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Abstract 
 

The transition to a 100% renewable-based energy system in Sweden requires investments in large-scale 

energy storage to balance the variable output from renewable energy sources. Currently, many energy 

storage technologies exist and their feasibility and effectiveness needs to be critically evaluated for every 

particular location with different sets of parameters. Underground hydrogen storage has been suggested by 

many researchers as one such viable option.  

This study explores the potential costs and benefits of developing the technological framework and 

investing in a grid-scale hydrogen energy storage, from the point of view of electricity distribution system 

operators in Sweden. A tool called StorageVET was used for the analysis, to simulate three potential 

scenarios for the implementation of hydrogen energy storage in Sweden, such as:  a) offshore underground 

storage in saline aquifers;  b) underground storage in geological formations onshore; and  c) liquid hydrogen 

storage in large steel vessels on land.   

All three scenarios were calculated to have a NPV of just over $100 million, for the specific parameters 

selected, suggesting that investing in hydrogen energy storage could be economically feasible for the case 

of Sweden. It is believed that this work would lead to increased focus on hydrogen as a grid-scale energy 

storage technology and to further detailed feasibility evaluation studies by distribution system operators and 

energy researchers.   
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1. WHY HYDROGEN ENERGY STORAGE? 

 INTRODUCTION 

The amount of installed electricity capacity from renewable energy sources is growing all over the world, 

including the EU and in Sweden (International Energy Agency, n.d.) (Renewable energy statistics , n.d.). 

The Swedish government has the goal of at least 50% renewables by 2020 (Regeringskansliet, n.d.) and 

recently a cross-party deal has been reached to plan for a 100% renewable system by 2040 (Sveriges Radio, 

n.d.). Large energy companies like Vattenfall support this transition (Vattenfall AB, 2016). As the share of 

intermittent sources is growing, so is the search for the best way to incorporate them into the energy system. 

Energy storage has become a natural part of the conversation when discussing the future energy system, 

especially considering the growth of solar and wind power technologies (Amrouche, S. O. et al., 2015). 

There are many options that are technologically available for grid-scale energy storage under direct control 

of regional or national transmission system operators, such as thermal energy storage, potential energy 

(pumped hydro), electrochemical alternatives (batteries of various types), etc. However, new pumped hydro 

developments have largely ceased in Sweden due to political and environmental concerns (World Energy 

Council, n.d.). Despite the relatively strong presence of hydropower in Sweden that already covers a large 

portion of the energy demand with flexible renewable electricity and is naturally poised to serve as system 

balancing actor, new hydropower dams would be very necessary if intermittent renewable energy capacity 

would grow further, while the possibilities for such new constructions are extremely limited. Additionally, 

electrochemical batteries still have a relatively low energy density and high specific cost profile, are unable 

to store energy for long periods due to natural discharging, and need additional technological improvements 

in order to apply for large-scale grid-tied applications (Pellow, et al., 2015). Therefore, an alternative solution 

could be beneficial.  

One promising technology for shaving off the overcapacity peaks caused by increased wind and solar 

surplus power is to produce hydrogen as an intermediate energy storage vector via water electrolysis and 

utilize it back by a regenerative hydrogen fuel cell (RHFC). The hydrogen energy storage pathway with the 

application of water electrolysis has been suggested and tested in various pilot projects, receives a constantly 

growing attention and generally is widely accepted by a large number of technical experts.  

A RHFC uses electrical power to function as an electrolyzer, splitting water to hydrogen and oxygen gas. 

The hydrogen is stored in a pressurised container and subsequently harnessed by the same fuel cell to 

produce electricity when required by the grid (Pellow, et al., 2015). Research has shown that whilst RHFCs 

have lower round-trip efficiency than the now prevailing lithium-ion battery technology, they are able to 

offer the same energy return on investment when used to capture surplus energy from variable renewable 

sources (Pellow, et al., 2015). A very important parameter is the low amount of energy input required to 

manufacture the RHFC system and the low involvement of rare materials or polluting production methods, 

much lower if compared to a lithium-ion battery of the same capacity (Pellow, et al., 2015).  

Alternative uses for the hydrogen produced include the various conventional applications in the industry 

and as fuel for transportation, all of which could also interlink well with the utilization of hydrogen as an 

energy storage medium for balancing the electrical grid.  
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 SIGNIFICANCE OF STUDY 

While other energy storage technologies, such as mechanical energy storage using flywheels or compressed 

air, arguably are more developed and market-ready, hydrogen provides the potential for use in many 

different applications (Amirante, et al., 2016). Therefore, more research on hydrogen technology and proof-

of-concept is needed in order to provide the possibility for Sweden and the rest of European Union (EU) 

to move towards a hydrogen economy. The EU also supports projects related to fuel cell development and 

hydrogen infrastructure (European Commission, 2015).  

The 2016 study by Olateju et al. developed an integrated wind-to-hydrogen energy model for a region in 

Alberta, Canada (Olateju, et al., 2016). However, in this study, conventional batteries were used for energy 

storage, and the hydrogen produced was only considered as a fuel to be sold or used in industry, rather than 

an energy storage mechanism. A 2016 thesis undertaken with Vattenfall explored the opportunities for 

battery energy storage systems under direct control of Swedish Distribution System Operators (DSOs) 

(Erikson Brangstrup & Johnson, 2016).  

A consultancy group under Ecorys has, in a report for the European Commission, specified the future role 

of DSOs in the energy system and the possibilities that fast-response energy storage managed by DSOs 

could allow for the technological shift towards a smart electrical grid dominated by intermittent renewable 

energy sources (European Commission, 2014).  

As development towards implementing smart grid applications continues, Ecorys expects flexibility to be 

one of the key services that will be necessary for DSOs to provide (European Commission, 2014). Energy 

system flexibility is defined as the ability to predict the stochastically variable changes in the electricity grid, 

such as demand fluctuations or intermittent production from renewables, and to deliver the power capacity 

with the necessary ramp-up characteristics in order to cope with all types of variabilities.  

Hydrogen energy storage (HES) could provide this flexibility by constituting immediately dispatchable 

power while deferring any additional back-up capacity investment. Currently, however, there has been no 

research undertaken into the potential benefits of energy storage via RHFCs for DSOs in Sweden.  

 AIMS AND OBJECTIVES 

This study aims to establish the potential for and roughly analyse the costs and benefits of RHFCs for grid-

scale energy storage managed by DSOs in Sweden. Vattenfall Distribution, one of Sweden’s largest DSOs, 

will be used as a background to a specific case study. Recommendations about developing RHFC systems 

for DSOs will be provided.  

 KEY RESEARCH QUESTIONS 

Key research questions to be investigated in this study are: 

 How do RHFCs compare to other energy storage solutions? 

 How can RHFCs, operating as grid-scale energy storage, benefit DSOs in Sweden? 

 What is the most cost-effective technology for hydrogen storage in Sweden? 

Answers to these questions are provided throughout the thesis report and summarized in the conclusions. 
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 ORGANISATION OF STUDY 

Chapter 1 introduces the background and the aim of this work, places the topic into context, and covers 

the issues to be investigated. 

Chapter 2 provides a thorough literature review of electricity-to-electricity energy storage technologies, 

including a specific focus on the different types of HES available. 

Chapter 3 assesses the different methods and technologies used to store hydrogen. 

Chapter 4 explains the methodology used to evaluate the expected costs and benefits of implementing HES 

in Sweden, for three scenarios. 

Chapter 5 presents the results of these scenarios, including a discussion of whether investment in this 

technology is justified. 

Chapter 6 explores the robustness of the study by scrutinizing the results and by conducting a sensitivity 

analysis on crucial input parameters.  
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2. AVAILABLE TECHNOLOGIES FOR GRID-SCALE ENERGY 

STORAGE 

 METHODOLOGY 

This chapter provides a thorough review of current literature and state-of-the-art concerning electricity-to-

electricity grid energy storage technologies. Key technical and economic parameters for each technology 

are highlighted and compared.  

 OVERVIEW OF GRID-SCALE ENERGY STORAGE TECHNOLOGIES 

Currently, many technologies can be used for electricity-to-electricity energy storage. Figure 1 shows a 

comparison of electrical energy storage technologies, in terms of storage time and power capacity. 

 

Figure 1: Segmentation of energy storage technologies (Wolf, 2015). 

2.2.1. Pumped Hydroelectric Storage 

Pumped hydroelectric energy storage (PHES) utilises the gravitational potential energy of water over a set 

elevation. Water is pumped from a lower elevation to a high elevation reservoir, increasing its gravitational 

potential energy. At times of peak demand, the high elevation reservoir opens, driving one or more turbines. 

Subsequently, the water is pumped up to the high elevation reservoir when grid electricity demand is low 

and cheap power is available. Due to the power requirements of pumping the water PHES is a net consumer 

of electricity. However, it allows more electricity to be sold at times of peak demand, increasing revenues 

for energy companies. 

The round-trip energy efficiency of an energy storage technology is defined as the ratio of input energy to 

useful output energy produced. Round-trip energy efficiencies of PHES systems range from 70-80%, some 

reaching around 87% (Levine, 2007) (Yang, 2016) (The Economist, 2012) (Rehman, et al., 2015). Capacities 

are often in the range of 1-2 GW (Rehman, et al., 2015). In 2017, the DOE Global Energy Storage Database 

published data showing that PHES represents over 96% of global energy storage developments, with an 

installed capacity of over 183 GW (Sandia National Laboratories, 2017). The dominance of PHES in global 

energy storage installations can be seen in Figure 2, below. 
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Figure 2: The historic growth of global energy storage capacity, by technology (1905-2020) (Sandia National Laboratories, 2017). 

Implementing PHES requires specific site conditions. A sufficient amount of water is required, either in 

an artificial or natural reservoir. Additionally, this water needs to be located at a sufficient altitude, in 

proximity to another area of lower altitude. Given these requirements, the number of locations available 

for PHES is limited. Additionally, these constraints often mean PHES cannot be located in close proximity 

to renewable energy developments. Due to the rapid capacity additions in PHES, shown in Figure 2, it is 

likely that the most suitable locations for PHES developments have been, or will soon be, exploited. As 

previously mentioned, in the case of Sweden, new hydroelectric project have ceased due to a lack of 

unexploited sites and growing environmental concerns.  Therefore, the future growth potential of this 

technology, particularly within Sweden, is unclear. 

However, the use of sub-surface reservoirs for PHES is currently being investigated. In Norton, Ohio, New 

Summit Hydro are investigating the potential for a 1.5 GW PHES development, utilising an underground 

reservoir, negating the requirement for the site to have a natural altitude differential (United States of 

America: Federal Energy Regulatory Commission, 2014). This may reduce some of the aforementioned 

limitations of PHES. 

2.2.2. Battery Storage 

Many different chemistries exist for battery design. Currently, the most common batteries for stationary 

energy storage are sodium-sulphur batteries (Vattenfall AB, 2016). These cells have a high round-trip 

efficiency of approximately 90% (Energy Storage Association, 2017). A further benefit is the large outputs 

these batteries can handle, making them useful for regulating grid frequency. In the USA 9 MW of sodium-

sulphur battery capacity has been implemented in the grid for frequency stabilisation and backup power 

capacity (Energy Storage Association, 2017). 

Vattenfall is constructing a 22 MW capacity sodium-sulphur battery energy storage facility at the Pen y 

Cymoedd wind farm in Wales, to balance its volatile output (Vattenfall AB, 2016). Japan is home to the 

world’s largest sodium-sulphur battery installation of 34 MW capacity, used for wind energy stabilisation 

(Energy Storage Association, 2017). However, these cells can only store a small quantity of energy and 

contain highly corrosive and flammable materials. 

Sony and Asahi Kasei jointly released the first commercial lithium-ion battery in 1991 (Energy Storage 

Association, 2017). Initially used in consumer electronics, lithium-ion batteries are currently being 

manufactured in larger capacity cells for use as an energy storage mechanism. Tesla’s Gigafactory is aiming 
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for an annual lithium-ion battery capacity production of 50 GWh (Chatsko, 2016). These batteries will then 

be used in Tesla’s automobile fleet or sold as Powerwalls, Tesla’s 13.5 kWh capacity domestic energy storage 

solution for renewable energy (Tesla, 2017). Tesla also manufactures the Powerpack, a larger capacity 

lithium-ion battery for utilities and businesses (Tesla, 2017). The California Public Utilities Commission 

installed 396 Tesla batteries in 2017 to provide both grid stabilisation and power for 4 hours to 15,000 

homes (Micu, 2017).  

Whilst lithium-ion batteries are well suited to portable consumer electronics, such as mobile phones, their 

performance is unsuited to large-scale energy storage applications. Commercial lithium-ion batteries from 

Panasonic and Tesla are limited to 500 deep charge cycles before rapid performance deterioration occurs 

(Chatsko, 2016). When used to store energy from a domestic renewable source, such as solar PV panels, 

such batteries could have reduced performance after just 16 months (Chatsko, 2016). Batteries for electric 

vehicles, such as Tesla’s products, have a target cost of $100-200/kWh. By comparison, stationary energy 

storage needs to cost around $50/kWh in order to be financially viable, according to Dan Sadoway of MIT 

(Wesoff, 2012).  

2.2.3. Compressed Air Storage 

Compressed air energy storage (CAES) utilises an air compressor and storage tank to pump and store air 

at a high pressure. The pressurised air can then be expanded through a turbine, connected to a generator, 

to produce electricity. CAES offers an alternative to pumped hydroelectric storage for medium-term energy 

storage. The world’s first CAES plant was completed in Huntorf, Germany in 1978 and is comprised of 

two salt-cavens with a total energy storage capacity of 320 MW (Fuchs, et al., 2015). The Huntorf plant has 

a round-trip efficiency of 42% (Fuchs, et al., 2015). A second plant of 110 MW capacity, located in 

McIntosch, USA, was opened in 1991 (Fuchs, et al., 2015). This plant has a slightly higher round-trip 

efficiency than the Huntorf plant, of 54% (Fuchs, et al., 2015). 

The process of air compression increases the temperature of the air. Similarly, expanding the pressurised 

air removes heat. Storing the heat generated when the air is compressed substantially increases the efficiency 

of the energy storage (Gies, 2012).Two main types of CAES exist, with alternative means of dealing with 

the heat produced by compression: diabatic, adiabatic, and isothermal. 

Diabatic CAES utilises a radiator to remove from the air the heat produced during compression. The 

compressed air is then stored in a pressurised vessel, usually an underground cavern. However, natural 

discharging of the air means the air expands and cools. Heat energy must be supplied to the air before it 

can be used to drive the turbine. This energy often comes from the combustion of natural gas or biofuels. 

Both the Huntorf and McIntosch plants described above utilise natural gas combustion to supply heat 

energy to the air. This reduces their round-trip energy efficiencies and means they are not CO2 neutral 

energy storage capacity.  

By contrast, adiabatic CAES stores the heat produced by compression and transfers it to the air upon 

expansion. This increases the round-trip efficiency of the storage by roughly 20% (Fuchs, et al., 2015). 

Adiabatic CAES systems can achieve a round-trip efficiency of 70-80% (Fuchs, et al., 2015). Under the 

ADELE project, a cooperation between the German Federal Ministry of Economics and Technology and 

RWE Power AG, a 360 MWh adiabatic CAES facility was opened in Germany in 2016 (Fraftwerk 

Forshung, 2017). This plant is not at full commercial scale, and merely serves as a technical demonstration 

facility. A lack of commercially viable heat storage technologies for adiabatic CAES are currently limiting 

the growth of the technology to larger capacities (Fuchs, et al., 2015).  
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2.2.4. Hydrogen Storage 

The process of water electrolysis has been known for over 200 years, and used in commercial applications, 

such as fertiliser production, for over 100 years. However, hydrogen plays only a minor role in the current 

global energy system. From their inception in the late 1940s, pressurised alkaline electrolyzers had, by the 

1970s, become the dominant design for industrial applications (LeRoy, 1983). In this time period, G.E. 

began to develop the first PEM electrolyzer (Russell, et al., 1973). PEM systems have the following benefits 

over alkaline electrolyzer systems (Mittelsteadt, et al., 2015): 

 Reduced operation costs; 

 Immediate start-up and shutdown; 

 Able to handle much larger load variations; 

 Higher-pressure operation and therefore a more compact storage volume. 

However, due to the shorter operational lifespans and higher manufacturing costs of PEM systems, they 

have historically only been used for niche applications. In the last two decades, because of growing supply 

of electricity from renewable energy systems (RES), there has been renewed interest in the use of PEM fuel 

cells for energy storage. 

Given the above advantages of PEM systems, they are well suited to harnessing surplus electricity from 

RES. A 2016 paper by Olateju et al. assessing the possibility of grid-scale hydrogen production from wind 

farms in Western Canada found the produced hydrogen to be economically uncompetitive with that 

produced by steam methane reforming, the conventional industrial method of hydrogen production 

(Olateju, et al., 2016).  

Figure 1 shows that hydrogen is a large-scale energy storage mechanism. Additionally, the figure shows the 

ability of hydrogen to store power in the range of 1 MW – 1000 MW (Wolf, 2015). Furthermore, one can 

see from this graph that hydrogen is able to store energy for up to weeks at a time, a clear benefit over 

other storage mechanisms, such as flywheel storage and lithium-ion batteries.  

Currently, there are a large number of commercial R&D projects being undertaken into integrating PEM 

systems with RES; in 2013 Hydrogenics and E·ON completed a 1 MW power-to-gas system in Hamburg, 

coupled to a 140 MW wind farm (Hydrogenics, 2013). In 2014 Siemens began to develop a 6 MW wind-

to-hydrogen system using high-pressure PEM electrolysis to utilise surplus electricity (Siemens AG, 2015). 

However, this project is also of the power-to-gas classification; the hydrogen produced is used by industry, 

road transport, or distributed in the grid. Power-to-gas projects are currently the preferred energy storage 

method used in commercial grid-scale PEM RHFC energy storage projects. Costs and technical 

performance values of PEM systems for three scenarios are shown in Table 1.  
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Table 1: Costs and performance figures of PEM fuel cell systems for 3 scenarios (Steward, et al., 2009). 

System Component High-Cost Case Mid-Cost Case Low-Cost Case 

Fuel cell system installed 

capital cost (2017-USD/kW)* 
3,394 920 491 

Stack replacement 

frequency/cost 

13 yr/30% of  initial 

capital cost 

15 yr/30% of initial 

capital cost 

26 yr/30% of initial 

capital cost 

O&M costs (2017-USD/kW-

year)* 
57 31 23 

Fuel cell life 13 yr (20,000 hours) 15 yr (24,000 hours) 26 yr (40,000 hours) 

Fuel cell system efficiency 

(LHV) 
47% 53% 58% 

Electrolyser system 

efficiency (LHV/HHV) 
62% / 73% 68.5% / 81% 73.5% / 87% 

Electrolyser capital cost 

(2017-USD/kW)* 
830 450 340 

*Calculated to adjust for inflation using U.S. Government CPI inflation calculator (United States Department of Labor - Bureau 

of Labor Statistics, 2017). 

Closed-loop RHFC systems, utilising PEM cells, are capable of functioning in a similar way to the previously 

described electric batteries. However, at the time of writing RHFCs have so far only been utilised in 

specialist aerospace developments. In 2005 NASA researched the use of such a system as a solar energy 

storage device for use in a high-altitude Unmanned Aerial Vehicles (Bents, et al., 2005).  

Currently, it is hard to find examples of commercial RHFC energy storage projects. Additionally, capital 

costs for RHFCs are comparatively high. These limitations are a result of the relative infancy of the 

technology. Despite these limitations, RHFCs have great potential for success as an energy storage 

technology, provided that their development continues and mass production is initiated. Table 2 shows a 

comparison of technical and economic properties of RHFCs and lithium-ion batteries, using data from the 

mid-cost case shown in Table 1, above. 

Table 2: Economic properties of RHFCs and lithium-ion batteries. 

 Lithium-Ion Batteries RHFCs 

Capital costs (2017-USD/kWh)* 421** 511*** 

Operating costs (2017-USD/kWh-yr)* 6*** 31*** 

Energy Stored on Energy Invested ratio  35**** 59**** 

Round-trip energy efficiency  0.90**** 0.30**** 

Operational lifespan 19.5 years (30,000 hrs)*** 6.5 years (10,000 hrs)**** 

*Calculated to adjust for inflation using U.S. Government CPI inflation calculator (United States Department of Labor - Bureau 
of Labor Statistics, 2017). 
**From Nykvist et al. (Nykvist & Nilsson, 2015). 
***From Steward et al. (Steward, et al., 2009). 
****From Pellow et al. (Pellow, et al., 2015). 
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 SUMMARY 

In summary, many different energy storage technologies exist. However, the best technology to use depends 

on the application, environmental factors, and desired storage performance.  For example, PHES can only 

be installed where the prerequisite geological conditions are present. This limits the future growth potential 

of this technology. Batteries have a good potential for use as grid-scale energy storage. However, current 

battery technologies are limited by storage capacity and speed of storage degradation. There is no obvious 

“dominant design” for grid-scale energy storage.  
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3. OVERVIEW OF HYDROGEN STORAGE TECHNOLOGY 

 GEOLOGICAL STORAGE 

The least expensive method of storing pressurised hydrogen is underground in subterranean geological 

features, depleted oil and gas reserves, or in salt domes (Sørensen, 2007). Geological features, such as 

aquifers, often require no additional excavation to prepare them for hydrogen storage (Sørensen, 2007). 

Salt domes, shown in Figure 3, are usually located near the surface and can be excavated using water flushing 

(Sørensen, 2007). The Chevron Phillips Clemens Terminal, located in Texas, is an artificially mined salt 

cavern, with a capacity 7.5 million barrels, which has stored hydrogen since the 1980s (Phillips 66, 2015). 

In most cases, salt caverns are naturally impervious to gas leakage, negating the requirement for additional 

sealing technologies (Sørensen, 2007). 

 

Figure 3: Underground gas storage in salt caverns (Vattenfall AB, 2016). 

The HyUnder project found that abandoned conventional mines and pipe storage are additional methods 

for underground hydrogen storage, within Europe (HyUnder, 2013). Additionally, this project has 

concluded that water electrolysis to produce hydrogen used in conjunction with underground hydrogen 

storage is both technically feasible and readily available, for TWh-scale energy storage projects (HyUnder, 

2014). 

Vattenfall currently utilises salt caverns for natural gas operations in the Netherlands and Germany 

(Vattenfall AB, 2016). The town of Epe, in the Netherlands, is home to seven Vattenfall gas storage caverns 

with a combined storage volume of million m3 (Vattenfall AB, 2016). Such sites could easily be adapted for 

use as hydrogen storage locations due to similar storage requirements.  

A 2013 report presented estimates for the naturally occurring geological CO2  storage capacities of the 

Nordic countries, shown in Table 3, below. These figures contain a great deal of uncertainty, however and 

need to be verified by further research to get a more accurate assessment of the true storage capacity 
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(Anthonsen, et al., 2013). Even so, this capacity could also be used for underground hydrogen storage. The 

available saline aquifer capacity for Sweden listed in these estimates is entirely located offshore, underwater. 

Figure 4, below, shows the locations of Sweden’s deep saline aquifer storage capacity.  

Table 3: Estimated CO2 storage capacity in the Nordic region (Anthonsen, et al., 2013). 

Country Saline aquifers (Gt) Hydrocarbon fields (Gt) Mineral trapping (Gt) 

Denmark 16.2* 2.2 - 

Finland - - 2-3 

Iceland - - 60-330*** 

Norway 45.4*** 27 - 

Sweden 14.9 - - 

*Only including estimations from traps. 
**Preliminary results. 
***Only including estimations from the North Sea. 

 

 

Figure 4: Areas in southern Sweden with deep saline aquifers suitable for gas storage (Anthonsen, et al., 2013). 

Within mainland Sweden, aquifers and salt caverns are less abundant, due to the dominance of basement 

crystalline rock in Sweden’s geology (Brandshaug, et al., 2001). Disused iron ore and silver mines are more 

common in the country. These mines require modification before they can be utilised for hydrogen storage; 

e.g. a steel tank is installed to create a Lined Rock Cavern (LRC), shown in Figure 5 (Brandshaug, et al., 

2001). This increases the capital cost of underground storage in this situation. However, the performance 

of the site after modification rivals that of salt caverns, compensating for the additional expense 

(Brandshaug, et al., 2001).  
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Figure 5: Principle layout of an LRC facility (Mansson & Marion, 2002). 

In cooperation with Gaz de France, Sydkraft, now part of E.ON Sweden, conducted the first demonstration 

LRC project between 1998-2002 with funding assistance from the EU (European Commission, 2002). The 

LRC project was constructed inside Skallen Mountain, close to Halmstad, in the south of Sweden and can 

store a gas volume of 10 MNm³ (European Commission, 2002). Commercial LRC projects can be much 

larger than this demonstration project; the demo project has a geometric volume of 40,000 m³, whereas 

commercial scale LRCs can exceed 130,000 m³ in geometric volume (Mansson & Marion, 2002). Due to 

the high pressure of the gas stored in LRCs, the total working gas volume greatly exceeds the geometric 

volume. For example, a four-cavern LRC installation with a geometric volume of 320,000 m³ should be 

able to store a working gas volume of 74,000,000 m3 (Sofregaz US Inc., LRC AB, 1999). 

A key benefit of the LRC technology is that the tank can be situated much shallower underground than the 

salt caverns for gas storage, whilst ensuring the same storage pressure of 25 MPa. At the Halmstad project, 

the LRC is located at a depth of between 100-200 m. By contrast, salt cavern storage is often at least 1,000 

m underground (Brandshaug, et al., 2001) (European Commission, 2002). Additionally, LRCs allow for gas 

storage in locations where normally other projects were not possible, due to geological conditions and have 

a lower impact on the landscape and the environment than other gas storage technologies (Brandshaug, et 

al., 2001) (Mansson & Marion, 2002). However, LRCs have relatively high construction costs due to 

intensive labour requirements, as shown in Table 4.  

Table 4: Relative investment costs of LRC storage capacity. 

Component 
Investment Cost 

(1999 US$/m3 gas)* 

Investment Cost 

(2017 US$/m3 gas)** 

Investment Cost (2017 

US$/kWh Hydrogen)*** 

Preconstruction 0.02 0.03 0.62 

Below ground 0.42 0.62 13.46 

Above ground 0.10 0.15 3.32 

Base Gas 0.004 0.01 0.14 

Contingency 0.06 0.09 2.01 

Total 0.62 0.90 19.54 

*Calculated using cost figures and a gas storage capacity of 74 x 106 m3 for a four-cavern facility detailed in a 1999 report by 
Sofregaz US and LRC AB (Sofregaz US Inc., LRC AB, 1999). 
**Calculated to adjust for inflation using the U.S. Government CPI inflation calculator (United States Department of Labor - 
Bureau of Labor Statistics, 2017). 
***Calculated using the above gas storage capacity, a hydrogen density of 700 kg/m3, and an energy density of hydrogen of 33.3 
kWh/kg (Wilberg, et al., 2001). 
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Figure 6 shows the net present cost (NPC) values of three cost scenarios for hydrogen storage systems, 

using conventional geological storage methods. Capital and operating cost figures for each scenario are 

detailed in Table 5. 

 

 

Figure 6: Cost scenarios of geological hydrogen storage (Steward, et al., 2009). 

 

Table 5: Geological storage capital costs for high, medium, and low-cost cases (Steward, et al., 2009). 

System Component High-Cost Case Mid-Cost Case Low-Cost Case 

Geologic storage compressor 

electricity use (kWh/kg H2) 
2.2 2.2 2.2 

Geologic storage capital cost 

(2017-USD/MW)* 
107,400 101,400 100,400 

*Calculated to adjust for inflation using the U.S. Government CPI inflation calculator (United States Department of Labor - 
Bureau of Labor Statistics, 2017). 
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 SURFACE-LEVEL STORAGE 

As previously mentioned, hydrogen can alternatively be stored in surface-level steel tanks. A 2008 NREL 

paper estimated the costs of hydrogen fuel cell systems for three cost scenarios. These results are shown in 

Table 6, below. From this table, the substantial capital cost of steel tank hydrogen storage compared to 

geological storage can be observed. Figure 7 shows NPC values for the three scenarios when aboveground 

steel storage tanks are used. 

§

 

Figure 7: Cost scenarios of surface-level hydrogen storage (Steward, et al., 2009). 

 

Table 6: Surface-level storage capital costs for high, medium, and low-cost cases (Steward, et al., 2009). 

System Component High-Cost Case Mid-Cost Case Low-Cost Case 

Steel tank storage compressor 

electricity use (kWh/kg H2) 
4 4 4 

Steel storage tank capital cost 

(2017-USD/MW)* 
1,158,000 674,000 382,000 

*Calculated to adjust for inflation using the U.S. Government CPI inflation calculator (United States Department of Labor - 
Bureau of Labor Statistics, 2017). 

 

By comparing Tables 5 and 6 one can see that the capital costs of surface-level storage are substantially 

greater than for geological storage. For the high-cost case, the capital costs of surface-level storage are 

approximately 980% greater than geological storage capital costs. A similar trend is seen for the mid and 

low-cost cases; surface-level storage capital costs are roughly 565% and 280% greater than geological 

storage capital costs for both cases, respectively.   
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4. WHAT ARE THE COSTS AND BENEFITS FOR HYDROGEN 

ENERGY STORAGE IN SWEDEN? 

 METHODOLOGY 

This study will use Vattenfall Distribution, one of Sweden’s largest DSOs, as a case study. Vattenfall 

Distribution is a business with 372.94 MW of installed wind capacity, 252.94 MW of which is onshore, 

shown in Figure 8 (Vattenfall AB, 2016). An energy storage capacity of 10 MW has been selected for the 

modelling purposes. 

A cost-benefit analysis was then performed to evaluate the 

desirability of investing in RHFCs. This theoretical 

framework allows all benefits and costs of a project to be 

expressed in terms of their net present value. The costs of 

an RHFC energy storage installation will be explored, 

including savings accrued through integration with 

existing wind farms. Simultaneously, the benefits of 

RHFCs will be evaluated, including the effects on system 

stakeholders. Analysis of archive and database 

information will be used for this process. Benefit 

evaluation will also involve consideration of current 

regulatory and incentive structures for energy storage 

developments. The results of the cost-benefit analysis will 

allow conclusions to be made about the suitability of 

hydrogen energy storage for DSOs in Sweden.  

The StorageVET simulation software, developed by the 

Electric Power Research Institute, was used in this study 

to estimate the costs and benefits of HES in Sweden. 

StorageVET (energy storage value estimation tool) is a 

web-based software model, able to simulate energy 

storage projects of different size, location, and usage 

(Electric Power Research Institute, 2016). This software 

allows the lifecycle costs and benefits of a project to be 

calculated, based on selected input parameters. 

Additionally, multiple scenarios can be simulated and 

their results compared. Subsequently, the optimal 

characteristics for potential HES projects in Sweden can 

be found. Currently, StorageVET does not include data or 

parameters for HES. However, using a modification of 

the parameters characterising conventional electro-

chemical energy storage technologies, listed in section 6 

of the StorageVET user guide, HES is simulated (Electric 

Power Research Institute, 2016). This will allow key 

technical performance characteristics of HES, such as 

capacity and efficiency, to be accurately modelled. Figure 8: Vattenfall's Swedish wind energy capacity 
(Vattenfall AB, 2016). 
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 SCENARIOS 

The following scenarios, based on cost and performance parameters for HES shown in Table 1 and Tables 

4-6, were modelled in StorageVET. An HES storage capacity for a potential new development of 10 MW 

was chosen. A project lifetime of 15 years was selected for all scenarios, based on the mid-cost case data 

for fuel cell life shown in Table 1, beginning in 2016. This is because 2016 represents the most recent year 

for which complete data is available from the Nord Pool archive. 

4.2.1. Scenario 1 - Natural Offshore Saline Aquifer Storage in 

Southern Sweden 

This scenario assumes the natural saline aquifers off the coasts of southern Sweden, shown in Figure 4, can 

be utilised for pressurised hydrogen gas storage. The capital cost for the geological storage project was 

calculated to be $1.014 million (US 2017), from the mid-cost values shown in Table 5.  A housekeeping 

power requirement (internal energy consumption) for this scenario of 1,321 kW was calculated using the 

compressor electricity usage of 2.2 kWh/kg from Table 5, an energy density of hydrogen of 33.3 kWh/kg 

(per LHV), and the energy storage capacity of 20 MWh, shown in Table 7 below.  

4.2.2. Scenario 2 - LRC Geological Storage in Mainland Sweden 

Scenario 2 assumes that the natural saline aquifers used in scenario 1 are unavailable for use, meaning the 

LRC concept described in section 3.1. is utilised instead. This scenario is more likely to be representative 

of the rest of Sweden, especially in the inland where regions with abandoned mines are available, due to 

aforementioned geological conditions. The capital cost of LRC storage was calculated from the total cost 

per kWh for LRC storage, shown in Table 4, and the Energy Storage Capacity of 20 MWh, shown in Table 

7. It has been assumed that the housekeeping power requirement for this scenario is identical to that 

calculated above, for Scenario 1, since both scenarios are modelling geological hydrogen storage at similarly 

pressurised conditions. 

4.2.3. Scenario 3 - Surface-Level Steel Vessel Storage in Areas with 

Poor Geological Properties 

Scenario 3 utilises surface-level steel tanks for hydrogen storage, in order for reference comparisons to be 

made to the storage technologies modelled in Scenarios 1 and 2. Additionally, steel tanks could be the only 

available option for hydrogen storage in certain locations that do not have the necessary geological 

properties for other technologies, including LRCs. The capital cost for these steel tanks was calculated to 

be $6.74 million (US 2017), from the mid-cost values shown in Table 6. A compressor electricity usage for 

steel tanks of 4.0 kWh/kg-hydrogen, also shown in Table 6, was used to calculate the required housekeeping 

power of 2,402 kW. This assumption involves a hydrogen liquefaction plant, whereas the hydrogen is stored 

and maintained in liquid form in the steel tank.   
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 STORAGEVET MODEL DATA 

4.3.1. Storage Parameters 

StorageVET (EPRI) allows for many input parameters, in order to model unique energy systems and storage 

technologies. Table 7, below, shows the StorageVET input parameters used to simulate RHFC energy 

storage for the three scenarios mentioned above. Each scenario considers a standardised value for the 

energy storage charge capacity of 10 MW. In StorageVET this represents an energy storage energy capacity 

of 20 MWh. Additionally, certain other storage parameters remain constant for all scenarios as these are 

required to simulate the performance of RHFC systems. The main differences in the storage parameters of 

each scenario are seen in the capital costs of storage and housekeeping power requirements. Some 

parameters are zero or remain at their default values, due to a lack of available data.  

Table 7: StorageVET baseline model RHFC storage parameters. 

Parameter 
Value 

Scenario 1 Scenario 2 Scenario 3 

Technology Type Battery/Flywheel Battery/Flywheel Battery/Flywheel 

Charge Capacity (kW) 10,000 10,000 10,000 

Discharge Capacity (kW) 10,000 10,000 10,000 

Energy Storage Capacity (kWh) 20,000 20,000 20,000 

Upper Limit, Operational SOC (%) 1 1 1 

Lower Limit, Operational SOC (%) 0 0 0 

Charge Efficiency (%) 0.7* 0.7* 0.7* 

Discharge Efficiency (%) 0.329* 0.329* 0.329* 

Self-Discharge Rate (%/hr) 0* 0* 0* 

Housekeeping Power (kW) 1,321 1,321 2,402 

Costs of Replacement PEM (2017-$/kWh) 276 276 276 

Capital Costs Storage (2017-$) 1,014,000 390,800 6,740,000 

Capital Costs PEM (2017-$/kW) 920* 920* 920* 

Capital Costs (2017-$/kWh) 0 0 0 

Fixed Operating Expenses (2017-$/kW-yr) 31 31 31 

Variable O&M Expenses (2017-$/MWh) 0 0 0 

Project Development Expenses (2017-$) 0 0 0 

End of Life Expenses (2017-$) 0 0 0 

Inverter Apparent Power (kVA) 60,000 60,000 60,000 

Calendar Life Degradation (%/year) 6.67 6.67 6.67 

Ignore cycles shallower than (% DoD) 0.01 0.01 0.01 

*From Pellow et al. (Pellow, et al., 2015). 

4.3.2. General Settings 

The following parameters are the same for all of three, in order to simulate conditions presented by the 

Swedish energy system. Table 8 below, shows the values selected for the StorageVET general settings. 

These parameters include the location of the storage capacity, the lifetime of the project, and the project 

start year, for example. Additionally, these settings allow the services desired of the storage capacity to be 

selected.  

Table 8 shows the four services that have been enabled for the energy storage capacity in this model. 

Selecting more services increases the complexity of the StorageVET model and requires consideration of 

many more input parameters. To simplify the model and allow more scenarios to be developed and 
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modelled only four services have been enabled; Resource Adequacy capacity (RA), day ahead energy time 

shift, frequency regulation, and investment deferral. The latter three services represent the main expected 

benefits. However, the services “Energy Time Shift”, “Frequency Regulation”, and “Investment Deferral” 

represent the main benefits of energy storage highlighted by Erikson Brangstrup et. al (Erikson Brangstrup 

& Johnson, 2016) and should, therefore, provide a good representation of main benefits arising from the 

energy storage capacity.  

Table 8: StorageVET model general settings. 

Parameter Value 

Grid Location Distribution System 

Primary Control Actor Utility 

Grid Services:  

Resource Adequacy Capacity Enabled 

Day Ahead Energy Time Shift Enabled 

Real Time Energy Time Shift Disabled 

Frequency Regulation Enabled 

Spinning Reserve Disabled 

Non-Spinning Reserve Disabled 

Regulation Energy Management Disabled 

Flexible Ramping Disabled 

Investment Deferral Enabled 

Power Quality Control Disabled 

Constraints Configuration:  

Constraint Priority Default 

Feature Level Default 

Location Distribution System 

Primary Control Actor Utility 

PV Activation No PV 

Load Activation Load not present 

Storage Activation Storage Present 

Max Interconnection Power [kW] Infinite 

Max Reverse Power [kW] 0 

Constraint Activation No Interconnection Constraints 

Simulation Settings:  

Start Year 2016 

Project Life [yrs.] 15 

Simulation Year 2017 

Midnight Offset [hrs.] 0 

Target State of Charge 0.5 

Leap Day Mode Ignore Leap Day Data 

Dispatch Interval, Day Ahead 1-hour 

Dispatch Interval, Real Time 1-hour 
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4.3.3. Transmission Parameters 

Table 9 shows the selected transmission system input parameters and data used in all three scenarios. Hourly 

day ahead energy price data for Sweden in 2016 was sourced from Nord Pool’s data archive and imported 

into StorageVET. An annual electricity price growth rate of 2% was selected, based on average inflation 

rates in Sweden. Due to difficulties in sourcing data for Sweden, the default StorageVET ancillary service 

price data was used. Since the “Real Time Energy Time Shift” grid service was disabled for all scenarios, 

shown in Table 8, the “Real Time and Flexible Ramping” settings were also disabled in the transmission 

parameters.  

Hourly electricity distribution system load data for Sweden in 2016 was also sourced from Nord Pool and 

imported into StorageVET. Since total electricity demand has remained constant in Sweden over the last 

30 years a modest growth rate of 1% was selected for the system load. StorageVET is able to model peak 

load events. A value of 20 peak load events per month was selected for all scenarios.  

An annual RA price growth rate of 2% was selected for the same reasons described above, for the day 

ahead energy price growth rate. 

Table 9: StorageVET model transmission settings. 

Parameter Value 

Day Ahead:  

Day Ahead Energy Price Hourly Elspot Prices for Sweden in 2016* 

Data Mode Single Selection with Growth Rate 

Annual Growth Rate 2% 

Base Year 2016 

Ancillary Service Prices AS_CASIO_EXP DAM CLR_PRC (1-hour) 

Data Mode Single Selection with Growth Rate 

Annual Growth Rate 1% 

Base Year 2016 

Real Time and Flexible Ramping Unused 

Resource Adequacy (RA) Capacity:  

System Load Hourly System Load for Sweden in 2016* 

Data Mode Single Selection with Growth Rate 

Base Year 2016 

Annual Growth Rate 1% 

RA Peak Identification Mode Top number per month 

Number of RA Peak Events 20 

RA Dispatch Mode Availability only 

Discharge Duration (hrs.) 4 

RA kW Percentage 100% 

RA Price Default 

Data Mode Single Selection with Growth Rate 

Annual Growth Rate 2% 

Base Year 2016 

*From Nord Pool historical market data (Nord Pool, 2017). 
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4.3.4. Distribution Parameters 

The fourth key set of StorageVET input data describes the chosen distribution system. In the three 

scenarios the values shown in Table 10 were used. A deferral load is defined as a capacity investment that 

could potentially be postponed or cancelled, as it is not required due to the presence of energy storage in 

the grid (Erikson Brangstrup & Johnson, 2016).  

The 15 MW capacity sample feeder is the default deferral load in StorageVET. However, it was assumed 

that this deferral load power plant is a biomass electric power station, common in Sweden. Using a capital 

cost of $4,000 per kW, from U.S. Department of Energy (U.S. Department of Energy - Federal Energy 

Management Program, 2016), a total cost for the deferral load of $60 million was calculated. This is referred 

to as the deferral-avoided cost.  

Unfortunately, due to a lack of available data it was not possible to incorporate power quality control into 

these scenarios. The impact of including power quality control should be explored in future studies.  

Table 10: StorageVET model distribution settings. 

Parameter Value 

Deferral:  

Deferral Load 15 MW Sample Feeder (1-hour) 

Data Mode Single Selection with Growth Rate 

Base Year 2016 

Annual Growth Rate for Load 1% 

Effect Multiplier 1 

Upper Threshold (MW) 14 

Lower Threshold (MW) 0 

Deferral Load Forecast Adder (MW) 0 

Deferral-Avoided Cost ($) 60,000,000* 

Base Year for Avoided Costs 2017 

Annual Growth, Deferral Avoided Cost 2% 

Volt/VAR Support (Power Quality): Unused 

 

 

4.3.5. Customer Parameters 

StorageVET is also able to account for customer behaviours. A sample commercial load profile provided 

by StorageVET was selected with an annual growth rate of 1%. The default retail tariff data was selected, 

due to a lack of available data, and also was assumed to grow by 1% annually.  

“Demand Response” and “Backup Power” parameters were not used in these scenarios. The resulting 

compiled parameters for the load profile are listed in Table 11.  
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Table 11: StorageVET model customer data. 

Parameter Value 

Retail Load and Tariff:  

Site Load Sample Commercial BTM Load (1-hour) 

Base Year 2016 

Growth Rate 1% 

Data Mode Single Selection with Growth Rate 

Retail Tariff Default 

Data Mode Single Selection with Growth Rate 

Annual Growth, Energy Rate 1% 

Annual Growth, Demand Charge 1% 

Demand Response (DR): Unused 

Backup Power: Unused 

 

4.3.6. Financial Parameters 

Since this study focuses on the financial impacts of investing in HES, it is crucial that the financial input 

data used for all scenarios is representative of economic conditions in Sweden. Table 12 shows the financial 

input parameters used in the three scenarios. An ownership model of an “Investor Owned Utility” was 

chosen, since Vattenfall is a utility owned by large investors who expect to see the business produce financial 

returns. An average interest rate of 3.3% from 1994-2017 was calculated (Trading Economics, 2017).  

Table 12: StorageVET model financial data. 

Parameter Value 

Ownership Model  

Ownership Investor Owned Utility (IOU) 

Debt Interest Rate 3.3%* 

% Debt 50% 

Equity Rate 10% 

Inflation (%/year) 2% 

Depreciation (MARCS) Term (Yrs) 10 

Federal (Gov.t) Income Tax Rate 22.1%** 

State Income Tax Rate 0% 

Property Tax Rate 1.13%*** 

Incentives:  

Federal Income Tax Credit (FITC) Enabled 

% FITC 100% 

% of CAPEX eligible for FITC 60%**** 

% FITC storage charging threshold 75% 

Self-Generation Incentive Program (SGIP) Disabled 

Annual FITC program cost [$/Yr] 0 

Transfers: Unused 

** Corporation tax rate for Sweden (Tax Foundation, 2015). 
*** Calculated from an annual property tax of 1.5% charged on 75% of the property value (Just Landed, 2017). 
**** From CleanTechnica.com (Hanley, 2016). 
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5. RESULTS: TOTAL COSTS AND BENEFITS OF HYDROGEN 

ENERGY STORAGE IN SWEDEN 

 SCENARIO 1 RESULTS 

The financial results of modelling Scenario 1 in StorageVET are shown in Table 13. From this table one 

can deduct that the Scenario has a positive total NPV of approximately $110.14 million. Total costs and 

benefits were found to be $437.0 million and $547.1 million respectively, throughout the assumed lifetime 

of the project. The most substantial negative cash flow, of $398.3 million, was to provide day ahead energy 

time shift services, which represent several possible types of daily charge/discharge cycles with all the 

associated expenditures.  

By contrast, investment deferral benefits represented the largest positive cash flow of just over $538.2 

million. These results would suggest that an investment in HES, replacing an otherwise necessary back-up 

power plant and utilising an offshore natural saline aquifer storage in Southern Sweden, could be financially 

viable, even without the potential benefits that could be provided by additional grid services, which were 

not enabled in this scenario.  

Figure 9 compares the costs and benefits results of Scenario 1. From this figure the significant impact 

provided by investment deferral can be seen.  

 

Table 13: NPV cost/benefit results for Scenario 1. 

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 6,034,362 

Day Ahead Energy Time Shift 389,248,432 0 

Frequency Regulation 0 47,987 

Investment Deferral 0 538,194,750 

Fixed O&M 3,134,996 0 

Property Tax 626,872 0 

Interest Expense 998,027 0 

Loan Repayment Expense (Principal) 3,006,916 0 

Debt Service Reserve 0 82,415 

Interested Earned on Debt Service Reserve 0 32,349 

Federal Tax Paid 31,858,975 0 

Federal Tax Refund 0 0 

Tax Credit - Federal ITC 0 2,712,503 

Annualized Equity Investment (Incl. Return) 8,094,869 0 

Total 436,969,087 547,104,366 

Total Project NPV $110,135,325 
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Figure 9: NPV cost/benefit chart for Scenario 1. 
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 SCENARIO 2 RESULTS 

The NPV results of modelling Scenario 2 in StorageVET are shown in Table 14. A graphical comparison 

of this data is provided in Figure 10, showing how each cash flow category contributes to the total NPV. 

The total NPV for Scenario 2 was $110.5 million, with total costs and benefits calculated to be $436.4 

million and $546.9 million, respectively.  

It is interesting to note that these values are similar to the results of Scenario 1, despite a different hydrogen 

storage technology with slightly lower costs being modelled. 

The first five rows of results in Table 14 remain unchanged from Scenario 1’s results as these are related to 

the chosen capacity of the storage development and are unaffected by the changed parameters used in 

Scenario 2, assuming that the charge/discharge behaviour of the storage technology is the same. Since the 

total NPV for this scenario is positive these results suggest that utilising LRC technology for hydrogen 

storage in a HES system could also be financially viable.  

Figure 10 shows the result comparisons of Scenario 2 for all applicable cash flows. 

 

Table 14: NPV cost/benefit results for Scenario 2. 

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 6,034,362 

Day Ahead Energy Time Shift 389,248,432 0 

Frequency Regulation 0 47,987 

Investment Deferral 0 538,194,750 

Fixed O&M 3,134,996 0 

Property Tax 588,581 0 

Interest Expense 937,133 0 

Loan Repayment Expense (Principal) 2,823,451 0 

Debt Service Reserve 0 77,387 

Interested Earned on Debt Service Reserve 0 30,375 

Federal Tax Paid 31,963,280 0 

Federal Tax Refund 0 0 

Tax Credit - Federal ITC 0 2,547,002 

Annualized Equity Investment (Incl. Return) 7,719,533 0 

Total 436,415,406 546,931,863 

Total Project NPV $110,516,456 
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Figure 10: NPV cost/benefit chart for Scenario 2. 
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 SCENARIO 3 RESULTS 

Table 15 shows the NPV results found from modelling Scenario 3 in StorageVET. A total NPV slightly 

lower than that found for Scenarios 1 and 2, of $106.63 million was found for Scenario 3. Figure 11 shows 

a graphical comparison of total costs and benefits for Scenario 3.  

The higher cost of steel storage tanks is reflected in the results for this scenario; including higher amounts 

that ought to be paid in property taxes, interest expenses, and loan repayments.  

However, Scenario 3 also qualifies for investment deferral benefits of $538.2 million, which again is the 

most pronounced positive cash flow. Despite the considerably higher investment cost of steel storage tanks 

for compressed or liquefied hydrogen (whatever the technology used), this scenario delivers a total NPV 

of $106.6 million, which is quite in the same range as the previous two scenarios.  

Figure 11 visualises the results of Scenario 3 for all applicable cash flows. This figure uses a similar pattern 

to Figures 9 and 10 in terms of the major cost and benefit cash flow sources. Noticeably, a somewhat larger 

“Annualized Equity Investment” cost is associated to Scenario 3, than for Scenarios 1 and 2.  

 

Table 15: NPV cost/benefit results for Scenario 3. 

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 6,034,362 

Day Ahead Energy Time Shift 389,248,432 0 

Frequency Regulation 0 47,987 

Investment Deferral 0 538,194,750 

Fixed O&M 3,134,996 0 

Property Tax 978,228 0 

Interest Expense 1,557,525 0 

Loan Repayment Expense (Principal) 4,692,602 0 

Debt Service Reserve 0 128,618 

Interested Earned on Debt Service Reserve 0 50,483 

Federal Tax Paid 30,900,609 0 

Federal Tax Refund 0 0 

Tax Credit - Federal ITC 0 4,233,141 

Annualized Equity Investment (Incl. Return) 11,543,478 0 

Total 442,055,870 548,689,341 

Total Project NPV $106,633,472 
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Figure 11: NPV cost/benefit chart for Scenario 3. 

 SUMMARY 

Each scenario shows a positive NPV with less than $4 million variance in the NPV result of all the three 

simulation models. The following chapter considers how robust the analysis conducted in these scenarios 

is by attempting a sensitivity analysis on selected input data. 
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6. SENSITIVITY ANALYSIS 

 METHODOLOGY 

In order to understand how certain StorageVET input parameters affect the final NPV results a sensitivity 

analysis on important variables needs to be conducted. This sensitivity analysis was based on Scenario 1 

and was calculated by StorageVET’s inbuilt sensitivity analysis functionality. Crucial parameters were varied 

by ±50%. The effect of varying each parameter on the final NPV results was then recorded. 

The energy storage charge capacity of the proposed development, 10 MW, is a parameter that directly 

affects many other input variables, such as storage capacity, storage capital cost, and  housekeeping power 

requirement. The RHFC development storage capacity is varied in this sensitivity analysis. Table 16 shows 

how these related input parameters are affected when the storage capacity is varied by ±50%, i.e. down to 

5 MW and up to 15 MW, and by ±25%, to 7.5 MW and 12.5 MW. This is to produce a clearer picture of 

how this variable affects the results calculated by StorageVET. 

Table 16: Parameters affected by variances in charge capacity. 

Parameter 
5 MW Charge 

Capacity 

7.5 MW Charge 

Capacity 

12.5 MW Charge 

Capacity 

15 MW Charge 

Capacity 

Energy Storage 

Capacity (kWh) 
10,000 15,000 25,000 30,000 

Discharge 

Capacity (kW) 
5,000 7,500 12,500 15,000 

Housekeeping 

Power (kW) 
661 991 1652 1,982 

Capital Costs 

Storage (2017-$) 
507,000 760,500 1,267,500 1,521,000 

 

Additionally, from the results of the three scenarios one can see that a large majority of the project benefits 

comes from investment deferral. The deferral-avoided cost used in all three scenarios was $60 million, 

calculated from an average capital cost of $4,000 per kW for biomass power stations, from the U.S. 

Department of Energy (U.S. Department of Energy - Federal Energy Management Program, 2016). 

However, since this is an average value calculated from many different developments there is some 

uncertainty in it. Therefore, the deferral-avoided cost of $60 million was also varied in this analysis, by 

±50% to $30 million and $90 million, and by ±25% to $45 million and $75 million. 

 RESULTS 

The results of the sensitivity analysis, highlighting the impact that varying the above parameters has on the 

final project NPV, are summarised in Table 17 and Figure 12.  From Figure 12 one can see that varying the 

deferral-avoided cost has a linear effect on the total NPV. It can be estimated that a deferral-avoided cost 

of just under $45 million would lead to a total NPV of $0; any deferral-avoided cost higher than this value 

leads to a project with a positive NPV. Consequently, a deferral-avoided cost lower than $45 million would 

lead to a negative total NPV.  

 Due to the number of other parameters affected by varying the charge capacity, the impact on the total 

NPV is quite different to that for the deferral-avoided cost. From Table 17 and Figure 12 one can see that 

a charge capacity of 7.5 MW leads to a total NPV higher than that actually found for Scenario 1, namely of 
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$213.3 million. However, a charge capacity of 5 MW leads to a significantly negative NPV of $152.5 million. 

For an energy storage capacity between 12.5 and 15 MW the NPV turns negative. This suggests that charge 

capacity for a new HES investment can have significant impacts on the total NPV of the project. The model 

is sensitive to the energy storage capacity of the development. 

Table 17: Sensitivity analysis NPV results. 

Parameter Total NPV ($) 

Charge Capacity  

5 MW Charge Capacity -152,521,184 

7.5 MW Charge Capacity 213,280,963 

Baseline: Scenario 1 10 MW 110,135,325 

12.5 MW Charge Capacity 22,257,083 

15 MW Charge Capacity -52,625,660 

Deferral Avoided Cost  

Deferral-Avoided Cost $30 million -99,491,531 

Deferral-Avoided Cost $45 million 5,321,896 

Baseline: Scenario 1 $60 million 110,135,325 

Deferral-Avoided Cost $75 million 214,948,751 

Deferral-Avoided Cost $90 million 319,762,179 

 

 
Figure 12: Sensitivity analysis NPV chart. 
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7. CONCLUSION: SHOULD SWEDISH DSO’S INVEST IN 

HES? 

The findings of this study are limited to the amount of and quality of data that could be sourced by the 

author. Where data was lacking for different scenarios, the same data had to be used for all. In addition, 

due to time constraints and to simplifications in the analysis strategy, several energy storage services were 

disabled in StorageVET. In some cases default data provided by StorageVET had to be used due to a lack 

of other available data. 

The results of the three scenarios modelled in this study suggest that HES could be a profitable investment 

by Swedish DSOs, due to the significant positive NPV offered by each scenario. This study is a preliminary 

exploration of the potential of this technology and further work needs to be performed to better establish 

the case for HES within the Swedish energy system. However, due to the high cost effectiveness of HES, 

suggested by the results of this study despite the many conservative assumptions, it is recommended that 

Swedish DSOs should seriously investigate the potential for introducing HES in their energy systems by 

initiating and conducting further more detailed research and verification work.  

Further studied could be focused on modelling HES using additional StorageVET energy storage services. 

Additionally, new data should be collected to more accurately represent the Swedish energy system in 

StorageVET. Other energy storage technologies could also be modelled in StorageVET and the results 

compared to those for HES.   
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APPENDIX A – SENSITIVITY ANALYSIS 5 MW CHARGE 

CAPACITY RESULTS 

Table 18: Sensitivity analysis 5 MW charge capacity results. 

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 2,676,173 

Day Ahead Energy Time Shift 191,707,172 0 

Frequency Regulation 0 19,357 

Investment Deferral 0 0 

Fixed O&M 1,567,498 0 

Property Tax 313,413 0 

Interest Expense 499,014 0 

Loan Repayment Expense (Principal) 1,503,458 0 

Debt Service Reserve 0 41,208 

Interested Earned on Debt Service Reserve 0 16,174 

Federal Tax Paid 0 0 

Federal Tax Refund 0 42,972,753 

Tax Credit - Federal ITC 0 1,356,252 

Annualized Equity Investment (Incl. Return) 4,012,546 0 

Total 199,603,101 47,081,917 

Total Project NPV $-152,521,184 
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APPENDIX B – SENSITIVITY ANALYSIS 7.5 MW CHARGE 

CAPACITY RESULTS 

Table 19: Sensitivity analysis 7.5 MW charge capacity results. 

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 4,525,771 

Day Ahead Energy Time Shift 258,740,882 0 

Frequency Regulation 0 44,711 

Investment Deferral 0 538,194,750 

Fixed O&M 2,351,247 0 

Property Tax 470,120 0 

Interest Expense 748,521 0 

Loan Repayment Expense (Principal) 2,255,187 0 

Debt Service Reserve 0 61,812 

Interested Earned on Debt Service Reserve 0 24,261 

Federal Tax Paid 60,967,611 0 

Federal Tax Refund 0 0 

Tax Credit - Federal ITC 0 2,034,378 

Annualized Equity Investment (Incl. Return) 6,071,152 0 

Total 331,604,720 544,885,683 

Total Project NPV $213,280,963 
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APPENDIX C – SENSITIVITY ANALYSIS 12.5 MW CHARGE 

CAPACITY RESULTS 

Table 20: Sensitivity analysis 12.5 MW charge capacity results. 

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 7,542,952 

Day Ahead Energy Time Shift 500,145,384 0 

Frequency Regulation 0 39,378 

Investment Deferral 0 538,194,750 

Fixed O&M 3,918,745 0 

Property Tax 783,533 0 

Interest Expense 1,247,534 0 

Loan Repayment Expense (Principal) 3,758,645 0 

Debt Service Reserve 0 103,019 

Interested Earned on Debt Service Reserve 0 40,436 

Federal Tax Paid 8,164,447 0 

Federal Tax Refund 0 1,082,793 

Tax Credit - Federal ITC 0 3,390,629 

Annualized Equity Investment (Incl. Return) 10,118,586 0 

Total 528,136,874 550,393,957 

Total Project NPV $22,257,083 
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APPENDIX D – SENSITIVITY ANALYSIS 15 MW CHARGE 

CAPACITY RESULTS 

Table 21: Sensitivity analysis 15 MW charge capacity results. 

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 9,051,543 

Day Ahead Energy Time Shift 594,512,172 0 

Frequency Regulation 0 48,527 

Investment Deferral 0 538,194,750 

Fixed O&M 4,702,494 0 

Property Tax 940,240 0 

Interest Expense 1,497,041 0 

Loan Repayment Expense (Principal) 4,510,373 0 

Debt Service Reserve 0 123,623 

Interested Earned on Debt Service Reserve 0 48,523 

Federal Tax Paid 0 0 

Federal Tax Refund 0 14,038,576 

Tax Credit - Federal ITC 0 4,068,755 

Annualized Equity Investment (Incl. Return) 12,037,637 0 

Total 618,199,957 565,574,297 

Total Project NPV $-52,625,660 
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APPENDIX E – SENSITIVITY ANALYSIS $30 M DEFERRAL 

AVOIDED COST RESULTS 

Table 22: Sensitivity analysis $30 million deferral avoided cost results. 

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 6,034,362 

Day Ahead Energy Time Shift 389,248,432 0 

Frequency Regulation 0 47,987 

Investment Deferral 0 269,097,375 

Fixed O&M 3,134,996 0 

Property Tax 626,827 0 

Interest Expense 998,027 0 

Loan Repayment Expense (Principal) 3,006,916 0 

Debt Service Reserve 0 82,415 

Interested Earned on Debt Service Reserve 0 32,349 

Federal Tax Paid 0 0 

Federal Tax Refund 0 27,611,545 

Tax Credit - Federal ITC 0 2,712,503 

Annualized Equity Investment (Incl. Return) 8,094,869 0 

Total 405,110,067 305,618,536 

Total Project NPV $-99,491,531 
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APPENDIX F – SENSITIVITY ANALYSIS $45 M DEFERRAL 

AVOIDED COST RESULTS 

Table 23: Sensitivity analysis $45 million deferral avoided cost results.  

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 6,034,362 

Day Ahead Energy Time Shift 389,248,432 0 

Frequency Regulation 0 47,987 

Investment Deferral 0 403,646,062 

Fixed O&M 3,134,996 0 

Property Tax 626,827 0 

Interest Expense 998,027 0 

Loan Repayment Expense (Principal) 3,006,916 0 

Debt Service Reserve 0 82,415 

Interested Earned on Debt Service Reserve 0 32,349 

Federal Tax Paid 3,970,564 0 

Federal Tax Refund 0 1,846,849 

Tax Credit - Federal ITC 0 2,712,503 

Annualized Equity Investment (Incl. Return) 8,094,869 0 

Total 409,080,631 414,402,527 

Total Project NPV $5,321,896 
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APPENDIX G – SENSITIVITY ANALYSIS $75 M DEFERRAL 

AVOIDED COST RESULTS 

Table 24: Sensitivity analysis $75 million deferral avoided cost results. 

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 6,034,362 

Day Ahead Energy Time Shift 389,248,432 0 

Frequency Regulation 0 47,987 

Investment Deferral 0 672,743,437 

Fixed O&M 3,134,996 0 

Property Tax 626,827 0 

Interest Expense 998,027 0 

Loan Repayment Expense (Principal) 3,006,916 0 

Debt Service Reserve 0 82,415 

Interested Earned on Debt Service Reserve 0 32,349 

Federal Tax Paid 61,594,235 0 

Federal Tax Refund 0 0 

Tax Credit - Federal ITC 0 2,712,503 

Annualized Equity Investment (Incl. Return) 8,094,869 0 

Total 466,704,302 681,653,053 

Total Project NPV $214,948,751 
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APPENDIX H – SENSITIVITY ANALYSIS $90 M DEFERRAL 

AVOIDED COST RESULTS 

Table 25: Sensitivity analysis $90 million deferral avoided cost results. 

Cash Flow Category Cost ($) Benefit ($) 

Resource Adequacy Capacity (RA) 0 6,034,362 

Day Ahead Energy Time Shift 389,248,432 0 

Frequency Regulation 0 47,987 

Investment Deferral 0 807,292,125 

Fixed O&M 3,134,996 0 

Property Tax 626,827 0 

Interest Expense 998,027 0 

Loan Repayment Expense (Principal) 3,006,916 0 

Debt Service Reserve 0 82,415 

Interested Earned on Debt Service Reserve 0 32,349 

Federal Tax Paid 91,329,495 0 

Federal Tax Refund 0 0 

Tax Credit - Federal ITC 0 2,712,503 

Annualized Equity Investment (Incl. Return) 8,094,869 0 

Total 496,439,562 816,201,741 

Total Project NPV $319,762,179 

 


