not applicable for week storage operation. 
 

 
Figure 13: revenues, costs and profit of 
different technologies in week storage 
operation 

 
Figure 14: sensitivity of profit with respect 
to specific investment costs 

4.3 Seasonal storage systems 
Seasonal storage might become more relevant in the future, due to higher shares of 
renewable electricity and are therefore included in the economic analysis. We used 
the same three technologies as analyzed for the week storage, assuming the same 
system power of 300 MW, but without predefining the storage capacity. The latter is 
defined by the model in order to generate maximal revenues with each technology. 
Figure 15 shows optimal storage operation of the three seasonal storages. They all 
show the same pattern in storage operation: charging from spring to late autumn and 
discharging during winter. Similar to the week storage, the storage efficiency does 
affect the maximum storage capacity. However, in this case the effect on the total 
storage capacity is much smaller in relative terms. Even low efficient hydrogen and 
methane storages are storing considerable amount of energy and generating 
revenues. In Table 2 these yearly revenues are translated into economically feasible 
specific investment costs. Accordingly investment costs should be below 800 €/kW 
for the pumped hydro storage, below 200 €/kW for the hydrogen storage and below 
150 €/kW for the methane storage to be cost effective.  
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Figure 15: optimal seasonal storage 
operation of pumped hydro, H2 and 
methane storage 

Table 2 specifications of seasonal storage 
systems 

 
 

5 Conclusion 
The results show that economically pumped hydro storage is still the most attractive 
technology for all of the three analyzed cases. They have high cycle efficiency and 
relatively low capacity-related investment costs. For alpine countries like Austria, with 
potential sites available, pumped hydro will remain the first choice, even in the next 
years and decades. However, in other countries and regions potential sites for 
pumped hydro plants are rare (e.g. Germany) or in remote areas far away from 
demand centers, respectively from fluctuating renewable electricity production 
sources. In these countries alternative storage technologies will become increasingly 
important. For day storage operation the AA-CAES could be a promising option. As 
indicated by the results they are close to becoming cost effective with current 
technology costs and storage revenues. With decreasing investment cost due to 
better technological experience and growing production scale, the AA-CAES could 
be an option for the future. Electrochemical storage technologies in contrast are not 
likely to become costs effective for the analyzed storage cases, mainly because their 
capacity-related investment costs are too high to compete with the other large scale 
technologies. They will have other fields of application (e.g. providing power quality, 
grid support, small scale local storage etc.). 
For storage systems with larger capacities such as week or seasonal storage 
systems pumped hydro is still the best option, but suitable sites for large capacity 
become even rarer, calling for alternative options. The analyzed alternative options, 
hydrogen and methane storage, perform very differently in the two application cases. 
They are inapplicable as week storage systems, since their efficiency is too low to 
create considerable revenues. However, they can create considerable revenues in 
seasonal storage operation. Whether these revenues will be sufficient for these 
systems to be cost effective, will depend on the development of their investment 
costs as well as on the future electricity price spread between seasons.  
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