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Abstract 

Research has shown that three-phase balancing alone can improve the operation of secondary 
distribution networks and that the addition of energy storage to the phase balancing power 
electronics further helps to alleviate the negative effects of phase unbalances. However, less 
attention has been paid to the economic potential of said technologies and particularly for load-
side implementation. It appears that the deployment of phase balancers, with or without energy 
storage, is indeed hampered by uncertainty related to its economic feasibility, despite both 
technologies being commercially available. This thesis therefore aims to assess and compare 
the economic feasibility of the two configurations for peak shaving purposes in the context of 
residential property loads in Sweden. 
 
The assessment was performed using a specially developed deterministic techno-economic 
model taking into consideration historical load data from three Swedish real estate, cost 
estimations for a range of alternatives used when sizing the systems, applicable tariffs and fees 
for electricity and its distribution as well as technical parameters such as the capacities and 
efficiencies of the involved components. A novel approach was taken by linearly extrapolating 
the three load profiles into three sets of 91 synthesized load profiles to enable a larger dataset 
for analysis. The net present values generated for each set were then graphed and analyzed 
per original real estate. 
 
The results showed that both configurations can be economically feasible, but only under 
certain conditions. A phase balancer alone was found to be feasible for real estate whose peak 
currents are distinctly unbalanced and exceed 50 A, with the best expected rate of return for 
profiles exceeding 63 A since they enable a tariff switch. The combined system was found to be 
even more contingent on the tariff switch and therefore only feasible for peaks above 63 A. A 
substantial difference in the initial investment further makes the single phase balancer the 
preferred choice, unless the discount rate is as low as 2 % or less. On this basis, potential 
investors need to assess the state of unbalance of their loads and perform their own calculation 
based their load profile, cost of capital and applicable tariffs.  
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Sammanfattning 

Tidigare forskning har visat att fasbalansering enskilt kan förbättra driften hos lokala 
distributionsnät och att ett batterisystem i tillägg till fasbalanserarens kraftelektronik ytterligare 
kan minska de negativa effekterna av fasobalanser. Däremot har mindre uppmärksamhet riktats 
mot den ekonomiska genomförbarheten hos dessa teknologier och i synnerhet för 
implementation på lastens sida av elmätaren. Det tycks vara så att spridningen av 
fasbalanserare, med eller utan energilagring, hindras av osäkerheten kring dess ekonomiska 
potential trots att båda teknologierna är kommersiellt tillgängliga. Detta arbete ämnar därför att 
värdera och jämföra den ekonomiska nyttan hos de två konfigurationerna vid toppreducering av 
fastighetselen i svenska bostadsfastigheter. 
 
Värderingen utfördes med hjälp av en särskilt utvecklad deterministisk tekno-ekonomisk modell 
som beaktade historiska lastdata från tre svenska fastigheter, kostnadsuppskattningar för en 
uppsättning av konfigurationer som användes vid dimensionering av systemen, applicerbara 
tariffer och avgifter för elektricitet och dess distribution samt tekniska parametrar såsom 
kapaciteter och verkningsgrader för de olika komponenterna. Ett annorlunda tillvägagångssätt 
tillämpades vidare för att utöka datamängden genom linjär extrapolation av lastprofilerna, vilket 
resulterade i tre uppsättningar av 91 syntetiserade lastprofiler. Nettonuvärdet beräknades 
följaktligen för varje profil och investeringsalternativ för att sedan plottas och analyseras per 
ursprunglig fastighet. 
 
Resultaten visade att båda konfigurationerna kan uppvisa lönsamhet, men endast under 
särskilda förutsättningar. Den enskilda fasbalanseraren bedömdes som lönsam för fastigheter 
vars strömtoppar är påtagligt obalanserade och som överstiger 50 A, med största möjliga 
lönsamhet för profiler som överstiger 63 A då dessa möjliggör ett tariffbyte. Det kombinerade 
systemets lönsamhet bedömdes vara ännu mer beroende av tariffbytet och därför endast 
lönsamt för strömtoppar över 63 A. En betydligt större grundinvestering för det kombinerade 
systemet gör vidare att den enskilda fasbalanseraren i regel är att föredra, såvida inte 
kalkylräntan är så låg som 2 % eller mindre. Baserat på detta uppmanas potentiella investerare 
att undersöka balanstillståndet hos deras laster och att utföra en egen kalkyl baserat på deras 
specifika last, kapitalkostnad och nätföretag. 
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1. Introduction 

This chapter introduces the study by first describing some contemporary trends and challenges 
faced by electric grids, the problem of phase unbalances and the current state of research on 
unbalance mitigation techniques. The ensuing sections then frame the work by presenting the 
purpose and problem statement, research questions, delimitations and expected contributions.  

1.1. Background and Literature Review 

Electricity is the fundamental backbone of the modern society. It permeates our daily lives in 
everything from food, transportation and housing to leisure, digital services and manufacturing. It 
is therefore a key factor in improving quality of life and productivity. Both commercial and industrial 
life rely on its ceaseless distribution and quality, making it essential to economic growth. In fact, 
the International Energy Agency (IEA, 2016) asserted that electrification is not only formative in 
developing countries but also the fastest-growing source of final energy demand in developed 
countries, and its share is steadily growing across all sectors. 
 
The popularity of electricity as energy carrier stems from its high-grade form, instantaneous and 
efficient distribution and suitability for a wide range of demanding applications. An increasingly 
important impetus, however, is that it may be generated and used with minimal environmental 
impact. It is therefore a key ingredient in the ongoing decarbonization of the energy system, used 
to displace other forms of energy which are associated with a larger environmental impact. 
Following this trend, coming generations are expected to set even higher demands in both 
application and cleanliness. As a result, IEA holds that the growth in electricity demand will 
continue to outpace that of energy consumption as a whole in the next 25 years (IEA, 2018b). 
However, not all means of electricity generation are sustainable, which emphasizes the 
importance of carefully designed energy policies. 

 An Increasing Share of Renewables in Electricity Generation 

In response to climate change, all of the United Nations’ 193 member states agreed upon a set 
of Sustainable Development Goals (SDG) at the Paris Climate Convention in 2015 (UN, 2019), 
implicating a worldwide transition towards renewable energy across all energy sectors. In 2018, 
the most rapid development occurred in the power sector, where 69 % of the global energy 
technology investment dollars targeted renewable energy technology (REN21, 2019). Of the 
increase in electricity generated, IEA (2019b) found that nearly 45 % stemmed from renewable 
sources, resulting in renewables constituting almost 26 % of the global electricity output in 2018 
compared to 19 % in 2008. Yet, in order to comply with the SDGs, the IEA (2019d) holds that the 
renewable electricity generation must continue to grow by 7 % annually until 2030 and that this 
will require even quicker deployment of renewable technologies in the future. 
 
The European Union strives to be in the forefront of battling climate change and has agreed upon 
a series of policy goals for 2020, 2030 and 2050 relating to greenhouse gas emissions, renewable 
energy and energy efficiency. While continuously revised, some of the most central regulatory 
measures are the new renewables directive for 2020-2030, improvements to Europe’s market 
design and measures to raise the effectiveness of the Emissions Trading System (IEA, 2016). 
 
While the EU appears to have met many goals for 2020, the targets for 2030 are significantly 
steeper, according to a report by the European Environment Agency (EEA, 2017). Greenhouse 
gas emissions are to be cut by 40 % compared to 1990, energy efficiency is to be improved by 
30 % and the share of renewable energy in EU’s total energy consumption needs to reach 27 %. 
The implied contribution of the power sector, as estimated by the IEA (WEO, 2016), is an increase 
from around 30 % renewable power generation today to 45 % by 2030. 
 
Provided that the EU countries manage to turn around their emissions trends, renewable 
electricity generation capacity in the EU is predicted to increase by 60 %, from 413 to 661 GW by 
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2030, based on the IEA’s Stated Energy Policies Scenario (STEPS) (WEO, 2016).1 The two main 
contributing energy sources would be wind and solar, almost doubling their combined capacity 
compared to 2014 according to the IEA. An increase of this magnitude is likely to have an 
appreciable impact on both grid dynamics and the electricity market since these types of 
resources differentiate from traditional forms of power generation. In particular, IEA (2016) lists 
five important technically distinguishing aspects which are discussed below. 

I. Variable Maximum Output 

Wind and solar photovoltaics (PV) are considered variable sources of renewable energy as their 
maximum output varies depending on the current weather conditions as opposed to being readily 
dispatchable. This means that their generating capability, and thereby power output, is dictated 
by nature rather than demand since the power output cannot simply be increased by adding fuel 
or opening a water inlet gate to a turbine. An increasing share of variable generation capacity 
would thus reduce the relative dispatchability of the system resources. This may very well be the 
case if the stated policy initiatives are realized, as the IEA (2016) predicts a growth from 22.4 % 
in 2014 to 37.6 % in 2030 in the STEPS. 
 
Being less reliable sources of energy, wind and solar power are said to have a lower capacity 
credit, suggesting that their contribution to the system’s supply security is lower. To compensate 
for the lower capacity credit, a greater total capacity may be installed. However, as pointed out in 
a study by Zhou et al. (2018), simply adding more variable capacity could make the system even 
more susceptible to power fluctuations. For example, optimal weather conditions may lead to a 
power surplus while poor conditions could lead to a deficit or, in the worst case, a power outage. 
The situation might be further complicated by the often correlating weather conditions in adjacent 
regions, meaning that inter-regional balancing trade is limited (Zhou et al., 2018).  

II. Unpredictable Resource Availability 

A second challenge with weather-dependent power generation is the aspect of predictability. 
Despite advanced modeling techniques, weather forecasts of exact wind and sun conditions are 
only accurate a few hours or days in advance, according to a report published under North 
European Energy Perspectives Project (NEPP, 2014). The report further emphasizes that this 
complicates the grid operator’s tasks of operating and planning for future balance of supply and 
demand. Less accurate short-term planning in turn raises the need for responsive balancing 
power. Though, as the share of dispatchable power decreases, each remaining conventional 
plant must shoulder a greater portion of the regulating reserve to ensure that sufficient margins 
are maintained (NEPP, 2014).  

 
However, dispatchable power plants may not be able nor willing to increase their commitment to 
the balancing reserve. According to a study by Delarue and Van den Bergh (2015), any plant 
partaking in the balancing reserve must not run at full capacity if they are to provide both ramp-
up and ramp-down capacity. Not only does this prevent the plant owners from capitalizing fully on 
their assets, the study moreover shows that it reduces the overall efficiency of the plant. Although 
market mechanisms intend to compensate for the losses in capacity utilization, the IEA (2016) 
indicates that frequent ramping tends to increase wearing and tearing of conventional plant 
components as well as brings additional uncertainty to the operations and profitability of the plant. 
 
Of the common reserve partakers, NEPP (2014) points out hydropower as a cheap and flexible 
source of regulating power due to low running costs and quick flow adjustments. The report 
suggests that most large hydropower plants can provide both great baseload coverage as well as 
regulating capacity thanks to having a peak efficiency at around 85 % of their rated capacity. 
Additionally, a breadth of turbine scales and designs enable hydropower to cover other needs 
too, such as peak-load coverage or backup power. Due to varying conditions and priorities, the 

 
1 The STEPS is one of three main scenarios used by the IEA (RE*5) to model the future global energy 
system. It has been used for several years but was renamed from the New Policies Scenario in 2019 to 
emphasize that it only considers policy initiatives that have been announced. 
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International Renewable Energy Agency (IRENA, 2017) claims that hydropower capacity factors2 
range from 23% to as much as 95%. Despite having multiple advantages, however, IRENA (2015) 
recognizes that hydropower is limited as a resource; only half of EU’s technical potential remains 
untapped and any further development is suppressed by social, environmental and economic 
factors.  
 
Conventional thermal plants on the other hand, including bio and/or fossil-based combustion 
plants and nuclear plants in particular, are inherently less suitable for the task according to 
Delarue and Van den Bergh (2015). As a consequence of thermal inertia, they argue that cycling 
of older thermal plants is a slow process that is also associated with extra costs related to 
emissions, fuel and component wearing. On the other hand, the IEA (WEO, 2016) found that 
some old plants can be economically renovated or even retrofitted to increase their lifetime and/or 
ramping flexibility. While these may be important measures to maintain an adequate balancing 
reserve as old plants retire, the energy system still has serious obstacles to overcome (IEA, 2016).  

III. Grid Connectivity 

A third distinguishing aspect of wind and solar PV is how those technologies are connected to the 
grid. In a study for the European Comission, Tielens et al. (2018) argue that most traditional large-
scale heat- or hydro-based generators are synchronous machines, which means that their 
rotating parts such as drive train and turbines are closely coupled with the electric frequency of 
the grid. This setup allows power to flow in the system even when supply and demand do not 
match. In the case of deficit, Tielens et al. explain that built-up inertia in the mechanical parts 
compensate for the missing power by converting to electric energy. As rotational energy is 
converted, the mechanical parts slow down and the frequency of the electric grid drops. The 
opposite happens when there is a power surplus. In either case, the mechanical parts offer 
resistance to change and act as a valuable buffer in the electric grid. 
 
In contrast, traditional wind turbines and solar PV provide power asynchronously via converters. 
This means the frequency of their electric power output does not automatically synchronize with 
that of the grid. As a result, oscillations in the wind or solar intensity may translate directly into 
oscillations in the grid current unless additional quality-improving power electronics are installed, 
according to Gupta and Shandilya (2014). They argue that unsynchronized oscillations induce 
disharmony with the existing harmonics on the grid, increasing so-called noise and lowering the 
overall power quality. Additionally, the use of converters may imply a significant consumption of 
reactive power, depending on the technology used. The result of such consumption is an 
undesired voltage drop at the generation site (Gupta & Shandilya, 2014). 
 
The ways that many wind and solar PV units connect to the grid consequently have multiple 
effects on the grid. Tielens et. Al. emphasized (2018) that an increased share of such renewables 
may reduce the relative buffer capacity of the system, making it less resistant to fluctuations. 
Additional challenges identified by Gupta and Shandilya (2014) include grid losses, voltage 
control, fault level and the protection system. 

IV. Modular and Distributed Deployment 

However, it is not only the way in which resources are connected that plays a role. Antonova et 
al. (2012) plead that the location of the connections also is of great importance. They argue that 
in most parts of the world, the conventional layout of the power grid is based on having a few 
large generation sites distributing power outwards towards smaller and smaller users in what is 
called a one-directional radial feed. In such a system, the voltage is high where the centralized 
generation sites inject energy and lower further out in the system (Antonova et al., 2012).  
 
Wind and solar photovoltaics are generally less dependent on scale compared to combustion or 
nuclear-based heat power plants, which makes it possible to deploy them in a more distributed 
fashion. This is moreover often necessary as the IEA (2016) holds that the best wind and sunlight 

 
2 Capacity factor is defined as the actual electricity production divided by the maximum possible electricity 
output of a power plant, over a period of time (Neill & Hashemi, 2018) 



17 
 

resources are often far from the consumers. In their study, Antonova et al. (2012) claim that the 
decentralization not only results in new directions of power flow, but potentially also from lower to 
higher voltages because of the reactive power consumption mentioned in (III). The complexity of 
such flows, they argue, risk to exceed the capabilities of conventional basic protection elements, 
such as common-phase and ground non-directional overcurrent protection. It is therefore 
essential to carefully analyze which grid upgrades must accompany an expansion of renewable 
variable generation in order to ensure the security of the system (Antonova et al., 2012). 

V. Higher Integration Costs 

Lastly, the IEA (2016) highlights the integration aspect of decentralized renewable energy. In their 
report, it is argued that new generation sites often necessitate investments in additional grid 
infrastructure to connect them to the existing grid. The need for grid extensions is naturally 
affected by several factors including the current state of the nearby grid infrastructure as well as 
the scale, location and type of generation. In many cases, these costs are so substantial that if 
carried by the developer alone tends to hinder certain projects (IEA, 2016). To facilitate the 
development of new variable renewable energy, other entities sometimes contribute to the grid 
development. For example, the EU was estimated to spend around 10-15 % of its annual $30 
billion transmission and distribution grid investments until 2040 specifically on integrating new 
renewables, based on the STEPS (IEA, 2016). 
 
However, far from all projects are enabled through external initiatives and there is an ongoing 
debate as to where the responsibility should lie. The association for the European wind power 
industry WindEurope (2018) holds that the grid connections should be seen as “system 
transformation costs” rather than integration costs, since the upgrades serve other purposes too 
(p. 5). For example, the association suggests that additional generation outside a congested area 
may relieve the congestion caused from centralized power distribution transmitting to the 
outskirts. Additionally, new connections in the rural network may increase interregional 
transmission capacities and trade, which could benefit consumers through lower energy prices 
(WindEurope, 2018). 
 
Two additional cost categories are also discussed in WindEurope’s position paper (2018), being 
“short term balancing and redispatch” and “profile or capacity cost due to change in the generation 
mix”. As enunciated in the paper, the former relates to the resource availability characteristic (II) 
and refers to the additional costs incurred by the transmission system operator (TSO) when 
procuring and activating frequency control reserves to compensate for supply/demand mismatch 
due to the unpredictability of VRE. The latter relates to the variability characteristic (I) and refers 
to the cost of having more generation resources available to deal with situations of tight adequacy, 
due to lower capacity credits in the generation mix.   
 
In conclusion, the expected increase in renewable electricity generation poses several challenges 
to existing grids. Said challenges originate on the supply side and in the electric grid, but there 
are also changes to come on the demand side. Perhaps most notable is the accelerating 
electrification of the vehicle fleet. A high penetration level of electric vehicles (EV) may either be 
a blessing or a curse, according to the IEA (2019a), depending on how they are integrated and 
how markets and policies evolve in the meantime. 

 An Increasing Share of Electric Vehicles 

Electrification of the vehicle fleet is considered an important step in reducing the climate impact 
of the still fossil-dominant transport sector. Contributing with almost 25 % of the global 
greenhouse (GHG) gas emissions, the transport sector keeps growing its share and is second 
only to the heat- and power sector (“Data and Statistics”, n.d.). Most of the coming growth may 
well be attributable to increased transportation in emerging economies following economic 
growth, based on a report by the consulting firm McKinsey (2016). Meanwhile, the IEA (2016) 
expects road freight to rise strongly and that the global passenger vehicle stock will double by 
2040, resulting in even higher emissions than today. 
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To mitigate the escalating climate impact of increased transportation, certain policies have been 
aimed to promote the use of alternative fuels, according to the IEA (2016). As a result, biofuels 
and electricity have experienced annual growth rates of roughly 5 % (IEA, 2019c) and 17 % (IEA, 
2019a) in 2016, 2017 and 2018. Yet, they only accounted for 3.5 % (IEA, 2019c) and less than 1 
% in 2018 (IEA, 2019a), respectively. While biofueled vehicles have similar environmental 
characteristics as traditional internal combustion vehicles, EVs provide the benefit of reduced air- 
and noise pollution, which serve as additional motifs for electrification in densely populated areas. 
 
Electrification of the transport sector consequently has several environmental benefits but is also 
hampered by certain obstacles. In a model-based policy assessment, Statharas et al. (2019) 
found that consumers are hesitant to choosing electric cars due to barriers such as range anxiety, 
battery costs and dependence on battery charging networks. The study indicated that the battery 
cost is the most critical factor since it directly affects the purchase price. Despite substantial cost 
reductions in previous years, the IEA (2019a) concluded that average prices for EVs are still about 
40 % higher than for conventional vehicles, absent purchase incentives. However, the difference 
was not as large when considering the total cost of ownership (TCP), which also takes into 
account the lower fuel cost of EVs over the period of ownership. The IEA (2019a) moreover 
predicts that the TCP gap for multiple vehicle types will diminish by 2030 as a result of 
technological advancements, and that this in turn suggests an accelerating rate of adoption. 
 
The issue of range anxiety is also related to the battery, but rather its energy storing capabilities 
than its cost. Although European travel studies indicate that most car trips are shorter than 10 
kilometers (Beckx et al, 2013), it appears that car owners place great value on the possibility to 
travel far. Statharas et al. (2019) contend that the sentiment on range limitations stem from the 
fact that current battery technology is bulky and expensive to scale up compared to simply having 
a large fuel tank on a conventional vehicle. In addition, potential adopters have previously been 
dissuaded by slow-operating and scarce charging infrastructure. The situation is rapidly changing, 
though, as the IEA (2019a) reports that a multitude of private actors have joined the so-called 
EV100 initiative to provide a network of future-ready chargers across the world.  
 
The development is moreover supported by a range of regulatory measures on both regional, EU 
and national levels, according to Spöttle et al. (2018). They argue that the most prominent EU 
instrument is Directive 2014/94/EU, which aims to harmonize EU standards for EV charging and 
to build up an EU-wide network of charging stations. Allegedly, it requires each member state to 
submit a national strategy and an investment plan to reach a set number of charging points by 
the end of 2020. Meanwhile, individual countries have their own measures such as fiscal 
incentives, free parking and purchase grants, which according to Niestadt and Bjørnåvold (2019) 
have been shown to stimulate adoption of EVs. In fact, the IEA (2019a) holds that the number of 
electric vehicles increased by around 60 % per year from 2016 to 2018, reaching a total of 5.1 
million globally and 1 million within the EU. Based on already stated policy initiatives, however, 
the IEA predicts this number to rise past 135 million by 2030, excluding the even more numerous 
two and three wheelers most common in Asia but also the increasingly common two-wheelers in 
Europe under various rental schemes (IEA, 2019a). 
 
With so many electric vehicles in operation, the electric energy demand from the global EV stock 
is estimated to reach nearly 640 TWh in 2030 (IEA, 2018a). This is roughly the same as 
Germany’s (“Data and Statistics”, n.d.) and more than 4 times Sweden’s final electricity 
consumption in 2017, yet no more than 2.2 % of the expected global electricity consumption in 
2030. While this is a small percentage for the power system to supply on an annual basis, the 
IEA (2019a) emphasizes that the situation may be completely different in certain localities with 
high PV penetration when mass charging coincides with residential demand peaks. 

The EV Integration Challenge 

How an electric vehicle affects the grid on an aggregated level is highly dependent on its usage 
pattern and the type of vehicle in question. The IEA (2019a) categorizes PEVs into light-duty 
vehicles (LDV), electric two/three-wheelers, buses and trucks. While there are already around 
300 million two/three-wheelers registered, the IEA expects the main growth in EV energy use to 
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derive from the more energy intensive LDVs. Most of these are passenger vehicles while the rest 
are light commercial vehicles. By 2030, LDVs are expected to constitute 95 % of the 135 million 
EVs in the IEAs STEPS, excluding two/three-wheelers. These are all either pure battery electric 
vehicles (BEV) or plug-in hybrid electric vehicles (PHEV). Either way, the rapidly growing numbers 
of PEVs make them particularly significant for the issue of grid integration.  
 
While PEV penetration levels still are relatively low, multiple studies have investigated the 
potential impact of large-scale PEV integration on the electric power system (EPS), e.g. 
(Bergman, 2008; Camus et al. 2009). Bergman found that simultaneous charging of the entire 
PEV fleet at 80 % penetration rate in Sweden would have required approximately 3 GW of 
generation capacity, corresponding to approximately 10 % of the country’s installed capacity at 
the time. In comparison, Camus et al. (2009) found that simultaneous charging at a penetration 
rate as low as 17 % could increase the peak demand in Portugal by 30 %.  
 
The above examples highlight three important takeaways that are still central in recent research 
on national-scale implications and discussed by the IEA (2018b). Firstly, a high PEV penetration 
level may stress the generation and transmission capacities of an EPS in times of high demand 
and thereby force costly incremental capacity increases to ensure supply security. Secondly, the 
time of charge is critical and directly impacts the number of PEVs that a given EPS can 
accommodate. Various types of coordination are continuously evaluated as means of displacing 
charge of PEVs to avoid typical peak hours. Thirdly, different national power systems have 
drastically different conditions for large-scale integration of PEVs. The IEA therefore holds that 
the PEV integration potential must be evaluated based on the future EPS rather than the current.  
 
The implications could be even more severe for local distribution systems, which lack much of the 
smoothening effect from large-scale aggregation of demand. Also in this regard, the extent of 
capacity shortage varies greatly. The Swedish research institute Elforsk (2014) holds that capacity 
shortages are most likely to occur in residential areas where the adoption of PEVs could skyrocket 
and where uncoordinated PEV charging risk coinciding with residential demand peaks. As an 
example, and as a basis for multiple studies (Von Appen, 2018; Hashemifarzad, 2018; Boßmann 
& Staffel, 2015), a standardized load profile from a German residential area is shown in Figure 
1.1 below (Berding et al., 2000). 
 

 
Figure 1.1 Residential load profile, Monday to Friday, for an average apartment in Germany in winter (Berding et al., 
2000) 

 
The standardized load profile above represents a generic German household in year 2000 and 
its electric power demand as a function of time. The demand corresponds to a yearly energy 
consumption of around 1200 kWh for household electricity, excluding heating (Das et al., 2020). 
Since then, electricity demand has risen to over 3 000 kWh for the average German household 
(Morris, 2018), which is almost three times the level discussed by Berding et al. (2000). The IEA 
(2016) nevertheless holds that the overall load pattern is still valid; there is one load peak around 
lunch and a larger one in the evening when people return home and start cooking etc. According 
to IEA’s EV Outlook (2019a), that is also the time when most PEVs are expected to be plugged 
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in for charging. For each PEV plugged in, another 2 to 3 kW of load would be added, assuming 
that a typical residential slow charger is used (Das et al., 2020; Statharas et al., 2019). Thus, even 
if Berding et al.’s load profile is tripled to 0.75 kW, a slow-charging PEV would still add four times 
that load to the household’s existing power demand. In addition, most residential chargers are 
only connected to a single phase and would therefore create a substantial voltage imbalance, 
which clearly demonstrates the potential impact of PEV charging from a local power perspective. 
Several studies have therefore concluded that, in order to accommodate a large number of PEVs 
in distribution systems, some type of charging control is necessary (Lopes et al., 2011; Clement-
Nyns et al., 2011; Kelly et al., 2009).  
 
Uncoordinated charging control could be to manually set a fixed delay for the charging session to 
commence at later time (van Vliet, 2011; Galus et al. 2010) while still having a decent time margin 
to reach full charge by the morning (Statharas et al., 2019). Such behavior is sometimes 
incentivized by distribution network owners (DNO) offering time-based tariffs with cheaper night 
rates (Vattenfall, 2020). While this resolves part of the congestion issue, according to Rangaraju 
et al. (2015), it may negatively affect user convenience and requires the utility to clearly 
communicate the optimal charging time. In contrast, they argue, coordinated charging or smart 
charging includes various levels of complexity in timing and adjusting the power demand to 
optimize the charge under current conditions. Other studies have identified potential benefits to 
include economically reduced line currents, voltage deviations and transformer load surges 
(Masoum et al. 2012; Fairley, 2010).   
 
Yet another level of sophistication in EV integration is the concept of vehicle-to-grid (V2G). 
Already in 2005, researchers such as Kempton and Tomić (2008) discussed the potential benefits 
of connecting EVs to the electric grid as a fleet of distributed energy resources (DER) that could 
discharge energy when needed. They argued that the batteries of electric vehicles could not only 
support better power management of the EPS, but also partake in markets for bulk energy, 
frequency regulation and spinning reserves. Other studies (Arias et al., 2018; Iqbal et al. 2018) 
have highlighted power quality aspects such as mitigation of voltage surges caused by 
uncontrolled distributed renewable generation, voltage flickers as well as voltage imbalances 
among the electric phases. Perhaps more notable is how this distributed energy buffer can help 
to integrate a higher share of renewable energy in the EPS. Colmenar-Santos et al. (2019) argue 
that EVs can compensate for the variability of power from wind and solar resources and thereby 
minimize curtailment even with a large share of VRE. If properly implemented, EVs could thus be 
a major resource for the EPS. 
 
While the core technology behind V2G, so-called bidirectional charging, has been proven already 
in early demonstration projects (Brooks 2002; Kempton et al. 2008), there are still issues to 
resolve. In the EV Outlook (2019a), the IEA discusses the complexity of hardware and software 
harmonization, lead times in EV development and grid infrastructure as well as the absence of 
necessary market frameworks. Allegedly, much of the integration challenge stems from a wide 
range of standards developed by different parties despite the necessity to find scalability to make 
it economically viable. Nevertheless, a first bidirectional home charger was introduced in January 
2020 by the energy technology company Wallbox at CES 2020, a global stage for consumer 
technologies (Wallbox, 2020). This may indicate that, at least, the technology is becoming market 
ready.  
 
To conclude the discussion on electric vehicles, it should be emphasized that the inevitably rising 
number of EVs could have serious consequences for most electric grids. Similar to distributed 
variable energy sources, EV charging may decrease system stability, further raise the need for 
balancing measures and severely contribute to phase imbalances that increase the risk for 
overload situations in the grid (Rafi et al., 2020). While the latter is more seldomly discussed, it is 
nevertheless an important issue for grid operators that has also been addressed in recent 
research. 
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 The Issue of Phase Unbalances 

Due to the nature of conventional power generation using rotating magnets, alternating current 

(AC), as opposed to direct current (DC), is the dominating mode for energy transfer in the world’s 

major power systems. To achieve smooth generation, a symmetric setup is typically used, such 

as in the example Figure 1.2 below. This results in three synchronized yet phase-shifted currents 

flowing in three different conductors. 

 

Figure 1.2 An illustration of a 3-phase synchronous generator and the resulting 3-phase waveform. Reprinted from “3 
phase AC waveform” by J. J. Messerly, 2008. Copyright 2008 by J. J. Messerly. 
https://creativecommons.org/licenses/by/3.0/legalcode. Reprinted with permission. 

From conventional power plants, electric energy is then transferred in each conductor via high-

voltage power lines through the transmission network. Electric substations stepwise transform the 

current to lower voltages as the network branches off into primary/regional and then 

secondary/local distribution networks. Certain power plants and industrial consumers may be 

connected to medium-voltage branches while the vast majority of residential and commercial 

consumers are connected to secondary distribution networks (Rafi et al., 2020).  

Such low voltage networks often have both renewable energy sources and numerous dispersed 

loads of which a majority are either single-phase or single- and three-phase mixed loads (Zeng 

et al., 2019). The topology of networks is generally designed to distribute the loads as evenly as 

possible among the phases. For example, a residential distribution network with single-phase 

connections to villas may strive to have an equal number of villas connected to each phase 

(Yunusov et al., 2016). Another example could be an apartment building where balance is sought 

by connecting equally many floors to each phase (Sreenivasarao et al., 2012). However, there 

are in practice always unbalances because of the stochasticity of consumers using different 

appliances and at different times. 

In order to accommodate for these unbalances, many secondary distribution systems have a 

neutral conductor in addition to the three-phase conductors, making it a so-called three-phase 

four-wire system. Such a system may connect single-phase loads via simpler two-wire 

configurations consisting of a one-phase conductor and a neutral conductor which are linked 

together with converter and grid at a point of common coupling (PCC) (Rafi et al., 2020). The 

neutral conductor of the three-phase four-wire system then carries the result of the unbalances 

back through the network. The neutral current is low if the phases are balanced and vice versa. 

As single-phase loads come together in the peripheral network nodes, any unbalances and 

harmonics propagate up through the hierarchical system and may cause voltage and current 

unbalances in feeders.3 It is therefore recommended to compensate for the excess neutral current 

already at the PCC rather than dealing with escalated unbalances further upstream (Zhang et al., 

2013). 

 
3 Feeders are electric lines between substations and distribution points without intermediate tapping. 
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Phase unbalances in distribution networks are undesirable as they cause a range of problems 

including increased losses, reduced power quality and accelerated aging of certain machines and 

insulation materials, according to Zeng et al (2019). Al-Badi et al. (2011) further highlights that 

the heat generated on the most loaded phase limits the performance of distribution transformers 

and thus becomes a capacity bottleneck. It is however not only a matter of capacity, according to 

Rafi et al. (2020), as high neutral currents also demand costlier neutral conductors to avoid 

damages on both the conductor itself and the distribution transformer. In addition, Soltani et al. 

(2017) holds that current unbalances may unintentionally trigger protection elements as a result 

of negative and zero sequence components, which could imperil the operations of the network. 

 Methods for Phase Unbalance Mitigation 

The above issues are becoming increasingly crucial for DNOs to manage due to ongoing trends. 

Growing electricity demand pushes existing infrastructure closer to its limits and incentivizes 

proper grid control as an alternative to costly investments (IEA, 2016). Meanwhile, the increasing 

number of distributed energy sources as well as distributed energy storages and PEVs 

exacerbates the situation as they contribute to unbalance problems through intermittency and 

reverse power flows (Ying Yong et al., 2015; Karimi et al. 2016). DNOs nevertheless have a 

responsibility to maintain the operations and power quality of the network, and so a plethora of 

methods for decentralized unbalance compensation has been researched and developed in the 

context of distribution networks (Rafi et al., 2020). 

The methods discussed in literature apply to different levels of the system and have different 

advantages and disadvantages. To systematically describe the efforts in the field, Zeng et al. 

(2019) proposed a three-category classification: feeder reconfiguration, phase swapping and 

power regulation.  

At the system level, feeder reconfiguration methods alter the network topology by opening/closing 

single phase sections and tie switches, according to Mendia et al. (2017). This helps to mitigate 

many of the common problems in distribution networks, such as system reliability, power loss, 

voltage drops and peak loads, and is therefore increasingly applied by distribution grid operators 

(DNO) (Ameli et al., 2017). 

At the feeder level, Mendia et al. (2017) explain that phase swapping methods can minimize 

imbalances by using switches to selectively match loads to each phase. However, Mendia et al. 

emphasizes the complexity of exponentiality as this combinatorial problem grows very fast. 

Magnifying this issue yet, Zeng et al. (2019) argue that, while progress has been made, a 

substantial number of commutation switches are needed to even obtain satisfactory results, 

further straining the computational resources and economy of the DNO.  

The last category proposed by Zeng et al. (2019) includes active, reactive and hybrid power 

regulation principles. The authors hold that active power regulation mainly is achieved by using 

energy storage devices such as batteries or PEVs and controlling the charge and discharge states 

per phase. While this can effectively counter three-phase imbalances and other power issues, it 

would require a substantial connected battery capacity, either purposely installed for grid support 

or aggregated distributed resources, which could also deteriorate fast if used frequently. Ameli et 

al. (2017) instead advocate the use of capacitor banks to limit the reactive power flow and thereby 

reduce the real power losses and voltage drops. Allegedly, this would be an economically 

reasonable method to improve feeder capacity and relieve congestion in the distribution network, 

and several studies have supported its advantages. The last principle discussed by Zeng et al. 

(2019) is hybrid solutions, which are usually comprised of an active power source and power 

electronic devices used to adjust the unbalanced three-phase in the network system.  

Of all the neutral current compensation methods, Rafi et al. (2020) hold that active compensators 

based on power electronics demonstrate the most reliable results. In this regard, Yunusov et al. 

(2016) considered four different configurations of battery energy storage systems (BESS): a 
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single-phase BESS connected only to the consistently most loaded phase for 

charging/discharging; a similar single-phase BESS connected to each phase; a three-phase 

BESS using phase balancing only without charging/discharging; a three-phase BESS with full 

functionality to either balance or discharge when needed. They found that the last two 

configurations were particularly good for mitigating peak demand but indicated that either a single-

phase BESS or three-phase balancer without storage may be most cost-effective due to the high 

cost of batteries. 

On the contrary, Gupta et al. (2014) stated that the needed power rating of the power converters 

was large and the construction cost too high to be widely applicable in distribution systems. In 

response, they conceptualized a novel static “phase balancer” (PB) (Gupta et al., 2011, p1) that 

was later refined in a subsequent study by the same authors (Gupta et al., 2014). While allegedly 

effective and robust, its performance was dependent on the state of unbalance and would in most 

cases not fully balance the phases, as opposed to Yunusov et al’s (2016) third configuration. 

Thus, Gupta et al. (2014) desiderated further studies on the costs and benefits of the technology 

applied to actual systems. Likewise, Rafi et al. (2020) acknowledge the need for further research 

on cost effective designs and efficient configurations. 

 Phase Balancing on the Load Side 

It is clear that the emerging research on phase unbalance compensation almost exclusively 

focuses on the distribution side as opposed to the load side of connection points in the distribution 

network, judging from several reviews (Islam et al., 2019; Sreenivasarao et al., 2012; Rafi et al., 

2020). Nevertheless, the unbalances may just as well be compensated on the load side where 

power ratings are lower and where internal loads and distributed generation can compensate 

each other. However, this would require that customers are somehow incentivized to assume the 

load balancing task in place of the DNO. While all networks suffer from the negative effects of 

phase unbalances, only a small number of DNOs bill their customers in such a way that phase 

balancing is incentivized. Currently in the EU, this is limited to certain networks in Sweden, 

Portugal, Switzerland, France, Germany, Finland, Norway and the Netherlands (M. Karlström, 

personal communication, February 25 to May 10, 2019). 

In Sweden, for example, customers typically pay a fixed fee based on their fuse rating, which 

represents an upper limit for the current on each phase (Goding et al., 2018). Their subscribed 

fuse rating is thus dimensioned after the most loaded phase. Should it somehow be possible to 

equalize the phases to their common average so that no phase exceeds the next lower fuse 

rating, the customer could save money on the fixed fee. Although the total consumed power 

remains the same, the DNO benefits from both less unbalance and a lower maximum load per 

phase, which on an aggregated level reduces the need to invest in more capacity. 

For this application among others, another PB has been developed and launched by Ferroamp 

AB in 2015 (Ferroamp, 2015). The so-called EnergyHub utilizes three individually controllable 

one-phase inverters and a DC bridge to actively redistribute energy between the phases when 

needed. Like several of the methods discussed above, this Active Current Equalization (ACE) 

method can also help to improve power quality, reduce the neutral current, mitigate harmonics 

etc. while moreover working as a bidirectional AC/DC inverter for a possible local DC network 

capable of managing and improving the power economics of various DC loads including PEV 

charging (Karlström, 2019). In contrast to the PB introduced by Gupta et al. (2011; 2014), 

Ferroamp’s PB operates dynamically and can completely balance the phases by utilizing power 

electronics. This adds more control in particular for the purpose of keeping phase currents under 

specific thresholds. The presence of this technology in academia is however very limited.  

Several student theses and at least one research paper have analyzed the performance of 

different system setups where the EnergyHub was included as a central component, but not the 

subject of investigation. Hasbum Casanova (2018) analyzed a distributed maximum power point 
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tracking system for a small-scale photovoltaic system, András (2019) investigated performance 

metrics and fault detection methods also in photovoltaic systems whereas Hillberg (2018) studied 

the integration of solar PV and wind power. Huang et al.’s (2019) research paper presents the 

results of a single-objective optimization study using the basic genetic algorithm to find the optimal 

design of a coupled PV-heat pump-thermal storage-electric vehicle system. They considered 

techno-economic key performance indicators such as the optimal PV capacity, self-sufficiency, 

self-consumption and levelized cost of electricity in a building cluster context but did not discuss 

phase balancing. 

In contrast, Persson’s thesis (2018) focused on the actual Energy Hub and its control algorithm 

for managing the energy and power of a system including both a battery storage system and solar 

PV. His analysis shed light on the economic feasibility of a particular configuration under the 

impact of various control algorithms and performed a sensitivity analysis on some of the 

parameters. His model considered peak power reduction using battery-stored energy but, again, 

did not consider phase balancing.  
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1.2. Purpose and problem Statement 

It is clear that the research related to phase unbalances has sparked a growing interest, 

particularly in the last decade. Yet, the research field of phase unbalances is scattered, and 

most studies seem to focus on balancing measures at the distribution side rather than the load 

side of the meter. Relevant studies moreover tend to concentrate on the technical aspects of 

unbalance compensation and have explicitly called for future research to consider the economic 

feasibility (Yunusov et al., 2016; Gupta et al. 2014). The lack of knowledge in this area partly 

builds upon the idea that active phase balancing based on power electronics simply must be too 

costly. However, by reducing the scale to a single real estate and only its property electricity, 

and by moreover focusing on markets where DNOs incentivize balanced loads, a very different 

business case emerges. One such market is Sweden, where the electric hardware company 

Ferroamp AB offers a unique phase balancing device called the EnergyHub. Its technical 

potential and functionality are well understood, but as for the phase balancer considered by 

Yunusov et al., its financial justification has been little investigated in academia. It therefore 

represents a suitable starting point for investigating the financial feasibility of installing a load-

side phase balancer to capitalize on the pricing structure of Swedish DNOs.  

The Swedish market is distinguished by its incentives for phase-wise peak shaving. Consumers 

with fuse ratings up to 63 A typically have a so-called fuse subscription that includes a fixed 

subscription fee based on their maximum allowed current per phase. By balancing their loads, 

consumers may choose a lower current limit and thereby reduce their subscription fee. Not only 

does this motivate active phase balancing, but it also entails a slightly different peak shaving 

scenario for batteries than those usually studied in literature. Often, batteries are dimensioned 

to level the entire load across all phases rather than only leveling the peaking phase(s) enough 

to enable a lower fuse rating. The potential qualification of lower battery capacities for this 

purpose may very well have an impact on the economic feasibility of batteries used for peak 

shaving, considering that previous studies have shown sensitivity to contextual parameters 

(Roberts et al., 2019; Huang et al., 2019; Ondraczek et al., 2015). However, it remains 

unanswered whether the operative advantages of the added energy storage can motivate the 

additional cost compared to balancing without energy storage under the Swedish tariff structure. 

This study aims to address these research gaps by assessing and comparing the economic 

feasibility of two peak shaving configurations applied to a range of load profiles synthesized 

from three different real estate, all in the Swedish market context and with loads constituted of 

property electricity only. The first configuration consists of an EnergyHub alone and is here 

referred to as the ACE Case due to its adaptive current equalization capability, while the second 

configuration consists of an EnergyHub combined with a compatible BESS, here referred to as 

the BAT Case. The economic feasibility is herein defined by a positive net present value (NPV) 

whereas the comparison is based on which option generates the greatest NPV. The study 

claims relevance by shifting the focus of phase-balancing research to the consumer, or load 

side of the meter, and it complements previous research by adding a much-needed financial 

perspective based on real load data, tariffs and other costs. The realistic setting seeks to 

generate unprecedently actionable insights on the topic, which, thanks to a sensitivity analysis, 

are intended to be applicable under varied conditions. 

1.3. Research Questions 

Given the described research problem and aforementioned aim, the following research 
questions were formulated to guide the research: 

A) Is a phase balancer alone and/or in combination with a battery energy storage system 
economically feasible for load-side implementation in residential real estate? 

B) If so, which one is the optimal choice? 

C) How do the input parameters impact the economic feasibility of each alternative? 
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1.4. Delimitations 

In order to address the research gaps and answer the selected research questions as 
pertinently and exhaustively as possible under the conditions of the master’s thesis, a number 
of delimitations were made prior to the execution of the study. These are described and justified 
below and may be categorized as either delimitations in the study resulting from the selected 
research questions, delimitations made regarding the collection and selection of input data or 
delimitations pertaining to the methods for modeling and evaluating the results. 
 
First, it should be emphasized that the economic feasibility investigated in this study rests solely 
on the possibility to save money from a reduced fuse rating. This meant that other potential 
sources of positive cash flows, such as from complementing battery uses or integration with 
renewable energy generation, were not taken into account. The reason why other benefits were 
excluded was the absence of a satisfactory and relevant groundwork laid in previous research, 
due to which it was deemed more valuable to explore the range of applicability than to develop 
a complex model for a narrow scope. Since the inclusion of additional benefits could have only 
strengthened each business case, the results of this study may be considered as a floor for the 
economic feasibility of the studied configurations. As a consequence, any cases that 
demonstrate some, although insufficient, return on investment could prove feasible in another 
future study that considers further benefits. In those cases of infeasibility, the results of this 
study may still be useful if interpreted as contribution margins and contribution margin ratios. 
 
Second, in order to achieve high practical relevance for the results of the study, several 
delimitations were made to maximize the realism of used input data. Price tariffs were only 
collected from the largest Swedish DNOs to accurately reflect the Swedish market context. 
However, this means that adjustments to the results must be made if they are to be applied to 
other markets where the tariffs are different. Similarly, to ensure realistic and transparent costs 
for the components and installation of each configuration, a specific set of batteries and a 
particular phase balancer, being the EnergyHub, along with average local installation costs 
were selected. This decision allowed specificity, although alternative configurations with 
comparable functionality may have generated similar results at a different set of costs.*** The 
strive for realism was further manifested through the choice of load data, thanks to Ferroamp 
AB who offered to share real time series data from a number of real estate. This enabled the 
study to address the need for analyses based on real load data, as desiderated in previous 
studies (source), but also introduced a potential source for bias. Because the included real 
estate had an EnergyHub installed, they were already more likely to be profitable business 
cases, although some may have had it installed for demonstration purposes. However, all of the 
above were considered in the sensitivity analysis by testing for different tariffs, costs and loads.   
 
Third, several delimitations were made regarding the model and method for evaluating the 
results. To avoid ambiguous findings, the net present value (NPV) was chosen as the only 
performance indicator for determining the economic feasibility. Like any other indicator, the NPV 
has both advantages and disadvantages but was chosen for its consistency in successfully 
identifying economically feasible projects as well as comparing them. Three additional, 
secondary indicators were moreover added to provide some complementing perspectives and 
to make the results more comparable to those of other studies based on other indicators. 
Despite this addition, however, the choice of indicators and the assumed parameter values limit 
the comparability to other studies. The same naturally applies regarding the parameter sets 
defined for the sensitivity analysis. Furthermore, the model dimensions the BESS and 
EnergyHub based on a single year of load data and does correct for deviances compared to a 
normal year. This may have resulted in an over- or underestimation of the required capacities 
and thereby costs due to yearly fluctuations, which were not considered. 
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1.5. Expected Contributions 

The results of this study are expected to contribute to academia and society in three main 

areas.  

First, the results of this study have the potential to unveil attractive alternatives to conventional 

network balancing, since no previous studies have assessed the economic aspects of load-side 

phase balancing under a fuse rating-based network tariff structure. The results may thus 

catalyst a shift in research that currently focuses on grid-side measures to instead examine how 

alternative tariff structures may further incentivize load-side balancing. Likewise, such results 

could also interest DNOs as they consider alternative strategies for future-proofing the capacity 

of their networks.  

Second, the economic analysis will complement the technical comparison done in previous 

literature by shedding light on when each of the two configurations is economically viable and 

which would provide the best return on investment. This would not only fill a knowledge gap in 

research but also give valuable insights on the financial viability for consumers seeking to lower 

their costs and their impact on the grid, and for companies wishing to package and sell products 

and/or services based on these technologies. 

Third, the input variable impact assessment will further provide knowledge on the contextual 

sensitivity of the analysis. For academic purposes, this will help to establish a scope of 

applicability for the two technologies and may thereby influence the direction of future research 

endeavors. For actors outside of academia, the sensitivity analysis will offer a much-needed 

measure of financial risk that could relieve some of the uncertainty hampering the deployment 

of said technologies.  

1.6. Outline 

Table 1.1 Thesis outline 

Chapter Content 

1. Introduction 

The first chapter first sets the context for this thesis, followed by a 
purpose and problem statement, the formulated research questions, 
delimitations and expected contributions. The chapter ends with a 
thesis outline. 

2. Data and Methodology 

The second chapter begins by presenting the adopted research 
approach and how it influenced the model development process. It 
then proceeds to describe the different parts of the model, the 
respective input data and ends by summarizing the most important 
assumptions. 

3. 
Empirical Results and 

Analysis 

The third chapter starts by presenting the results obtained from the 
model based on a reference scenario, followed by a contrasting 
section where alternative scenarios were considered in a sensitivity 
analysis. 

4. Discussion 

The fourth chapter summarizes the key findings and discusses the 
significance of various parameters on the validity of the results. It 
finishes with a discussion on some key methodological 
considerations.  

5. Conclusion 

The final chapter connects the findings to the research questions 
and highlights how this thesis contributes to the research field. It 
moreover discusses the key limitations of the adopted methodology. 
On this basis, it concludes by stating the author’s recommendations.  
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2. Data and Methodology 

This chapter describes the methodological choices behind the quantitative model that was 
constructed to answer the research questions. It begins by positioning the study in relation to 
traditional quantitative research and by summarizing the methods used. This is followed by a 
detailed description of the model development process. The next three sections describe the 
collection and selection of input parameters within the three categories load data, economic 
modeling data and technical data, and how they were used in the model. The last three sections 
are dedicated to the methods for analysis, the employed sensitivity analysis and a discussion on 
the validity and reliability of the study. 

2.1. Research Approach 

Following the selected research questions and the absence of previous models for this particular 
analysis, it was natural to develop a quantitative model to assess the two configurations. 
Accordingly, the approach undertaken in this study was permeated by the fundamental elements 
and assumptions of traditional quantitative research, pertaining to the postpositivistic research 
paradigm as described by Creswell (2014). Consistent with Creswell’s interpretation, the study 
was designed with the four major elements of postpositivistic research in mind. The way they are 
manifested in this study is described in table 2.1 below.  
 
Table 2.1 Four elements of postpositivistic research and how they are manifested in this study. 

Element Manifestation 

Determination 

Deterministic research is concerned with cause-effect relationships. The 
problem selected in this study reflects a need to understand the extent to 
which certain variables affect the economic outcome. Known relationships 
between variables enable the use of a deterministic model to assess the 
economic result. 

Reductionism 

Reductionistic research strives to reduce complex problems by applying 
models that allow the data to be tested. This study examines a distinct set 
of installations where a high degree of the contextual parameters can be 
transparently defined. This design choice reflects a preference for internal 
validity over generalizability. 

Empirical Observation 
and measurement 

This thesis shares a postpositivistic view on knowledge development. 
Numerical measurements and data collection constitute empirical 
observations of an objective reality, and the results build on the knowledge 
of how these systems perform.  

Theory Verification 

The accumulated interdisciplinary body of knowledge asserts certain 
relationships between technical and economic variables. This thesis further 
builds on that knowledge by analyzing the utility created from certain sets of 
contextual parameters to shed light on their respective influence.  

 
The overarching approach includes a model designed to calculate a set of techno-economic 
performance indicators based on the differences in cash flows for the two configurations, hereon 
referred to as the ACE Case and BAT Case, compared to a BASE Case with unaltered loads. 
The input load data was shared by Ferroamp AB and comprises energy consumption 
measurements on all three electric phases from three Swedish residential real estate, based on 
year 2018 and with 15-minute resolution. Each load profile was used to generate a set of 91 
synthetic load profiles through linear extrapolation. The model was used to ensure cost-effective 
dimensioning of the two configurations for each load profile and to calculate the cash flows 
associated with their respective abilities to cut load peaks. Real values for parameters such as 
capacities, loss factors and network subscription prices were used to generate the cash flows and 
ultimately calculate the performance indicators. Each indicator was graphed per real estate as a 
function of the rescaled load peaks for a broader assessment of the economic feasibility. A 
sensitivity analysis accounted for variations in other parameters.  
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2.2. The Model Development Process 

The techno-economic model for assessing the economic feasibility of the two configurations was 
developed in four steps according to figure 2.1 below.  
 

 
Figure 2.1 Overview of the model development process. 

The first step was to conduct a scoping literature review to, on the one hand, investigate how 
techno-economic models have been developed in previous literature, and on the other hand, to 
identify and understand all the required inputs and how they relate to the economic performance. 
For the former purpose, the three research databases ScienceDirect, Researchgate and KTH 
Primo, a university database, were used to search for relevant studies, starting with the most 
recent. The search term combinations “techno-economic” + “assessment*” and “economic” + 
“feasibility” were used, alone and later in combination with other terms such as “unbalance*” + 
“compensat*” or “phase balanc*” to see if there were such studies on the research topic as well. 
For the second purpose, an exploratory review was conducted to map and understand how the 
technologies functioned and what governed the tariffs and fees applied in the Swedish market 
context. 
 
In parallel with the second part of the review, a preliminary high-level model sketch was drawn, 
as illustrated in Figure 2.2, which was conceptually divided into a technical system model and an 
economic evaluation model. Based on this idea, the identified input parameters were successively 
categorized as either (A) load data, (B) system specifications, or (C) economic parameters based 
on their origin. Inputs categories A and B were to be used in the technical system model, which, 
based on a set of rules, produced a set of intermediary variables. The rules used in this model 
step would represent the behaviors of the two configurations, i.e. the criteria for when, where and 
by how much phase loads should be balanced or when, where and how much the battery should 
charge or discharge. Any action by either configuration would result in modified load data, as 
experienced by the grid, and result in energy losses that would ultimately increase the electricity 
bill. These intermediary variables were then to be used as inputs to the economic evaluation 
model which, based on applicable tariffs, would calculate the net cash flows relative to a base 
case with unaltered loads. The cash flows would in turn be used to calculate the performance 
indicators used to assess and compare the two configurations.  
 

The second step was to select the performance indicators and associated criteria for evaluating 
and comparing the economic feasibility of the two configurations. Four suitable metrics were 
identified as a result of a review of both course literature on investment analysis and peer-
reviewed articles. Judging from this search and the articles found in step one, the net present 
value (NPV) was found to be the most common and suitable metric for assessing the economic 
feasibility of each alternative alone as well as to rank the two options, accounting for the mutual 
exclusivity of the options and taking the time-value-of money into account (Leskinen et al., 2020). 
The other three metrics, the profitability index (PI), modified rate of return (MIRR) and simple 
payback period (SPP), were chosen as additional metrics to illuminate other aspects in the 
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Figure 2.2 A flow chart illustrating the dependence of input data, processed data and results. 
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analysis, to cater for a wider target group and to enable comparisons between this and future 
studies. However, as these are calculated differently and may indicate contradicting results due 
to how they are defined, they were considered secondary metrics and not determinant of the 
economic feasibility.  
 
The third step was to create a hierarchical breakdown of the performance indicators into their 
constituting components in order to systematically identify and map all dependencies and to 
detect necessary calculation steps. The hierarchy was developed using the inputs identified in 
step 1 in a bottom-up manner inspired by Kapila et al. (2017) and is illustrated in Figure 2.3 below. 
Dependencies between variables are in this figure indicated by lines and the relative positions of 
boxes. Variables further up are dependent on the adjoined variables below and the performance 
indicators are consequently found at the top of the figure. Conversely, boxes at the bottom of a 
connector chain represent the various input parameters. The two large, dashed-line boxes 
indicate the two model parts, technical and economic, and the variables and calculations that 
belong to each. These model parts are further detailed in sections 2.4 and 2.5. 
 
In the fourth step of the model development process, formulas connecting all the variables 
throughout the hierarchy were drafted. They were then implemented in code using VBA 6.0 with 
Excel for Office 365, version 2002. The coding environment was chosen to create a visual model, 
or tool, that could easily be used by others without a background in coding. A preparatory script 
was first developed to expand the three datasets, or load profile timeseries, by linear extrapolation 
before they were each used as inputs to the model, see subsection 2.3.5 for details on this 
process. The main script was then coded to take the expanded set of load profiles and a range 
of preset or manually adjusted parameters to stepwise calculate the intermediary variables and 
ultimately the performance indicators, according to the hierarchical structure in Figure 2.3 below.  
 

2.3. Load Data 

This section describes how the inputs from the load data category were collected, screened, 
refined and finally used to extrapolate an expanded range of load profiles used in the technical 
system model. For every run of the algorithm, one extrapolated load profile was considered the 
Base Case Load Profile, as illustrated in the bottom of Figure 2.3. Finally, the set of feasibility 
indicators generated by all runs were evaluated altogether in tables and graphs.  

 Data Collection 

As the model was designed to accommodate for multiple load profiles to be analyzed and 
compared simultaneously, the goal at this stage was to find as many distinct load profiles as 
possible. For this purpose, Ferroamp provided access to a set of load profiles that had been 
generated and logged via their installed EnergyHubs from a range of sites and over different time 
spans. Prior to sharing this information, permission was sought and granted for the purposes of 
this study. Time and accessibility constraints limited the study to this dataset. 

 Data Selection 

From a set of 30 distinct load profiles, only three were selected based on three criteria that were 
developed while examining the datasets. First, each load profile had to have at least one year of 
consecutive data. Second, it was not allowed to have missing data in more than 140 out of 35 040 
datapoints. Third, it was not allowed to have an apparent change of pattern sometime during the 
year, such as from completely changed loads due to retrofitting or similar. Since many installations 
were fairly new, around half of the profiles were removed from the screening based on the first 
criterium. Of the remaining load profiles, another third was removed based on significant periods 
of missing data, for example due to manual disconnection during system alterations. Lastly, only 
one load profile was removed due to a changed pattern.  
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Figure 2.3 Hierarchical breakdown of the model. 
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 Data Refinement 

Although strict criteria had been employed to ensure the data quality of the resulting three load 
profiles, they all had missing or obscure data for some timesteps. Thus, in order to have complete 
timeseries as input to the model, two simple methods were developed to correct and substitute 
missing datapoints. To exemplify their use, Table 2.2 below illustrates the two issues using 
fictitious data. Each timestep in the acquired load data timeseries corresponds to the total energy 
consumption in kilowatt-hours (kWh) on each phase and during time period between that 
timestamp and the previous timestamp.  
 
Table 2.2 A demonstration of the issues with the studied load data based on a fictitious timeseries. 

Date and Time Phase 1 (kWh) Phase 2 (kWh) Phase 3 (kWh) 

2018-01-01 00:14 0.26 0.32 0.18 

2018-01-01 00:29 1.14 1.22 1.04 

2018-01-01 00:44 0.58 0.66 0.48 

2018-01-01 00:59 0.26 0.32 0.16 

2018-01-01 01:14 0.2 0.32 0.12 

2018-01-01 01:30 1.32 1.38 1.22 

2018-01-01 01:44 0.36 0.44 0.28 

2018-01-01 01:59 0.24 0.32 0.14 

2018-01-01 02:59 0.2 0.32 0.1 

2018-01-01 03:14 0.2 0.32 0.1 

2018-01-01 03:29 0.96 1.08 0.86 

2018-01-01 03:44 0.62 0.72 0.52 

2018-01-01 03:59 0.2 0.32 0.1 

2018-01-01 04:14 0.2 0.34 0.1 

2018-01-01 04:29 0.68 0.82 0.58 

 
The Data Correction Method: 

• If a point deviated from the expected timestamps 00.14, 00.29, 00.44 or 00.59 by exactly 
1 minute, only the timestamp was adjusted while the measurement was assumed to be 
correct.  

• If a point deviated from the expected timestamps by 2 minutes or more, the load data 
would also look wrong as if measured during an interval that was too long or too short. It 
was therefore assumed to be wrong and consequently cleared as if empty.  
 

The Data Substitution Method: 

• If data was missing for one datapoint located between 2 correct datapoints, it was set to 
the average between those adjacent data values. 

• If two points were located between 2 correct datapoints, they were both set to the average 
of the adjacent points. 

• If three or more points were located between 2 correct datapoints, all middle points were 
set to the average of the whole unedited time series. Now considering these points as 
correct, action 1 was applied to the starting and ending gaps of one point each. 

 Characteristics of the Final Load Data 

After the refinement process, a final set of three complete load profiles was attained, 
corresponding to three properties named Melonen, Linjen and Filaren. Representatives of the 
involved private real estate owner Lundbergs Fastigheter were then contacted for additional 
details about the installations, which are presented in Table 2.3 below. This step was taken to 
ensure that that there were no hidden obstructions to the “natural” load pattern caused by 
irregularities such as retrofits or reconstructions during the studied time period. By reducing the 
risk for unknown anomalies, this measure helped to mitigate the risk of making incorrect 
inferences based on the results, and thus improved the construct validity.  
 



33 
 

All three buildings were more than 50 years old but had undergone many different energy 
improvements throughout the years. Although there were no valid energy declarations to obtain, 
information on the properties was shared by Juha Niskajarvi (personal communication,  
September 10, 2019) and Arvid Nykvist (personal communication,  September 10, 2019) who 
both represented Lundbergs Fastigheter AB, the real estate company owning all three properties. 
According to them, all buildings were connected to the local district heating system for their main 
heat supply, although Linjen used a small amount of electricity for heating purposes too. Neither 
building had any charging posts for electric vehicles but Linjen provided up to 40 block heaters 
with electricity during the winter months. 
 
Table 2.3 Properties of the selected real estate: Melonen, Linjen House B and Filaren. Sources: Juha Niskajarvi & 
Arvid Nyqvist. 

 
Juha emphasized that the provided energy data on Linjen were averages from five adjacent 
buildings, thus explaining potential discrepancies between the collected time series data and the 
averaged property data shared by Niskajarvi. However, the data in Table 2.3 were said to be valid 
for 2018, which was also the year from which consumption data was collected. 
 
The load profiles were moreover analyzed to find any differences that may explain later 
differences in the results. Based on the findings of this analysis, the five most striking aspects are 
discussed and illustrated here. First, the total annual electricity consumption was notably different 
for the three participating buildings. Melonen had a yearly electric energy consumption of 21 039 
kWh, Linjen 30 979 kWh and Filaren 55 592 kWh. 
 
Second, the distribution of said consumption among the phases was also strikingly different, as 
shown in Figure 2.4. While Linjen and Filaren had roughly equal consumption among the phases 
on an annual basis, Melonen had more than half of its consumption on one single phase. In 
relation to an even annual energy spread where each phase stands for 33.3 % of the 
consumption, Filaren, Linjen and Melonen had deviations of up to 3, 5 and 20 percentage points 
per phase, respectively. Although the potential to balance phases to achieve a fuse rate reduction 
depends on only a few high peaks rather than cumulative unbalance, this overall inequity of 
phases at least indicates that there were more occasions for phase balancing at Melonen than 
the other two properties. 
 

 

Figure 2.4 Yearly distribution of energy consumption for Melonen, Linjen and Filaren in 2018, kWh 

Details 
Profile 1 
Melonen 

Profile 2 
Linjen House B 

Profile 3 
Filaren 

Unit 

Build year 1920 1965 1968  

Number of apartments 41 22 75  

Location Örebro Norrköping Arvika  

Latitude 59.279313 58.578174 59.657933  

Heated living area 3991 1691 5162 m2 

Total heated area 5622 2277 6883 m2 

Specific energy - heating 78.9 103.9 90.4 kWh/m2 

Specific energy - electricity 4.73 8.87 8.08 kWh/m2 

Specific energy - water - 1.15 - kWh/m2 

Main fuse rating 50 50 50 A 
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Third, and perhaps more important than the annual energy unbalance, was the unbalance during 
the load peaks since that is what determines whether phase balancing can be used to reduce the 
fuse rating. Each load profile was therefore analysed using the phase unbalancing index (PUI) 
previously employed in studies by Gupta et al. (2014) and Lin et al. (2005) defined in Equation 
2.1. 

𝑃𝑈𝐼 =  
𝑀𝑎𝑥[|𝐼𝐴 − 𝐼𝑀|, |𝐼𝐵 − 𝐼𝑀|, |𝐼𝐶 − 𝐼𝑀|]

𝐼𝑀
∗ 100 % 

Equation 2.1 

where, IA , IB, and IC represent the magnitudes of the three line currents and where IM is the 
magnitude of their average. The phase unbalancing index is zero for balanced systems and its 
value rises as the degree of unbalance increases. Table 2.4 below presents the line currents and 
PUI of the three greatest peaks for each real estate.  

 
Table 2.4 Phase unbalancing indices for the three greatest peaks per profile. 

 Peaks Phase 1 Phase 2 Phase 3 PUI 

Profile 1 
Melonen 

1st 36.7 29.9 17.6 37.4 % 

2nd  33.6 24.0 9.0 59.3 % 

3rd  26.6 33.6 19.3 27.1 % 

Profile 2 
Linjen 

1st 46.8 43.8 43.5 4.67 % 

2nd  44.3 45.7 35.8 14.6 % 

3rd  43.3 43.5 35.8 13.2 % 

Profile 3 
Filaren 

1st 27.8 44.0 54.4 29.3 % 

2nd  34.1 35.7 52.5 28.9 % 

3rd  20.5 37.0 52.5 43.1 % 

 
It is clear from Table 2.4 that the PUI for the three largest peaks of the real estate vary 
considerably. Most noteworthy is the PUI for each real estate’s highest peak, which is 37.4 % and 
28.3 % for Melonen and Filaren, respectively, but only 4.67 % for Linjen. Also for the second and 
third highest peaks does Linjen have much more balanced loads than the other two. This 
comparably low unbalance naturally leaves little use for a phase balancing device and one may 
therefore expect that the EnergyHub will prove less economically viable for Linjen. 
 
Fourth, by comparing the total consumption per month in Figure 2.12, it is moreover evident that 
Linjen displays the sharpest and strongest seasonal pattern. Between March and April, the 
consumption drops to almost half compared with the months before, which may be explained by 
the supplied electric block heaters previously mentioned. It also remains low longer than the 
consumption in Melonen and particularly Filaren. This proves the importance of energy planning  

Figure 2.5 Total energy consumption for Melonen, Linjen and Filaren per month, kWh. 
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as Linjen’s three largest peaks occurred during the winter months. It is also remarkable that most 
of Melonen’s seasonal fluctuations occurred on phase 1, which may indicate the value of not only 
balancing loads in general but also based on their seasonal patterns.  

Fifth, a similar analysis was performed based on with respect to hours instead of months in order 
to study the correlation between peak occurrences and the time of day. In this regard, all three 
properties showed a clear load peak around 19:00-20:00 in the evening. Melonen and Filaren 
furthermore had at least one more peak around 13:00 in the day. Thus, these patterns conform 
to some degree to the load patterns found in previous literature (Berding et al., 2000).  

Figure 2.6 Total energy consumption for Melonen, Linjen and Filaren per hour of day, kWh. 

 Expansion of Datasets by Linear Extrapolation 

While it would have been possible to answer the research questions based on only the three load 
profiles resulting from the selection process in subsection 2.3.2, the conclusions would have had 
very little value beyond those contexts and particularly among actors in the business sector. It 
would, for example, not have been possible to make inferences on the feasibility of the 
technologies had the loads been greater or smaller. 
 
In order to remedy this issue, new profiles were linearly extrapolated from the original three load 
profiles. To this end, a set of scale factors were generated which were used to scale each load 
profile so that its highest measured phase current assumed values from 10 A to 100 A in steps of 
1 A, regardless of the previous peak current. The resulting 3x91 load profiles were then used as 
input for the analysis.  
 
Of course, the described method builds on the assumption that it is realistic to linearly extrapolate 
the three load profiles. While many loads certainly would scale relatively linearly as a property 
grows, it needs no evidence to say that other loads would not. Thus, the greater the difference 
between the extrapolated peak and the actual peak, the greater the uncertainty. A more 
sophisticated and accurate extrapolation method may have taken into consideration the actual 
loads constituting the load profiles (Armstrong & Collopy, 1993), which was not possible in this 
case. It is therefore debatable whether perhaps stochastic load simulation methods would be just 
as realistic as these extrapolated data.  
 
Nevertheless, the author of this report holds three arguments for the implemented extrapolation 
method. First, an extrapolated version of any one profile does not necessarily have to represent 
a smaller or greater scale of the same property. Instead, it is assumed to be another property that 
happens to display the same consumption pattern as the original property. Second, the 
extrapolation allows an analysis that is based on real load patterns, although rescaled, which has 
been called for by previous researchers (Gupta et al., 2011; Gupta et al., 2014). Third, the benefits 
of exploring the potential sensitivity of economic feasibility related to peak load magnitude is 
deemed to outweigh the shortcomings of the methodological choice.  
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2.4. The Technical System Model and its Parameters 

The purpose of the technical system model was to generate a set of technical data for the 
economic evaluation model. It was designed to take each extrapolated load profile as its BASE 
Case Load Profile and perform a series of calculations to achieve three goals. One, it calculated 
the appropriate fuse rating in both cases. Two, it dimensioned the BESS and/or EnergyHub 
dynamically to minimize the investments necessary to reduce the fuse rating. Three, it modeled 
the behavior of the two configurations as if they were installed when the loads occurred in order 
to calculate the additional losses associated with using the configurations compared to the base 
case with unmodified loads. Figure 2.7 illustrates how parameters and intermediary variables 
were used, bottom-up, to establish the fuse ratings, select the system components and to 
calculate the losses, which all influenced the economic performance detailed in section 2.5. 
 

 

Figure 2.7 Hierarchical breakdown of the technical system model. 

 EnergyHub Function and Parameters 

In the model of the technical system, the EnergyHub was at the center of both configurations. In 
both system topologies considered, the Energyhub was placed at the load-side of the main fuse 
and in parallel with the property load network, as illustrated in Figure 2.8. Here, it would monitor 
the network and act when a line current exceeded a set threshold value, which in this model was 
set to the fuse rating. In this situation, the priority of the EnergyHub was to absorb the energy 
needed from any less loaded phase(s) below the threshold limit and to inject it to any phase(s) 
whose load exceeded the limit. This was the only option in the ACE Case, while in contrast, the 
BAT Case had an additional BESS to compensate by injecting more energy when the available 
energy on other phase(s) was insufficient. Three technical parameters were considered essential 
for the technical system model, regardless of which case was considered. These were the 
maximum DC bus current, the maximum efficiency from DC to AC (DC/AC) and the maximum 
efficiency from AC to DC (AC/DC). 
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Figure 2.8 The topology of a system consisting of an EnergyHub connected to a battery. 

The efficiencies would come to matter whenever active phase balancing was necessary. To better 
understand the concept, an illustrative example is presented in Figure 2.9 and YY below. The first 
figure shows a situation in which one of the phases is overloaded in relation to the fuse rating. 
This is represented by a current of 68 A on line L2, clearly above the tolerance of the fuse rating 
at 50 A. 

 

Figure 2.9 An illustrative example of a peak situation without phase balancing.. Received by Ferroamp, modified and 
printed with permission. 

Normally, this situation is not very likely to occur since real estate are supplied with appropriate 
fuses for their load. However, this demonstrates a situation where the property owner could have 
had a lower fuse rating should the line currents have been balanced. Consider the sum of line 
currents L1, L2 and L3. It amounts to 144 A in total, which is clearly below the allowed total current 
of 3x50=150 A. There is consequently some potential to balance the phases in this particular 
instance. Now, consider that this load situation represents the most heavily loaded situation of 
the year. It would then seem technically feasible to install a phase balancer to level the loads and 
indeed maintain a fuse rating of 50 A. Figure 2.10 illustrates the same situation but with 
Ferroamp’s EnergyHub installed. Thanks to the phase balancer, the unbalanced load currents 
are now modified by the Energyhub so that they all conform to the fuse rating allowance of 50 A.  
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Figure 2.10 An illustrative example of a peak situation with phase balancing. Received by Ferroamp, modified and 
printed with permission. 

Figure 2.11 shows the three AC line currents entering the EnergyHub from below. These were 
assumed to have a constant 230 V line-to-neutral voltage and a 400 V line-to-line voltage, as per 
the Swedish electricity network context, while the power factor was assumed to be constantly 1. 
In the real system, each current is monitored and managed by a computer as it passes through a 
controllable bidirectional AC/DC inverter to the 760 V DC side, which in turn is connected to a 
BESS via an Energy Storage Optimizer (ESO) and/or other DC energy sources or loads. 
However, this study only considered a BESS on the DC side, and only in the BAT Case. 

 

 

Figure 2.11 A diagram of the EnergyHub with a possible connection to a battery energy storage system. 

The EnergyHub’s capacity-defining parameter is the maximum DC bus current which applies to 
each bidirectional one-phase inverter and limits the DC-side current to its specified amount, 
regardless of the direction of current flow. For the purpose of the technical system model, this 
was seen as the maximum phase balancing capacity, since it limits the current that can be drawn 
from or injected to any one phase conductor. It does not matter whether the energy originates 
from the other phase conductor(s) or the BESS connected to the DC side. The maximum DC bus 
current still limits the capacity of each AC/DC inverter. Because if this, it was considered a key 
parameter for the choice of EnergyHub based on the phase balancing need of each extrapolated 
load profile.   
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The other two parameters of importance for the model were the two inverter efficiencies, from DC 
to AC and from AC to DC, which apply to any currents passing through an EnergyHub 1-phase 
inverter. When the EnergyHub redirects energy from one phase conductor to another, it is 
essentially performing one AC/DC conversion and one DC/AC conversion. If instead energy from 
the BESS is used, only the DC/AC conversion applies for the discharge event, while the AC/DC 
conversion is postponed to when the BES system is recharged from one or multiple phases.  
 
Since these efficiencies cannot be 100 %, losses were modeled in both directions and added to 
the AC⟷DC Losses for either case in the model. Whenever the modeled system needed to act 
to balance phase(s), these losses would accumulate and raise the total load over the year. The 
increased consumption would raise the electricity bill for the consumer and would therefore later 
appear as negative cash flows in the economic model. Based on a datasheet for the EnergyHub 
Wall (Ferroamp, 2019a), the applicable maximum efficiencies were 98.5 % and 98.0 % for DC/AC 
and AC/DC, respectively. Since the datasheet did not contain any average efficiencies and the 
definition of load data did not allow for exact calculations, these maximum efficiencies were 
assumed to apply in all instances in the model. Although this was an overestimation of the 
realistically attainable efficiencies, the sensitivity analysis would cover for a case with lower 
efficiencies. Table 2.5 below summarizes the applied efficiencies and the range of maximum DC 
bus currents for the EnergyHubs listed in Table 2.11 in subsection 2.5.4. The Impact on column 
represents the respective variable affected in the model while the Impact Situation column gives 
the context for when this occurs. 
 
Table 2.5 EnergyHub parameters for the technical system model. 

Parameter Value Unit Impact on Impact Situation 

Maximum DC bus 
current 

10-120 A 
EnergyHub Balancing 
Capacity 

ACE Case & BAT 
Case EnergyHub 
Selection 

Max efficiency from 
DC to AC 

98.5 % AC⟷DC Losses 
Phase Balancing 
with/without BESS 

Max efficiency from 
AC to DC 

98.0 % AC⟷DC Losses 
Phase Balancing 
with/without BESS 

 Choice of Battery Technology 

While many different energy storage types exist, battery energy storage systems have so far 
been the typical choice of technology for residential real estate applications, according to 
Malhotra et al. (2016). Koohi-Fayegh & Rosen (2020) found some of the main reasons to be 
their suitability for aiding the integration of renewable energy into buildings and to act as a buffer 
for load variations. Within this category, IRENA 2017 listed a multitude of battery types and 
chemistries that are commercially available into the following groups: lithium-ion, lead-acid, 
high-temperature, flow and nickel-based batteries. These types, and not the least the 
technologies within each group, have different advantages and disadvantages. The reader is 
encouraged to review these more in detail. However, for the purposes of this study, a specific 
nickel-metal hybride battery technology offered by Nilar was considered due to its known 
compatibility with Ferroamp’s EnergyHub system. The main advantages of this technology is 
supposedly its safe and maintenance-free operations, yet with almost comparable technical 
characteristics as the ubiquitous lithium-ion batteries (Nilar, 2019b).  
 
The Nilar BESS considered in this study is a range of products that are either battery cabinets 
or packs, depending on the optimal sizing found by the model. For smaller needs, the model 
could choose Nilar’s battery packs, which are comprised of a number of battery modules 
connected in series to achieve nominal battery voltages in multiples of 12 V (Nilar, 2019b). Each 
12 V module is in turn made of 10 battery cells of 1.2 V connected in series. For greater energy 
capacity needs, the modeled could also choose a couple of Nilar’s battery cabinets in which 
several battery packs are combined in parallel. 
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 Battery Energy Storage System Function and Parameters 

In the BAT Case model of the technical system, the BESS was connected to the DC-side of the 
EnergyHub via an energy storage optimizer (ESO), as illustrated by figure 2.11. The efficiency of 
the ESO and the roundtrip efficiency of the BESS were used to model the losses arising from 
charges and discharges of the BESS, whereas the energy and power capacities of the BESS 
were considered for the proper dimensioning of a BESS based on the balancing needs.  
 
Regarding the efficiency of the BESS, a few assumptions were made to simplify the model. Similar 
to the ubiquitous li-ion batteries, the roundtrip efficiency of Nilar’s batteries depend on the depth-
of-discharge (DOD), according to the results of an internal study (Nilar, 2018). The study showed 
that a maximum (roundtrip) efficiency of 90 % can be achieved when the battery is discharged up 
to the Rated Energy Capacity, corresponding to an 80 % DOD. Should the battery instead be 
discharged by the entire Maximum Energy Capacity, at 100 % DOD, the roundtrip efficiency would 
drop to 87 %. On the other hand, the DOD would obviously vary in a realistic peak-shaving setting, 
and thus, neither stated efficiency would apply. However, judging from the load data described in 
section 2.3, the average DOD would not be more than 80 % as most peaks were significantly 
lower than the dimensioning peak. For this reason, there was assumed to be no conflict in 
modeling with both the higher efficiency of 90 % and the maximum energy capacity for each BESS 
listed in Table 2.6 below. Nevertheless, other efficiencies were considered in the sensitivity 
analysis.  
 
The power capacity used in the model was the rated power capacity as declared in Nilar’s sales 
brochure from 2019 (Nilar, 2019a), see Table 2.6. The same power rating was assumed to apply 
to both charging and discharging events and for all DOD, again to simplify the model.  
 
Table 2.6 Nilar's battery energy storage system parameters used in the technical system model. 

Power Capacity 
[kW] 

Rated Energy 
[kWh] 

Max Energy  
[kWh] 

Efficiency at Rated 
Energy [%] 

Efficiency at 
Max Energy 

5.75 5.75 7.1 90* 87* 

6 11.5 14.2 90* 87* 

11 11.5 14.2 90* 87* 

12 17.3 21.5 90* 87* 

16.5 17.3 21.5 90* 87* 

22 23 28.5 90* 87* 

27.5 28.7 35.6 90* 87* 

33 34.4 42.7 90* 87* 

 
The ESO is essentially presented as a bidirectional charger built around a DC/DC converter 
(Ferroamp, 2019b). Its principal purpose in the modeled system was to convert the DC voltage 
from 760 V on the EnergyHub side to 120-720 V on the BESS side, depending on the required 
capacities of the storage. Its capacity was not considered in the model since each BESS listed in 
Table 2.6 includes an ESO that matches its specifications. The ESO communicates via a PLC 
and allows different sizes and combinations of batteries and chemistries and ensures the safety 
of the system. However, the maximum efficiency of the ESO is rated at 99 % and losses occur in 
both directions when the battery is charged or discharged. Based on similar arguing as for the 
roundtrip efficiency, the ESO efficiency was assumed to be fixed at 99 % for the main analysis. 
 
Table 2.7 summarizes the applied efficiencies and capacity ranges for the BESS discussed in this 
subsection. The impact on column represents the respective variable affected in the model while 
the impact situation column gives the context for when this occurs. 
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Table 2.7 Summary of battery energy storage system parameters used in the model. 

Parameter 
Value or 
Range 

Unit Component Impact on Impact Situation 

Energy 
Capacity 

7.1 – 92.1 kWh BESS 
BESS Energy 
Capacity 

BAT Case BESS 
Selection 

Power 
Capacity 

5.75 – 71.5 kW BESS 
BESS Power 
Capacity 

BAT Case BESS 
Selection 

Roundtrip 
Efficiency 

90 % BESS Roundtrip Losses 
Phase Balancing 
with BESS 

DC/DC 
Efficiency 

99 % ESO AC⟷DC Losses 
Phase Balancing 
with BESS 

 

 BASE Case 

The first action taken by the technical system model’s algorithm for a given Base Case Load 
Profile was to calculate the greatest line current occurring at any time during the year, referred to 
as the BASE Case Max Current in Figure 2.7. This current was then matched against the available 
fuse ratings in table 2.8 below and the lowest possible fuse rating was selected and assigned to 
that load profile as the BASE Case Fuse Rating. It was assumed that the fuse rating must exceed 
the peak current, since the fuse would burn otherwise. It was moreover assumed that the fuse 
rating was no larger than necessary, since that would generally incur an extra cost.  
 
Table 2.8 Available fuse ratings, subscriptions and their dependency on individual phase currents. 

Subscription Type Fuse Ratings [A] Phase-dependency [yes/no] 

Fuse Rating Subscription 16 yes 

Fuse Rating Subscription 20 yes 

Fuse Rating Subscription 25 yes 

Fuse Rating Subscription 35 yes 

Fuse Rating Subscription 50 yes 

Fuse Rating Subscription 63 yes 

Power Subscription 80+ no 

 
A separate output of the technical model is the Peak-Power Hour, which the economic model 
needed in order to calculate the applicable power fee for the load profiles whose peaks exceeded 
63 A. It was based on the contracts offered by E.ON, Vattenfall and Ellevio, and is the highest 
average power for any one clock hour of the previous month. Thus, to find this, the algorithm 
would step through the time series and compare the average power of every hour through every 
month and ultimately store one peak-power-hour value for each of the 12 months.  

 ACE Case 

The second step for the algorithm was to manage the ACE Case. First, it went through the Base 
Case Load Profile and calculated the average current among the three phases for every timestep, 
which would resemble the loads if they were fully balanced. However, reaching this state using 
the phase balancer would entail some, although small, losses. These were consequently added 
to the averaged phase currents, forming the Maximum Achievable Balance. Next, the difference 
between the peaking phase of the Base Case Load Profile and the Maximum Achievable Balance 
was considered the ACE Case Missing Energy, since this difference corresponded to the energy 
that a supposed phase balancer would need to redistribute among the lines. The algorithm 
calculated this missing-energy value for all timesteps and considered the largest one as the 
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dimensioning value for the ACE Case EnergyHub Selection. Similar to the assignment of a fuse 
rating above, the cheapest EnergyHub with enough AC⟷DC capacity was selected. 
 
Another part of the ACE Case calculations was to establish the appropriate fuse rating for the 
ACE Case. To do this, the algorithm found the highest peak current of the theoretically modified 
load profile that was the Maximum Achievable Balance. Since this temporarily stored load profile 
now was fully phase-balanced, the algorithm merely sought the greatest total load peak, regarded 
as the ACE Case Max Current. This was then used to dimension the ACE Case Fuse Rating in 
the same way as the BASE Case Fuse Rating was dimensioned.  
 
Lastly, given this supposedly lower fuse rating for the ACE Case, the algorithm went through the 
entire timeseries and checked for phase peaks exceeding the reduced fuse rating. It simulated 
the behavior of the EnergyHub by rerouting just enough energy between the phases to ensure 
that no phase exceeded the fuse rating. Meanwhile, the losses of doing so were summarized as 
the ACE Case AC⟷DC Losses and stored for later use in the economic evaluation model. 

 BAT Case  

The third step of the technical system algorithm was to manage the BAT Case. It required more 
actions than the ACE Case since the combined system consisting of both an EnergyHub and a 
BESS was more complex and ought to consider both balancing options at all times. 
 
An important design choice in modeling the BAT Case was to set the BAT Case Fuse Rating one 
step lower than the corresponding ACE Case Fuse Rating for the same load profile. This choice 
is justified by the fact that the BESS is modeled as an additional investment in the BAT Case, and 
thus, for a greater investment to make sense, the associated savings would have to be bigger. It 
was further assumed that more than one step down in fuse rating would reduce the profitability of 
the investment, since it would quickly increase the number, magnitude and duration of load peaks 
and thus require much higher capacities of the BESS to level the load. Based on this approach, 
the base load and the fuse rating together dictated the BESS capacities needed instead of raising 
the complexity of the model by incorporating an optimal-sizing problem for each load profile, which 
has been well-studied on its own (Xing et al., 2015; Martins et al., 2018).  
 
Based on the assumed BAT Case Fuse Rating and the BASE Case Load Profile, the algorithm 
next dimensioned the necessary EnergyHub for the BAT Case. A notable difference compared to 
the ACE Case is that the EnergyHub here used its DC bridge capacity not only to transfer energy 
between the line currents, but also to and from the BESS. Consequently, it was the maximum 
AC⟷DC capacity needed, rather than phase balancing need alone, that dimensioned the 
EnergyHub in this case. Thus, the algorithm stepped through the timeseries and checked for 
situations where at least one line current exceeded the fuse rating. It then calculated the power 
injection needed to reduce this current(s) to the level of the fuse rating, disregarding whether this 
came from a less loaded line or the BESS. The greatest injection needed was then compared 
with the capacities of the EnergyHub options in Table 2.11 and the cheapest EnergyHub fulfilling 
this requirement was selected.  
 
An almost similar calculation was performed to determine the BAT Case Required Power 
Capacity, which was one of two dimensioning parameters for the BAT Case BESS Selection. 
However, the algorithm here only checked for the additional injection needed from a BESS after 
the balancing potential from less loaded phases had been considered. It could be smaller or equal 
to the required AC⟷DC capacity of the EnergyHub, depending on the BASE Case Load Profile.  
 
To establish the other dimensioning parameter for the BESS, the BAT Case Required Energy 
Capacity, a different approach was deemed necessary. The required energy capacity could not 
simply be based on a single timestep since a longer peak may require a consecutive discharge 
over several timesteps. To manage this, a maximum-consecutive-discharge (MCD) variable was 
introduced, and a simple BESS control algorithm was designed to simulate the operations of the 
BESS. According to this algorithm, the MCD variable was initially set to zero at full charge and 
assumed increasingly negative values as the battery was simulated to discharge energy. This 
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would in turn occur whenever the average phase load exceeded the fuse rating and it then 
recharged back towards zero when the average phase load, including potential phase balancing 
losses, was less than 90 % of the fuse rating. This way, the greatest negative MDC value would 
correspond to the MCD of the BESS. Then, the two dimensioning parameters were matched 
against the list of BESS and the cheapest BESS fulfilling both requirements was selected. 
 
Lastly, the algorithm calculated the BAT Case AC⟷DC Losses, arising from both phase 
balancing and battery usage, as well as the BAT Case Roundtrip Losses resulting from repeatedly 
charging and discharging the battery. Similar to the ACE Case, the algorithm did so by going 
through the time series and simulating the behavior of the combined system as it reduced load 
peaks to the level of the BAT Case Fuse Rating. In contrast to the ACE Case, the combined 
configuration sometimes had two options for shaving phase-wise peaks. In those situations, 
phase balancing was always the prioritized option to the extent it was available since the use of 
the BESS was less economical because of its added roundtrip losses.  
 

2.5. The Economic Model and its Parameters 

This section systematically describes and motivates the components of the economic evaluation 
model, as illustrated by Figure 2.12 below. Furthest up are the indicators, which were key to 
answering the research questions and calculated using various combinations of the Discount 
Rate (I), Reinvestment Rate (II), Net Cash Flows (III), Number of Payback Periods (IV) and Initial 
Investment (V). Some of these inputs were assigned values based on assumptions and/or 
available market data, while others were the results of intermediary calculation steps further down 
the hierarchy. It should be noted that the economic model depicted in Figure 2.12 was applied 
only once for the ACE Case and once for the BAT Case, based on their respective values for the 
fuse rating, peak power and losses Net Cash Flow as passed by the technical system model. 
 
 

 

Figure 2.12 Hierarchical breakdown of the economic evaluation model. 
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 Selected Feasibility and Comparison Indicators 

Four performance indicators were selected for assessing the economic feasibility and optimal 
choice of configuration, namely the Net Present Value (NPV), Profitability Index (PI), Modified 
Rate of Return (MIRR) and Simple Payback Period (SPP), summarized in Table 2.9 below. Only 
the first one, the NPV, was chosen for answering the research questions, whereas the PI, MIRR 
and SPP were chosen as complementing secondary indicators. By choosing indicators from four 
out of five of Remer’s and Nieto’s (1995a; 1995b) method categories, multiple perspectives on 
the feasibility are gained. Of these, all but the SPP account for the time value of money (TVM), 
which is further discussed under discount rate. 
 

The NPV was chosen as the key performance indicator for evaluating the economic feasibility 
due to being widely used in other techno-economic assessments such as by Huang et al. (2019) 
and O'Shaughnessy et al. (2018), as well as by Persson (2018), who compared the profitability 
control different control algorithms for the EnergyHub together with a BESS and solar PV. A 
reason for its popularity is that it provides a relatively simple method to evaluate whether an 
investment is sound; if the NPV is positive, the investment is economically feasible given the 
assumed discount rate. In this context, it should be noted that the initial investment is considered 
as a negative cash flow at period 0. The NPV further suits as a comparison metric since an 
investor generally strives to maximize the net profit and thus the NPV.  
 
Table 2.9 The selected performance indicators for answering the research questions. 

 
The NPV is a net sum of cash flows, meaning that each positive or negative cash flow has to be 
discounted to present time and then summed up as one single value. Equation 2.2 shows the 
formula used to discount each individual cash flow, where PV stands for present value, FV stands 
for future value, rd is the discount rate and n is the number of periods from present time. 
 

𝑃𝑉 =
𝐹𝑉

(1 + 𝑟𝑑)𝑛
 Equation 2.2 The present value formula. 

 
Using the PV formula, the NPV can be expressed as per Equation 2.3 below:  
 

𝑁𝑃𝑉 = ∑ 𝑃𝑉(𝐶𝐹𝑖)

𝑛

𝑖=0

  =  ∑ (
𝐶𝐹𝑖

(1 + 𝑟𝑑)𝑖
)

𝑛

𝑖=0

 Equation 2.3 The net present value formula. 

  

, where CFi represents the net cash flow at the end of each time period i. 
 
The rationale behind including the secondary indicators was to enable more dimensions of 
comparison with other studies and thereby cater for the interests of various target groups of this 
report. For example, the end-users of the technology may be private property owners or tenant-
owner associations. For them, the payout period length is a commonly used indicator for 
comparing investment options. Most often, the simple payback period is used, despite risking to 

Indicator Description Inputs 

NPV 
Net Present Value: the net value of future cash flows discounted to 
the present minus the initial investment.  

I, III, 
IV, V 

PI 
Profitability Index: expresses the rate of payback as a ratio by 
putting the NPV of an investment in relation to the capital invested.  

I, III, 
IV, V 

MIRR 
Modified Internal Rate of Return: describes the rate of return of an 
investment, using a cautious assumption about reinvestments. 

I, II, III, 
IV, V 

SPP 
Payout Period: an indicator that simply states the number of years 
needed for the investment to have paid for itself. 

III, V 
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overestimate the value of the investment by disregarding the (TVM). Table 2.10 exemplifies this 
issue with a comparison between the simple and discounted payback period methods. However, 
the simple payback period (SPP) was nevertheless chosen as one of two secondary indicators to 
accommodate for said target groups, despite its disadvantage.  
 
Table 2.10 An example demonstrating a calculation of the number of payback periods. 

Year 0 1 2 3 4 5 

Cash flow -1000 300 300 300 300 300 

Cumulative CF -1000 -700 -400 -100 200 500 

Cumulative discounted CF -1000 -727 -479 -254 -49 137 

Simple payback period = 3 + 100/300 ≈ 3.33 years ≈ 3 years and 4 months 

Discounted payback period = 4 + 254/300 ≈ 4.85 years ≈ 4 years and 10 months 
 

 
The PI is one of many different ratio methods whose general idea is to somehow express the ratio 
of payback or benefit in relation to the initial investment, according to Remer & Nieto (1995a; 
1995b). Being based on the NPV they argue, it is a ratio metric that is easy to understand and 
that provides a quick way to compare projects based on leverage on invested capital. Options 
with high PIs have good return on investment and should, based on this metric, be prioritized. In 
addition to its ease of use and close connection to the NPV, the PI is also frequently used in 
economic feasibility studies, such as those by Ashani et al. (2020) and Corredor et al. (2019), and 
therefore deemed suitable for comparison purposes in this study. However, since the two 
investment options considered here were mutually exclusive, i.e. choosing one means not 
choosing the other, the PI was applied to the incremental investment of the BAT Case.  
 
The formula for the PI is given by Equation 2.4 below, where Invt=0 represents the investment 
made at the zeroth time period. Considering the definition of the NPV used in this study, the initial 
investment is added back so the denominator essentially represents the net present value of all 
cash flows excluding the initial investment. Consequently, a PI of 1 corresponds to a net present 
value equal to the initial investment. 
 

𝑃𝐼 =
𝑁𝑃𝑉 + 𝐼𝑛𝑣𝑡=0

𝐼𝑛𝑣𝑡=0
 Equation 2.4 Profitability Index 

 
The MIRR provides yet another perspective, being a rate-of-return method, as per Remer’s & 
Nieto’s categorization (1995a; 1995b). While the internal rate of return (IRR) is more ubiquitous, 
Brealey and Myers (1996) claimed that its use have been heavily debated due to several flaws, 
of which the MIRR method resolves two. First, the IRR assumes that interim cash flows can be 
reinvested at the same rate of return as they were generated, which is often an unrealistically 
optimistic scenario. The MIRR instead uses a more conservative reinvestment rate and thus 
complements the other metrics used in this study with a more cautious perspective. The second 
flaw relates to the mathematical calculation of the IRR. Projects or investments with both positive 
and negative cash flows in different time periods mathematically have several possible solutions 
for the IRR. This is problematic since solving the IRR numerically requires significantly more 
computation power for large datasets and has a risk of failing as only one of the several potential 
solutions makes sense. In contrast, the MIRR does not need to be sought numerically. In 
conclusion, the MIRR is both computationally preferable and offers the perspective of a 
conservative indicator. Its comparative benefit is still substantial as many techno-economic 
assessments also use the MIRR (Ashani et al., 2020; Corredor et al., 2019).  
 
The definition used for the MIRR is given by Equation 2.5 below, in which positive cash flows 
CFpos are discounted to the end of the investment period, as a future value (FV), while the negative 
cash flows CFneg are discounted to present time as present values. Additionally, rr represents a 
theoretically risk-free reinvestment rate whereas rf stands for the finance rate. In this model, the 
finance rate equals the discount rate used in the other formulas.  
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𝑀𝐼𝑅𝑅 =  √
∑ 𝐹𝑉(𝐶𝐹𝑝𝑜𝑠 , 𝑟𝑟)

∑ 𝑃𝑉(𝐶𝐹𝑛𝑒𝑔 , 𝑟𝑓)

𝑛

− 1 Equation 2.5 Modified Internal Rate of Return 

 

 Discount Rate 

Multiple studies have identified the discount rate as one of the most impactful factors for the 
profitability of investments (Morrisey et al., 2013; Moore & Morrisey 2014; Islam et al., 2015). It is 
an essential part of the formulas for the NPV, PI and MIRR used in this study as it reflects the 
investor’s required rate of return (RRR) on money invested and accounts for the so-called time-
value-of-money. It consists of three components, according to Fisher’s theory of interest (Fisher, 
1930). First, by investing, the investor loses liquidity while the money is tied up and should 
therefore require at least a risk-free return on investment. Second, by the time the investment has 
paid back in full, the money generated will have lost some of its purchasing power due to inflation, 
and so the investor should want to be compensated for that. Third, the investor needs a risk 
premium that compensates for the risk that the money invested is partly or wholly lost. A well-
chosen RRR should consequently consider and properly quantify a wide range of risk factors 
specific to the investment as well as the investor and the current external environment. The 
complexity of the task is widely recognized and has given rise to several approaches for 
determining an appropriate discount rate (Leskinen et al., 2020). 
 
Conventionally, the risks related to investments in energy generation technologies are evaluated 
on a technology and/or country basis (Noothout et al. 2016; IEA, 2015; Ondraczek et al., 2015). 
For example, the IEA (2015) presented an average real discount rate of 6 % assumed by investors 
of residential and commercial PV in the USA and Germany, among other countries. Yet, techno-
economic assessments in academia have applied varying discount rates (Foles et al., 2020; 
Lovati et al., 2019; Kumbaroglu & Madlener, 2012). For residential solar PV and battery storage, 
Lovati generated real discount rates between 0-6 % in a stochastic model, whereas Foles et al. 
used a deterministic real discount rate of 3 %. Kumbaroglu & Madlener instead studied 
investments in energy retrofitting of buildings, for which they claimed that common discount rates 
for self-funded retrofits ranged between 2.25-5.00 % and externally funded retrofits ranged 
between 2.17-7.87 %. These numbers may well reflect the cost of capital, often determinant of 
the RRR, for private property owners and tenant-owner associations as their capital base is often 
predominantly loan-based (Geltner et al., 2014). In the same vein, Lundén (2017) argue that 
interest payments indeed constitute the far most significant cost item for tenant-owner 
associations in Sweden.  
 
It thus appears from the discount rates previously applied in literature and the current low-interest 
climate in Sweden, that a low discount rate may be appropriate for the location and time. However, 
considering that the EnergyHub differs from the above technologies by its novelty, investors may 
require a greater rate of return for the risk of new technology (IEA, 2015; Leskinen et al., 2020). 
In this case, despite evidence of success from around 1 500 implementations (Karlström, 2019), 
the EnergyHub’s track-record is relatively short and may consequently motivate a higher discount 
rate. Additionally, the current low-interest climate may very well change within the 15-year 
investment horizon. A real discount rate of 6 % was therefore chosen for this study. As is common 
practice, it is assumed to be flat throughout the investment period and its impact on the feasibility 
assessment is later discussed based on a sensitivity analysis.  

 Reinvestment Rate and Payback Period 

Unlike the NPV and PI, the MIRR indicator includes a reinvestment rate that is lower than the 
discount rate and that is applied to intermediary cash flows during the investment period. In 
practice, this “safe” rate of return is commonly assumed to be 2 %. Similar to the discount rate, it 
was in this study therefore assumed to be 2 % flat throughout the investment period. 
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The investment period was here interchangeably used with economic lifetime and was assumed 
to be 15 years for both configurations. Ferroamp claims that this holds for the EnergyHub 
(Karlström, 2019) whereas previous studies have assumed the same for BESS (Martins et al., 
2018).  

 Initial Investment 

The upfront investment for purchasing and installing the two configurations was in this model 
minimized for each input load profile to reflect the behavior of a rational investor. The investment 
for each load profile and case was therefore dependent on the output of the technical system 
model and its dimensioning algorithms, described in section 2.4. The EnergyHubs and BESS 
considered in the model are listed in Table 2.11 and Table 2.12, respectively, and are based on 
those that were available as of February 2019 (Karlström, 2019).  
 
The first column in Table 2.11 lists the five EnergyHubs considered in this study, using simplified 
names. The second column provides the bidirectional conversion capacity in terms of currents. 
This value corresponds to the maximum current that can be converted between the AC and DC 
sides of the EnergyHub, regardless of whether it is a current redistribution, i.e. pure phase 
balancing, or a charge/discharge by the battery from/to any of the phases. Columns three to seven 
lists the assumed prices for both the components and installation, excluding VAT, whereas 
column eight provides the sum with 25 % VAT included. 
 
 
Table 2.11 List of EnergyHub configurations used in the model 

EnergyHub 
Config. 

 

Balancing 
Capacity 

[A] 

EnergyHub 
[SEK] 

Display 
[SEK] 

Installation 
[SEK] 

Cladding 
& Rack 
[SEK] 

Fuse 
Change 
[SEK] 

Total 
incl. VAT 

[SEK] 

S 10 20 000 0 5 000 0 1 600 33 750 

M 20 24 000 0 5 000 0 1 600 38 250 

XL1 25 22 621 1 500 7 500 4 500 1 600 47 151 

XL2 30 24 756 1 500 10 000 4 500 1 600 52 945 

XL3 40 29 000 1 500 10 000 4 500 1 600 58 250 

 
Based on a price list shared by Ferroamp in 2019 (Karlström, 2019) and estimated installation 
prices, the total outlay for an EnergyHub solution was assumed to range from SEK 33 750, for 
the cheapest option, to SEK 58 250 for the most expensive one in this model, including VAT. The 
prices for EnergyHubs S and M were given as all-inclusive, meaning that only the installation price 
and VAT needed to be added.  
 
To obtain the required total price of the remaining three EnergyHubs, additional prices for a 
display as well as rack and cladding needed to be added. Depending on the size of the 
components and the possible combinations, the respective costs of these components were SEK 
1 500 and SEK 4 500–14 500. The applied installation price for each setup was further based on 
an anecdotal estimate given by Ferroamp (Karlström, 2019). According to them, the S and M 
models take approximately 1 hour to install but electricians generally budget around 5 000 SEK 
to cover for the logistics and additional materials needed. XL1 was further estimated to take 
around 1.5 hours while the larger XL2 and XL3 hubs would take around 2 hours each. The prices 
for those were assumed to scale linearly with the time and materials needed and were 
consequently estimated at SEK 7 500 and 10 000, respectively.  
 
Moreover, 1 600 SEK was further added for the electrician to change the fuse rating and handle 
the associated administration, since this would be a necessary step to start saving money on the 
network subscription. The author acknowledges that contractors may be more or less expensive 
than what was assumed in this study but chose to account for this in the sensitivity analysis 
instead.  
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Table 2.12 presents six unique BESS offered by the Swedish battery manufacturer Nilar as well 
as two additional BESS that were assumed to follow the same price pattern per additional battery 
pack as the other BESS in the list.  
 

 
Table 2.12 List of battery configurations used in the model 

Original/ 
Custom 

Energy 
Capacity 

[kWh] 

Power 
Capacity 

[kW] 

Price 
[SEK] 

Installation 
[SEK] 

Total  
incl. VAT 

[SEK] 

Original 7.1 5.75 44 500 5 000 61 875 

Original 14.3 6 79 500 6 000 106 875 

Original 14.3 11 85 000 6 000 113 750 

Original 21.5 12 121 500 7 000 160 625 

Original 21.5 16.5 130 000 7 000 171 250 

Original 28.5 22 172 000 8 000 225 000 

Custom 35.6 27.5 215 000 9 000 280 000 

Custom 42.7 33 258 000 10 000 335 000 
 
 

 Net Cash Flow 

The last input for the calculation of the performance indicators was the real Net Cash Flow, which 
was assumed to be constant over the entire investment period to simplify the model. It may in 
turn be subdivided into its variable and fixed components, as illustrated in Figure 2.12.  

 Net Variable Cash Flow 

The net variable cash flow was calculated by multiplying the yearly Accumulated Losses by the 
Total Variable Rate. Emphasis here is on net, since both cases are assessed by their marginal 
cash flow compared to the BASE Case. The variable rate thus only applied to the additional losses 
arising from either investment option. These losses were in turn outputs of the technical model as 
they depended on the extent of the use for each pair of configuration and load profile. 
 
The total variable rate consisted of all variable price components payable according to the 
electricity contract with the Electricity Trading Company (ETC) and the network contract with the 
DNO. A breakdown is provided in Table 2.13. Payable to the DNO is a distribution fee and an 
excise duty, both subject to VAT. The distribution fee varies among DNOs and the contracts they 
offer. Some DNOs offer flat tariffs, some offer time-of-use tariffs and some offer both.  
 
 

Table 2.13 List of variable cash flow components. 

Creditor Variable Fees SEK/kWh Including VAT 

Distribution Network Operator Distribution  0.569/0.638 0.711/0.798 

Distribution Network Operator Excise Duty 0.353 0.441 

Electricity Trading Company Spot Price 0.452 0.565 

Electricity Trading Company Electricity Certificates 0.0462 0.0589 

Electricity Trading Company Trading Fee 0.04 0.05 

  1.460/1.529 1.826/1.913 
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The reference scenario in this study was based on Vattenfall’s (2020) tariffs for Stockholm as of 
2020. Since the control scheme for the two configurations in this study did not account for price 
variations over time, a flat tariff rather than time-of-use tariff was selected for the fuse subscription 
distribution fee. However, only one cost-efficient power subscription for small consumers was 
available, the L04L, which applied time-of-use pricing. According to the terms of L04L, a higher 
rate of 0.4754 SEK/kWh would apply on weekdays between 06-22 and otherwise a lower rate of 
0.0946 SEK/kWh would apply. To estimate an appropriate average distribution rate, the hourly 
load graphs in Figure 2.6 were analyzed and roughly half of the yearly consumption was deemed 
to fall into each category. The average of those distribution rates was then assumed as a flat 
distribution rate for fuse ratings over 63 A. In addition to those, the model furthermore applied the 
excise duty of 2020 which was 0.44125 SEK/kWh (E.ON, 2020). 
 
The remaining three variable price components are imposed by the ETC and consist of the spot 
price for the electricity consumed, the price for energy certificates and a trading fee. The spot 
price used in the model was the average spot price for 2018 (Nord Pool, 2018) to match the year 
of the load profiles. Assuming the average price was further motivated by the fact that the 
operations of the EnergyHub and BESS in this model did not account for any price signals. 
Similarly, the average price for electricity certificates was found to be 0.0471 SEK/kWh, excluding 
VAT, based on an applicable obligation quota of 30.5 % (SEA, 2019b) and the average certificate 
price of 154.51 SEK/MWh (SKM, 2019), both for 2018. The last component included was 
Vattenfall’s trading fee of 0.05 SEK/kWh including VAT (Vattenfall, 2020). The total variable rate 
applied in the reference scenario was consequently 1.826-1.913 SEK/kWh, including VAT. Other 
DNOs apply different distribution fees but this was instead considered in the sensitivity analysis.  

 Net Fixed Cash Flow 

The Fixed Cash Flow for all three cases consisted of the applicable Subscription Fee based on 
the fuse rating, which always applies, and a Power Fee that only applies for fuse ratings over 63 
A, see table 2.8. The Net Fixed Cash Flow, on the other hand, is a marginal cash flow and was 
therefore calculated as the difference between the BASE Case Fixed Cash Flow and ACE or BAT 
Case Fixed Cash Flows. No maintenance costs were included as both the EnergyHub (Karlström, 
2019) and the BESS (Nilar, 2019a) were supposedly maintenance-free during the economic life. 
 
To determine the Subscription Fee, the fuse rating passed by the technical system model was 
matched against the DNOs tariffs, according to Table 2.14 below. For the reference scenario, 
Vattenfall’s tariff (2020) was selected as input for the model, whereas the tariffs by the other two 
of Sweden’s three largest DNOs, E.ON (2020) and Ellevio (2018), were considered in the 
sensitivity analysis instead. Although additional variations of DNO tariffs exist, the ones offered 
by these three DNOs were deemed representative for the Swedish market as a whole. Based on 
Vattenfall’s fees in Table 2.14, a yearly peak of 11 A would mean that a fuse rating of 16 A is 
necessary, which corresponds to a yearly subscription fee of SEK 4 330. Similarly, a peak of 51 
A would indicate that a 63-A fuse rating is necessary, at a subscription fee of SEK 20 100 per 
year.  
 
 

Table 2.14 Yearly subscription fees of the three largest DNOs in Sweden, in SEK/year. 

Fuse Rating [A] Vattenfall Ellevio E.ON 

16 4 330 2 700 2 715 

20 6 050 3 540 4 605 

25 7 570 4 500 6 270 

35 10 370 6 600 9 855 

50 14 900 10 140 15 660 

63 20 100 14 520 20 940 

80+ 5 775 3 900 9 000 
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It should be noted from Table 2.14 that the subscription fee drops significantly for fuse ratings 
above 63 A. This is the result of a changed price structure as the subscription changes to a power 
subscription instead of a fuse subscription. It does not mean that the yearly fee is lower, however, 
as the added power fee and a changed distribution fee in many cases compensates. For 
Vattenfall, Ellevio and E.ON, the respective power fees applied for fuse ratings above 63 A were 
63.75, 62 and 110 SEK/kW (Vattenfall, 2020; Ellevio, 2018; E.ON, 2020). 
 
The power fee was in turn based on the Peak Power Hour described in section 2.4. Since that 
value varies from month to month, it is not strictly fixed but was categorized as such in the model. 
As an example, an average power consumption of 42 kW every month would result in a power 
fee of 32 130 SEK/year in addition to the subscription fee of 5 775 SEK/year, resulting in a total 
fixed fee of 37 905 SEK/year. In comparison, a fuse subscription at 63 A would cost only 20 100 
SEK/year. This potential step-down demonstrates the most important cash flow generator 
assessed in this study. 

2.6. Sensitivity Analysis 

In relation to the research questions, sections 2.4 and 2.5 describe the techno-economic model 
and the parameters used in the reference scenario to (A) assess and (B) compare the economic 
feasibility of the two investment options. This section describes the sensitivity analysis conducted 
in order to (C) investigate the impact of the input parameters on the economic feasibility. 
 
The main reason for performing the sensitivity analysis was to explore how well the findings based 
on the reference scenario could apply to other settings, especially since the strive for realism 
made the reference scenario contingent on very specific input data. Although the sensitivity to 
property load size had already been considered by means of extrapolation as part of the model 
design, other aspects such as alternative DNOs, different hardware or prices and uncertainty in 
discount rates and economic life were so far still unaccounted for. Thus, in absence of previous 
studies pertaining to the economics of load-side phase balancing, it was deemed valuable to 
perform an initial sensitivity analysis. 
 
For this purpose, a simple deterministic sensitivity analysis procedure was adopted, often referred 
to as the range method. According to Loucks et al. (2005), the basic idea of the range method is 
to vary one parameter or set of parameters at a time by assigning it a high value and a low value, 
in order to explore their relative impact on the performance indicator of interest. The method was 
deemed appropriate for this study based on three arguments. First, it is simple yet able to produce 
useful sensitivity information for both industry applications and future modeling. Second, in 
addition to yielding sensitivity information, the parameter variations can be defined to test the 
outcome of specific scenarios and thus add more layers of insights. Third, the discrete nature of 
most input parameters may yield misleading results if an incremental analysis had been 
performed instead. 
 
Other researchers have also employed versions of a deterministic sensitivity analysis to their 
techno-economic models. Liu et al. (2019) tested a range of PV capacities and battery prices to  
assess the impacts of heat pumps on PV-battery systems. Huang et al. (2019) systematically 
added and removed system components to assess their respective influence on the self-
consumed electricity of PV-generated electricity in a small building cluster in Sweden. Persson 
(2018) tested the sensitivity to an EnergyHub control algorithm by incrementally modifying its 
parameters. It is clear from these examples that a sensitivity analysis is best designed for the 
needs of each study and context.  
 
To limit the scope of this sensitivity analysis while still covering most parameters, those that were 
closely related were also grouped and analyzed together. Each of the subsections 2.6.1-2.6.6 
correspond to one parameter or parameter group and explains both the grouping and the explored 
scenarios defined for that group. Based on these scenarios, average NPVs were calculated for 
each of 8 peak current intervals to more easily plot and analyze the large set of data. Table 2.15 
below summarizes the different scenarios and the respective parameter variations that are further 
described in the following subsections. 
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Table 2.15 Variation scenarios considered in the sensitivity analysis. 

Parameter Set Scenarios Modifications 

Investment 
Amount 

Reference 

-50 % total 

+50 % total 

-50 % BESS 

Reference values in table X and table y 

-50 % of all reference investment amounts 

+50 % to all reference investment amounts 

-50 % of BESS prices in table X 

Efficiencies 

Reference 
DC/AC eff. = 98.5 %, AC/DC eff. = 98.0 % 

ESO eff. = 99.0 %, Roundtrip eff. = 90 % 

High losses 
DC/AC eff. = 94 %, AC/DC eff. = 92.0 % 

ESO eff. = 96.0 %, Roundtrip eff. = 70 % 

Variable Charges 

Reference 

Pessimistic 

Extreme 

1.16–1.54 SEK/kWh 

5.478–5.739 SEK/kWh 

Fixed Charges 

Reference (Vattenfall) 

E.ON 

Ellevio 

See alternative pricing in table X 

Economic Life 

Reference 

20 years 

10 years 

15 years 

20 years 

10 years 

Discount Rate 

Reference 

2 % 

10 % 

6 % 

2 % 

10 % 

Max Peak 
Removal 

Reference 

1 removed 

3 removed 

No peaks removed 

Maximum peak removed 

Three maximum peaks removed 

 

 Investment Amounts 

The first parameter set accounted for in the sensitivity analysis was the investment prices. The 
premise for choosing alternative investment parameters was based on a 10-year projection of 
how real prices may change, since both hardware and installation prices tend to change gradually 
and therefore need time to amount to a substantial change. Such a long-term projection is, 
however, associated with considerable uncertainty, especially for individual price components 
that are already in part based on assumptions. The solution here was therefore to group the costs 
for the product, additional hardware and installation together, as done by IRENA (2017) in a study 
on electricity storage and renewables. 
 
As a general guideline for an optimistic scenario, IRENA (2017) suggested that the total cost for 
several types of stationary BES systems could be expected to fall by at least 50 % depending on 
the battery type, between year 2016 and 2030. Although NiMH batteries, such as Nilar’s, were 
not covered in the report, a similar price drop was assumed for a cheap battery scenario referred 
to as “-50 % BESS”.  
 
The price development of Ferroamp’s EnergyHubs was naturally more difficult to predict for 
several reasons. First, any future pricing strategies would be Ferroamp’s internal trade secrets. 
Second, it was too early to conclude whether Ferroamp would face competition in the market for 
phase balancing equipment in Sweden. Third, even if Ferroamp achieves greater scale and a 
lower production cost per unit, there is no evidence yet to which extent that will benefit their 
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customers as they may choose to maintain their prices regardless. However, since there may be 
more competition to Ferroamp’s EnergyHub by 2030 and for the sake of equal comparison in this 
study, a 50 % price drop for the EnergyHub was further added to the BESS price drop in a “-50 
% total” scenario.  
 
Although no evidence was found suggesting that prices are likely to increase, a pessimistic 
scenario was nevertheless included based on a 50 % price increase on the whole investment 
total, again including installation and all components. This was simply named “+50 total”.  
 
Based on the scenarios defined above, new price lists were generated for the EnergyHubs and 
BES systems according to Table 2.16 and Table 2.17, respectively. All prices are total prices 
including VAT. 
 
 
Table 2.16 EnergyHub investment prices for the sensitivity analysis, in SEK and per scenario considered. 

EnergyHub 
Configuration 

+50 % total 
[SEK] 

Reference  
[SEK] 

-50 % total 
[SEK] 

S 50 625 33 750 16 875 

M 57 375 38 250 19 125 

XL1 70 727 47 151 23 576 

XL2 79 418 52 945 26 473 

XL3 87 375 58 250 29 125 

 
 
Table 2.17 Battery Energy Storage System investment prices for the sensitivity analysis, in SEK and per scenario 
considered. 

Battery 
Article no. 

+50 % total 
[SEK] 

Reference 
[SEK] 

-50 % total & -50 % BESS 
[SEK] 

PB00941 92 813 61 875 30 938 

PB00900 160 313 106 875 53 438 

PB00857 170 625 113 750 56 875 

PB00838 240 938 160 625 80 313 

PB00839 256 875 171 250 85 625 

PB00858 337 500 225 000 112 500 

Custom 420 000 280 000 140 000 

Custom 502 500 335 000 167 500 

 

 Efficiencies 

The second set of parameters accounted for in the sensitivity analysis was the efficiencies. 
Grouped together here were the AC/DC, DC/AC and DC/DC efficiencies as well as the BESS 
roundtrip efficiency. Considering that the efficiencies used in the reference scenario were already 
competitive to alternative technologies and cannot possibly be increased much more even in an 
ideal scenario, only a pessimistic scenario was introduced for this part of the sensitivity analysis. 
In this “high losses” scenario, the roundtrip loss rate was tripled while the other loss rates were 
quadrupled compared to the main analysis to ensure that they would indeed be pessimistic 
estimates under all circumstances and so that any impacts on the economic feasibility would be 
truly exposed. The efficiencies used for the pessimistic scenario are summarized in Table 2.18.  
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Table 2.18 Efficiencies for the sensitivity analysis, in percent and per scenario considered 

Parameter 
High losses 
Scenario 

Reference 
Scenario 

Component Impact on 
Impact 
Situation 

DC/AC 
Efficiency 

94 % 98.5 % EnergyHub AC⟷DC Losses 
Phase Balancing 
with/without 
BESS 

AC/DC 
Efficiency 

92 % 98 % EnergyHub AC⟷DC Losses 
Phase Balancing 
with/without 
BESS 

DC/DC 
Efficiency 

96 % 99 % ESO AC⟷DC Losses 
Phase Balancing 
with BESS 

Roundtrip 
Efficiency 

70 % 90 % BESS 
Roundtrip 
Losses 

Phase Balancing 
with BESS 

 
As a background for the “high losses” scenario for the AC/DC, DC/AC and DC/DC efficiencies, a 
rough estimation was made based on a review of coursework on power conditioning (Fedkin, 
2018a; Fedkin, 2018b). Since each of the above efficiencies is normally dependent on the load, 
the maximum efficiency may not be a fully realistic approximation for all balancing events. To 
account for this in the sensitivity analysis, all three loss rates were quadrupled to reflect a potential 
scenario where the typical load was unfavorably low or high compared to the respective peak 
efficiencies or a scenario with alternative hardware with poorer performance. Admittedly, this is 
not a perfect method but one that was presumed good enough for exploring the potential impact 
of alternative efficiencies.  
 
Next, in relation to state-of-the-art roundtrip efficiencies for NiMH batteries, the applied efficiency 
for Nilar’s batteries was already among the best at 87-90 % depending on the DOD, based on a 
slightly dated comparison by Ehnberg et al. (2014), reprinted in Table 2.19. Ehnberg’s comparison 
also suggests that NIlar’s batteries perform somewhat well compared to other battery 
technologies, only surpassed by the very best lead-acid, sodium-nickel-chloride and lithium-ion 
batteries with maximum performances reaching efficiencies of up to 92 %, 92 % and 98 %, 
respectively. Due to the inherent limitations of the battery chemistry, however, the author deemed 
a roundtrip efficiency near 100 % for NiMH batteries not thought to be feasible even in the next 
decade. Thus, as for the conversion efficiencies discussed above, only a pessimistic scenario 
was deemed meaningful to consider. 
 
Table 2.19 A comparison of roundtrip efficiency and cycle life of different battery types. 

Battery Type 
Commercially 

Available 
Roundtrip 
Efficiency 

Approximate 
Cycle Life 

Lead acid (PbA) 1890 50-92 % 500-1500 

Nickel cadmium NiCd)/  
Nickel metal hydride (NiMH) 

1915/1995 70-90 % 2500 

Lithium ion (Li-ion) 1990 80-98 % 1 000-10 000 

Sodium sulphur (NaS) 1990 75 % 2 500-4 500 

Sodium nickel chloride (NaNiCl) 1995 89 - 92 % 2 500-4 500 

Metal air (Me-air) 
Not yet 

commercial 
n.a. n.a. 

Flow (RFB, HFB) 
Not yet 

commercial 
n.a. n.a. 

Note. Reprinted from Systems Perspectives on Renewable Power (version 1.1, p. 55), by Ehnberg, Liu and Grahn, 
2014, Göteborg: Chalmers University of Technology. Reprinted with permission. 
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In this pessimistic scenario, a roundtrip efficiency of 70 % was selected not only to account for a 
lower-than-rated real performance of Nilar’s BESS, but also as a means to cover for alternative 
technologies with lower efficiencies and to compensate for neglecting the battery self-discharge 
in all scenarios of the model. This was considered appropriate based on Nilar’s self-discharge 
rate of around 13 % per month (Nilar, 2019) and the assumption that roughly one full 
charge/discharge cycle per month would be needed to balance the load.  

 DNO Pricing 

The applied DNO tariffs were further expected to have an impact on the economic feasibility. To 
account for variations here, one additional scenario was introduced for each of Sweden’s two 
other largest DNOs. By doing so, the impact of location on the economic feasibility was indirectly 
examined, since Swedish DNOs have regulated monopolies in their respective localities. Further 
supporting that this is the case, the Swedish Electricity Act holds that network charges must be 
reasonable, objective and non-discriminatory (Goding et al., 2018). The Swedish Energy Markets 
Inspectorate consequently oversees the costs of each DNO and establishes revenue frameworks 
on a continuous basis. This means that, indirectly and to a high extent, their prices are regulated 
as a whole.  
 
Based on the above, the author deemed it unrealistic to vary only selected parts of a given price 
list, such as Vattenfall’s, E.ON’s or Ellevio’s, since any changes in reality would have to be 
compensated by other price changes to maintain the DNO’s adherence to its revenue cap. 
Furthermore, the author was more interested in the dynamics of the tariff differences than 
potential future price developments. Thus, to delimit the analysis, only a comparison between the 
three largest DNOs was made without speculating in future rates. 
 
As shown in Table 2.20, Ellevio had lower subscription fees for all fuse ratings compared to E.ON 
and Vattenfall, but the second highest power fee as shown by Table 2.21. A customer of Ellevio 
would therefore find slightly less profitability from reducing the fuse rating from, for example, 63 
to 50 A than a customer of the other two companies. On the other hand, if the customer had a 
power subscription, the potential drop in yearly costs could be larger with Ellevio than with 
Vattenfall. And in the case of E.ON, customers able to switch from a power subscription to a fuse 
rating subscription could potentially save even more.  
 
Table 2.20 Yearly subscription fees of the three largest DNOs in Sweden, including VAT, in SEK/year. Reprinted. 

Fuse Rating [A] Vattenfall Ellevio E.ON 

16 4 330 2 700 2 715 

20 6 050 3 540 4 605 

25 7 570 4 500 6 270 

35 10 370 6 600 9 855 

50 14 900 10 140 15 660 

63 20 100 14 520 20 940 

80+ 5 775 3 900 9 000 

 
 
Table 2.21 Applied power fees by the three largest DNOs in Sweden, including VAT, in SEK/kW. Reprinted. 

Fuse Rating [A] Vattenfall Ellevio E.ON 

80+ 52.5 77.5 107.5 

 
One must also not oversee the variable component of the distribution bill, since a small difference 
of only 0.10 SEK/kWh may have a large impact on the whole consumption over a year. The 
variable distribution rates  of Vattenfall, Ellevio and E.ON are listed in Table 2.22 below. 
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Table 2.22 Applied variable distribution rates by the three largest DNOs in Sweden, including the energy excise duty 
of year 2020 and VAT, in SEK/kWh. 

Fuse Rating [A] Vattenfall Ellevio E.ON 

16 0.78 0.71 0.80 

20 0.78 0.71 0.59 

25 0.78 0.71 0.59 

35 0.78 0.71 0.59 

50 0.78 0.71 0.59 

63 0.78 0.71 0.59 

80+ 0.88 0.798 0.48 

 

 Variable Fees 

A review of the different variable price components was conducted to estimate what would be 
reasonable scenarios to test. In this review, drivers of each price component were briefly 
assessed, and a pessimistic scenario was first derived based on assumptions on how these 
drivers were likely to develop in the future. After testing this scenario and finding the impact of 
variable prices to be negligible, no optimistic scenario was defined. Additionally, the pessimistic 
scenario was redefined to exaggerate the change in variable prices to clearly demonstrate that 
the impact was negligible under all reasonable circumstances. The final pessimistic scenario 
considered a price increase of 200 % at the monetary value of year 2020. Table 2.23 presents 
the reference scenario based on the assumed values for 2020, the “pessimistic” scenario for 2030 
and the “extreme” scenario with tripled rates.  
 
Table 2.23 Variable fee scenarios considered in the sensitivity analysis. 

Creditor Variable Fees 
Reference 
Scenario 
[SEK/kWh] 

Pessimistic 
[SEK/kWh] 

Extreme 
Pessimistic 
Scenario 
[SEK/kWh] 

Distribution 
Network Operator 

Distribution  0.340/0.443 0.510/0.664 1.020/1.3275 

Distribution 
Network Operator 

Excise Duty 0.441 0.583 1.323 

Electricity Trading 
Company 

Spot Price 0.565 0.875 1.695 

Electricity Trading 
Company 

Electricity 
Certificates 

0.0589 0.120 0.177 

Electricity Trading 
Company 

Trading Fee 0.0500 0.125 0.150 

  1.46/1.56 2.21/2.37 4.36/4.67 

 
The process of establishing a first potential pessimistic scenario built on assessing all five price 
components individually including VAT. 

1) The spot price was assumed to reach 0.700 SEK/kWh, based on a projection by the Boston 
Consulting Group (BCG, 2017), corresponding to 0.875 SEK/kWh including VAT.  

2) An electricity trading fee of 0.125 SEK/kWh including VAT was assumed to account for the 
pricier end of the ECT contract range, as of 2020. 
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3) Third, the price for electricity certificates was assumed to double to approximately 0.120 
SEK/kWh including VAT, based on the assumption that the price per certificate rises back to 
the levels of 2009, at approximately 317 SEK/MWh (SKM, 2019; SEA, 2019a), and that the 
number of certificates on the market remains around current levels according to the set plan 
by the Swedish Energy Agency (SEA, 2019), illustrated in Figure 2.13.  

4) The excise duty was assumed to continue growing at a rate of 2.5 % per year, as between 
2007 and 2018 (SCEMB, 2019), reaching 0.583 SEK/kWh including VAT, due to a 
maintained ambitious political agenda to minimize energy usage and foster the employment 
of renewable energies.  

5) Fifth, assuming that operation and maintenance costs rise sharply for DNOs following a 
massive deployment of PEVs and DRE, a 50 % increase of the variable distribution fee was 
finally assumed. The total of the above changes would result in a total variable fee of 2.21 
SEK/kWh for Vattenfall’s fuse subscription customers and 2.37 SEK/kWh for those with 
power subscriptions, disregarding inflation at this stage. However, as mentioned, to verify 
that the impact of variable prices was negligible, 4.36 and 4.67 SEK/kWh were finally 
employed, and the corresponding results are presented in section 3.3. 

 

 

Figure 2.13 Historical spot prices for electricity certificates in Sweden, SEK/MWh 

 Economic Life 

Two alternative scenarios were defined to account for uncertainty in the economic life of the 
assessed configurations. The economic life for all components was assumed to be 10 years for 
in a pessimistic scenario and 20 years in an optimistic scenario. The lower value was arbitrarily 
selected to reflect a situation in which the technology stops working completely, whereas the 
higher value was chosen to reflect a case where the technology remains economically functional 
longer than expected. In support of this assumption, Martins et al. (2018) assumed an inverter 
lifetime of 20 years, which may be indicative of the EnergyHub’s potential economic life. Also the 
BESS could be expected to last this long even if the number of cycles greatly exceeds the 
assumed number discussed in section 2.5.3, since Nilar states that their batteries should last at 
least 2 000 cycles (Nilar, 2019b).  

 Discount Rate 

The discount rates employed in the sensitivity analysis were essentially a result from the review 
and discussion presented in subsection 0. An optimistic real discount rate of 2 % was selected to 
match the lowest discount rates previously applied in the context of energy retrofitting 
(Kumbaroglu & Madlener, 2012). A pessimistic real discount rate of 10 % was selected to account 
factors such as higher RRR among certain investors, the uncertainty of future interest rates, the 
risk of suboptimal performance due to changes in load patterns and the risk of changes in the 
DNO pricing structure, to name a few. Again, both scenarios were defined based on ideas 
presented in previous literature with the intent to explore the impact of the discount rate on the 
economic feasibility rather than to predict the exact performance at particular discount rates. 
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 Max Peak removal 

The last variation considered in the sensitivity analysis was the removal of one or three of the 
timesteps with the largest current measurements for each original load profile. The reason for 
these modifications was to test whether the model was sensitive to the load profiles’ highest 
peaks, since these were critical to the way the model dimensioned the system components but 
not as likely to occur every year during the investment period.  
 
The removal procedure was simple. In the “1 removed” scenario, the timestep with the greatest 
current on any phase was first identified. For this timestep, each phase current was then replaced 
with the average of the two adjacent timestep currents for the same phase. In the “3 removed” 
scenario, the same procedure was repeated for the next two peaks.  
 

2.7. Modeling Assumptions 

This section serves to collect all the assumptions made regarding the load data, technical system 
model and economic valuation model.  
 
Several assumptions were made regarding the load data to enable the model in this study. The 
load data was a secondary source of data since the datapoints of the obtained timeseries were 
summarized energy measurements in a resolution of kWh/15min. To be able to model based on 
such data, it was assumed that those 15-minute average consumption values were representative 
of the actual load in each timestep, meaning that the power in kW per timestep was assumed to 
be four times the energy measurement. Similarly, to obtain a corresponding current value, the 
power factor was assumed to be equal to one and the line-to-neutral voltage to be constant at 
230 V. Moreover, all missing datapoints were assumed to hold the average value for the 
respective phase and load profile, while there in reality may have been unmeasured peaks during 
those timesteps. Finally, each load profile time series consisted of 35 040 timesteps, 
corresponding to one year, and was assumed to be representative for the entire investment period 
of 15 years. The author admits that all the above assumptions imperil the validity of the model but 
holds that they are fairly reasonable for generating general insights. 
 
In addition to the assumptions stated above, to simplify the technical model, it was further 
assumed that all efficiencies were constant and that the BESS was capable of charging and 
discharging at any rate from zero to the rated capacity at all times, regardless of age or state of 
charge. To avoid excessive losses due to frequent charging and discharging of the BESS, the 
algorithm assumed a criterion to charge the BESS only when the average load current was less 
than 90 % of the fuse rating. The BESS was also assumed not to self-discharge. Moreover, since 
fuses can sustain currents over their rated value for a short time, the assumed criterion for 
conforming to a fuse rating was that a 15-minute average load, converted to current, did not 
exceed the fuse rating. 
 
Lastly, the economic model was based on standard assumptions such as constant economic 
parameters over the entire investment period, including the discount rate and yearly cash flows 
as well as the applicable tariffs offered by the DNO. Regarding Vattenfall’s power subscription, 
the model assumed the average of the two tiers in the time-of-use tariff. All system components 
were moreover assumed to be fully autonomous and maintenance free.  

  



58 
 

3. Empirical Results and Analysis 

In this chapter, the performance indicators output by the techno-economic model are presented 
and analyzed in relation to the research questions. The first section provides a detailed analysis 
of the two investment options under the reference scenario and based on the net present value 
(NPV) as a performance indicator. It both assesses their respective economic feasibility 
individually as well as compares their performances when applicable. The findings are then further 
contrasted against the secondary performance indicators PI, SPP and MIRR. Finally, the impacts 
of certain input parameter sets on the economic feasibility are analyzed in a scenario-based 
sensitivity analysis.  
 
To facilitate the interpretation of the results obtained from the techno-economic model, each 
performance indicator is processed in clusters of three graphs in parallel, one per original load 
profile. In each of those graphs, the given performance indicator is plotted for both investment 
cases as a function of the yearly peak current of each rescaled load profile.  

3.1. Economic Feasibility and Optimal Configuration 

This section provides a detailed analysis of the ACE Case and the BAT Case in terms of economic 
feasibility and regarding which option an investor should prefer. These cases correspond to the 
modeled performance of phase balancing alone or in combination with energy storage. According 
to the NPV method, investment options generating positive NPVs are interpreted as economically 
feasible whereas those with negative NPVs are interpreted as infeasible. The calculated NPVs 
are split into two sets of graphs due to substantial differences in the NPVs obtained for peak 
currents of 10–62 A compared to peak currents of 63–100 A.  
 
For peak currents up to 62 A, Figure 3.1 shows that the ACE Case yielded positive NPVs for all 
three real estate but only for various intervals of peak currents. Melonen and Filaren displayed 
similar patterns with economic feasibility obtained at a peak of 25 A, in the approximate interval 
of 36 to 45 A and from 50 to 62 A. In contrast, the NPVs for Linjen were only positive at a peak of 
36 A and in the interval between 50 and 52 A. 
 
The figure further shows that no positive NPVs were obtained for the BAT Case at any peak up 
to 62 A and for any of the three real estate. Consequently, no combination of an EnergyHub from 
Table 2.11 and a BESS from Table 2.12 proved to be economically feasible for any original nor 
rescaled load profile up to 62 A, based on made assumptions and the load data from the three 
real estate Melonen, Linjen and Filaren.  

 

 

Figure 3.1 Net present value (NPV) for investing in an EnergyHub (ACE) or an EnergyHub and a battery energy 
storage system (BAT) for synthesized load profiles based on the real estate Melonen, Linjen and Filaren. The NPVs 
are plotted as a function of the yearly peak current of each synthesized load profile, ranging between 10 and 62 A.  
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Since the ACE Case yielded greater NPVs than the BAT Case for all peaks in this interval, the 
NPV criterion holds that an EnergyHub alone was preferred over a combined system for all peaks 
up to 62 A in this scenario. However, this only applies for the peaks where the ACE Case is 
feasible as neither option should be considered otherwise. 
 
The jagged shape of the curves in Figure 3.1 can be explained by the fact that certain variables 
were modeled to assume values in discrete steps as the model iterated through the set of 
differently scaled load profiles. One such variable was the positive cash flow, influenced by the 
subscription fee, which in turn assumed values from Table 2.13 and Table 2.14 based on the 
lowest achievable fuse rating calculated in the model, in each case and at each peak current.  
Whenever an installation helped to reduce the fuse rating, the rate of return jumped to a different 
level. Other variables that took discrete steps were the total investment amounts for the 
EnergyHub and BESS due to the available configurations in Table 2.11 and Table 2.12 and as a 
result of the dynamic sizing algorithm. Thus, even for peaks where the BASE Case and ACE or 
BAT Case assumed the same net cash flow for two consecutive peak currents, the required 
investment amount could jump due to a greater load necessitating higher capacities. 
 
To better understand the aforementioned model behavior and, consequently, how the results in 
Figure 3.1 were obtained, a breakdown for the ACE Case is given below. 
 

Peak Current ACE Case 

10-24 A 
NPVs were mostly negative for all three real estate resulting from a minimum 
EnergyHub investment of SEK 31 250 and yearly cash flows ranging from SEK 
0 to 3 240 due to 0–2 steps down in fuse rating level.  

25 A 

With the same EnergyHub investment, the NPVs for Filaren and Melonen 
reached SEK 10 700 thanks to enabling a fuse rating reduction by two steps, 
from 35 to 20 A and thus gaining cash flows of 4 300 SEK/year. In Linjen’s 
case, this peak could only be maintained at 25 A due to a lower unbalancing 
index at the dimensioning peak of the load profile.  

26-35 A 

NPVs were negative for all three real estate. Only for the first peaks in the 
interval was it possible to reduce the fuse rating from 35 to 25 A. However, 
even then, the savings were insufficient to yield a positive NPV in relation to 
the investment. 

36-45 A 

The NPVs for Filaren and Melonen were again positive and reached around 
SEK 12 700 due to a fuse rating reduction from 50 to 35 A in the whole interval. 
The smallest EnergyHub was still enough while the cash flows rose to 4 500 
SEK/year. The same result was obtained for Linjen, but only at a peak of 36 A, 
again because of little balancing potential. 

46-49 A 
NPVs were all negative as neither load profile could be phase-balanced to 
maintain a 35-A fuse rating. In other words, both the BASE Case and ACE 
Case fuse ratings were 50 A, resulting in no positive cash flow. 

50-62 A 

Filaren and Melonen showed positive NPVs in the entire interval by being able 
to maintain a 50-A fuse rating, while Linjen was only able to do so for the first 
few peaks of the interval. The NPVs amounted to roughly SEK 19 000 when 
positive, thanks to lowering the fuse rating one step compared to the BASE 
Case. 

 
For a similar analysis of the BAT Case, one must keep in mind that the system dimensioning 
algorithm was designed to dimension the BES system so to always reduce the fuse rating one 
more step than in the ACE Case, since a larger investment could not possibly be motivated unless 
the paybacks are larger too. Consequently, the BAT Case could be expected to mitigate larger 
peaks and gain larger cash flows but with a substantially larger investment.  
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Looking at the results in Figure 3.1, this was certainly the situation since the BAT Case resulted 
in negative NPVs for all peak currents up to 62 A despite mitigating larger peaks and thus yielding 
cash flows of SEK 0–9 700, which were significantly higher than those for the ACE Case. The 
data shows that the underlying reason for the lower NPVs was indeed a larger total investment 
of SEK 93 000–165 000 in the BAT Case, compared to only SEK 31 000–36 000 in the ACE 
Case. Only for a few peaks between 50 and 55 A was the BAT Case close to yielding positive 
NPVs. 
 
Moving on to assessing the feasibilities in the peak interval of 63 to 100 A, portrayed in Figure 
3.2, the obtained results were notably different compared to those under 63 A. The figure shows 
ACE Case NPVs reaching as high as SEK 75 000 for Melonen and almost SEK 167 000 for 
Filaren, compared to SEK 20 000 for the same load profiles when scaled to peaks below 63 A. 
Regarding the intervals of positive NPVs, Figure 3.2 reveals that the economic feasibility for 
Melonen, Linjen and Filaren held for peaks up to 82, 66 and 81 A, respectively.  
 
Perhaps more conspicuous is that the BAT Case here finally yielded positive NPVs for many of 
the peaks. In fact, the BAT Case showed economic feasibility for all peak currents between 63 
and 100 A for Filaren and for about two thirds of the peaks for Melonen. In those cases, their 
respective NPVs amounted to around SEK 100 000 and SEK 25 000. For Linjen, however, the 
BAT Case only yielded positive NPVs of up to SEK 12 000 and only for some of the peaks 
between 69 and 74 A, rendering a BESS economically infeasible in most cases.  

 

 

Figure 3.2 Net present value (NPV) for investing in an EnergyHub (ACE) or an EnergyHub and a battery energy 
storage system (BAT) for synthesized load profiles based on the real estate Melonen, Linjen and Filaren. The NPVs 

are plotted as a function of the yearly peak current of each synthesized load profile, ranging between 63 and 100 A. 

In a comparison between the two investment options, the model once again found the ACE Case 
preferable over the BAT Case for all peaks where it was found feasible. This corresponds to the 
ACE Case exceeding the BAT Case curve in Figure 3.2, up to the peaks of 82, 66 and 81 for 
Melonen, Linjen and Filaren, respectively. On the other hand, for peaks beyond the ACE Case 
feasibility range, the BAT Case faced no competition and was consequently found to be the 
preferable option in those respective ranges.  
 
It should moreover be noted that the NPV curves for the upper peak current interval in Figure 3.2 
show two distinct features compared to those for the lower interval shown in Figure 3.1. First, 
while the curves in the lower interval are flat between its occasional jumps, the curves in the upper 
interval have a notable gradient between its jumps for both cases and all three real estate. This 
means that the NPVs grew as the respective load profiles were incrementally scaled up. Second, 
the NPVs obtained in the upper interval were drastically higher compared to the ones in the lower 
interval. Both of these features were clearly attributable to the modeled switch of subscriptions for 
peaks over 63 A since all other parameters were either constant or incrementally increased as for 
the peaks just below 63 A.  
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As described in subsection 2.5.6, the BASE Case was modeled to assume a power tariff instead 
of a subscription tariff whenever one or more peaks exceeded 63 A. It is evident from the data 
that this switch inflated the cash flows in the ACE Case as well as the BAT case, and that this 
caused the higher NPVs in the upper interval. To show how this was the case, Table 3.1 combines 
the relevant variable and fixed fee data from Table 2.13 and Table 2.14 to highlight the tariff 
differences for peaks above or below 63 A, based on Vattenfall as the DNO. The table shows that 
the power subscription entailed a substantially lower fixed distribution fee but an added power fee 
and a higher variable fee. Recall that the latter was based on an estimation described in 
subsection 2.5.6.  
 
Table 3.1 Assumed fees for a fuse rating subscription and power subscription based on Vattenfall's tariffs 

Subscription type Variable distribution fee Fixed distribution fee Power fee 

Fuse rating 
subscription at 63 A 

0.78 SEK/kWh 20 100 SEK/year n.a. 

Power subscription 0.99 SEK/kWh 5 775 SEK/year 52.5 SEK/kW 

 
While it was evident that the NPV differences between the two ranges were attributable to the fee 
differences in Table 3.1, a breakdown of the data is once again necessary to describe the impacts 
of each component. The reader is recommended to refer to Figure 3.2 while reading the below. 
 

Peak Current ACE Case 

63-65 A 

The ACE Case yielded positive NPV spikes for all three real estate in this 
interval, but differently sized due to notably different cash flows. Melonen and 
Filaren both managed to reduce the fuse rating by two steps, from 63+ to 50 
A, which increased their fixed fee by roughly SEK 9 000. However, it also 
saved them almost SEK 8 000 and SEK 14 000 in variable fees as well as SEK 
13 000 and SEK 14 000 in power fees, respectively. As a result, their 
respective net cash flows amounted to SEK 12 000 and SEK 19 000 and their 
NPVs to SEK 76 000 and SEK 144 000, based on the same initial investment 
at SEK 36 000. Linjen, on the other hand, reduced the fuse rating by one step 
and thereby saved SEK 9 000 on the variable fee and SEK 13 000 on the 
power fee but increased the fixed fee by SEK 14 000. The resulting net cash 
flow obtained was consequently SEK 8 000 and the NPV about SEK 50 000. 

66-81 A 

The ACE Case stopped showing feasibility for Linjen in this interval. 
Meanwhile, Melonen and Filaren both gave positive NPVs in the whole interval 
as the fuse rating could be kept at 63 A, but again with notable differences. 
Their respective NPVs amounted to SEK 37 000–79 000 and SEK 112 000–
167 000 based on net cash flows of SEK 7 000–12 000 and SEK 15 000–
21 000. These were in turn based on an increased fixed fee of almost SEK 
14 000 for both real estate, variable fee savings of SEK 8 000–10 000 and SEK 
14 000–17 000 as well as power fee savings of SEK 12 000–16 000 and SEK 
14 000–18 000, respectively. As shown in the Figure 3.2, there is an upward 
slope in this interval due to the incrementally increasing savings in both 
variable and power fees as the load and peaks scale up.  

81-100 A 
With the average phase current exceeding 63 A throughout this interval, phase 
balancing provided no benefit to any of the real estate and there was 
consequently no economic feasibility. 
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Similarly, to describe the obtained pattern for the BAT Case results in Figure 3.2, a breakdown of 
the BAT Case results is given below. In addition to the two features described above, which 
applied to both cases, the obtained BAT Case NPVs moreover show a periodic pattern in  Figure 
3.2. To better show how the data caused this pattern for the BAT Case, the breakdown below is 
here given per real estate instead of per peak current interval.  
 

Peak Current BAT Case 

Melonen 

The BAT Case yielded positive NPVs for Melonen in three intervals between 
63-100 A. In the first interval, a BESS investment of SEK 98 000–112 000 gave 
an NPV of SEK 17 000–36 000 by enabling a 50-A fuse rating and thus 
generating a net cash flow of SEK 12 000–15 000. At a peak of 76 A, the drop 
in the obtained NPVs represented a step-up in BESS capacity resulting in an 
investment of SEK 164 000. With the same investment, the NPVs then grew 
incrementally as the yearly load and peak power scale. At 82 A, the ACE Case 
could no longer balance the phases, at which point the BESS only needed to 
reduce the fuse rating by one step and so the investment fell back to SEK 
98 000–112 000, yielding NPVs of SEK 20 000–37 000. At 93 A, the larger 
investment was once again necessary, causing another NPV drop that slowly 
recovered with the next growth increments. 

Linjen  

For Linjen, the acquired NPVs for peaks between 66-74 A ranged between 
SEK -10 000 and SEK 12 000 due to relatively small cash flows of SEK 8 000–
12 000 per year in relation to a total investment of SEK 93 000. As for Melonen, 
the NPVs grew incrementally with larger peak currents but were in this case 
more frequently offset by upsizes of the BESS. As a result, the BAT Case in 
Linjen showed feasibility exclusively for peaks of 69–74 A but were then 
increasingly infeasible for larger peaks due to a more rapidly growing 
investment need for managing the peaks. 

Filaren 

As can be seen from Figure 3.2, the NPVs obtained for Filaren followed a 
similar pattern as those for Melonen, but at a higher level. Between 65 and 75 
A, the BAT Case enabled 2–3 steps down in fuse rating at investments of SEK 
98 000–107 000. This generated cash flows of SEK 20 000–23 000 and NPVs 
in the range of SEK 60 000–120 000, well above both Melonen and Filaren. 
The BAT Case further remained feasible also when the system had to be 
scaled up as a result of the peak-dependent cash flows arising from the 
subscription switch. 

 
In conclusion, the analyis of the reference scenario showed that the ACE Case was economically 
feasible only for distinct peaks around 20 and 25 A as well as limited invtervals from 35, 50 and 
63 A. In contrast, the BAT Case was only found to be feasible for peaks over 63 A and was only 
the preferable choice for peaks where the ACE Case was technically infeasible. The above 
analysis moreover found the switch of network subscriptions to cause significantly higher NPVs 
above 63 A and they increased with incrementally increasing loads. 
 
On a side note to provide additional context to the results above, the EnergyHub was found to be 
used at most up to 0.07 % of the time in the ACE Case, due to phase balancing, and up to 35 % 
of the time in the BAT Case, due to either phase balancing and/or battery cycling. The total yearly 
losses did still not exceed 1 kWh/year for any of the peaks in the ACE Case nor 24 kWh/year in 
the BAT Case. It was also found that the required power capacity consistently was the 
dimensioning factor of the BESS. In most cases 6 or 12 kW was enough, but Linjen made use of 
up to 23 kW for its highest scaled peaks. The required energy capacity (kWh) never amounted to 
more than 50 % of the required power capacity (kW) for peaks of 50–60 A and at most 69 % for 
peaks close to 100 A. The battery was never cycled more than 20 times per year. For most peaks 
where phase balancing was possible, EnergyHub S or M was sufficient. Only for the greatest 
peaks in the Linjen’s BAT Case was the XL3 hub necessary.  
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3.2. Complementing Secondary Indicators 

In this section, the previous results are contrasted by findings based on three other indicators, 
namely the profitability index (PI), the simple payback period (SPP) and the modified internal rate 
of return (MIRR). These indicators are presented graphically in a similar fashion as the previous 
result graphs, but the descriptions are held short and with emphasis on any contrasting 
indications. 

 Profitability Index 

In the assessment of an investment option based on the profitability index (PI), a PI of 1 is the 
lowest acceptable measure. Larger numbers reflect the leverage or profit margin of the initial 
investment, whereas lower numbers reflect the portion of the initial investment that is recouped 
during the investment period.  
 
In a comparison based on the profitability index (PI), the investment option with the highest PI is 
preferable as it offers the greatest profit margin. However, since the ACE Case and the BAT Case 
are two mutually exclusive options based on different investment amounts, the PI calculated for 
the BAT Case is here based on the incremental investment and the incremental cash flows.  
 
In the range of peaks up to 62 A, it was already found in section 3.1 that the BAT Case was 
infeasible at all peaks and for all three real estate. This finding corresponds to PI values lower 
than 1 in Figure 3.3 below. It was moreover concluded that the ACE Case was feasible in certain 
subsets of the range. For Melonen and Filaren, these subsets of achieved feasibility correspond 
to a peak PI of 1.34 at 25 A, 1.41 at 36–45 A and 1.60 from 50 A and to the end of the interval. 
The narrower feasibility range for Linjen here corresponds to a single peak PI of 1.41 at 36 A and 
a PI of 1.62 for the peaks at 50–52 A. 
 

 

Figure 3.3 Profitability index (PI) for investing in an EnergyHub (ACE) and  the incremental investment in an 
additional battery energy storage system (BAT). The PIs are plotted as a function of yearly peak currents of Melonen, 
Linjen and Filaren rescaled to the range between 10 and 62 A. 

The calculated PIs support the findings from section 3.1 which already clearly indicated that the 
EnergyHub was the optimal choice whenever it achieved economic feasibility and that the BAT 
Case was completely infeasible in the range of 10–62 A. Figure 3.3 shows that the BAT Case, at 
best, managed to recoup 60-70 % of the incremental investment, but since this was below 100 % 
both when the ACE Case was feasible and infeasible, the BAT Case was not found to be feasible 
in this interval. Figure 3.3 also shows that the ACE Case was close to reaching break even in the 
range of 26 to 32 A for Melonen and Filaren as the obtained PIs of 0.87 were somewhat close to 
1. 
  
In the range of peaks from 63-100 A, the situation looked vastly different. Figure 3.4 shows that 
the PIs obtained for the ACE Case were as high as 2–3 for Melonen, around 2.5 for Linjen and 
4.5–5.5 for Filaren. In contrast, the corresponding PIs obtained for the BAT Case increments were 
significantly lower at 1.18–1.34, 0.86–0.87 and 1.37–2.13, respectively. 
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On the one hand, Figure 3.4 shows that the obtained PI values were greater for the ACE Case 
than the BAT Case increments for all peak currents where the ACE Case showed feasibility in 
section 3.1. This corresponds to the beginning of the range illustrated in Figure 3.4, where the 
achieved ACE Case PIs ranged between 2–3 for Melonen, around 2.5 for Linjen and 4.5–5.5 for 
Filaren. The corresponding PIs generated by the BAT Case increments were significantly lower 
at 0.34–0.76 for Melonen and Filaren, and 0.43 for Linjen. Based on the PI criterion, the above 
results support the findings in section 3.1 that the ACE Case investment alternative was the 
optimal choice for the peaks where it was feasible.  
 
On the other hand, Figure 3.4 also shows the BAT Case was the preferable choice for peaks that 
could not be managed by the ACE Case, but only for the peaks where the BAT Case itself showed 
economic feasibility. Again, these results were in line with the findings in section 3.1. This was 
the case for Melonen between 65 and 75 A, for Linjen between 69 and 74 A and for Filaren at all 
peaks from 69 A and up. The best achieved PIs here amounted to approximately 1.9 for Melonen, 
1.7 for Linjen and roughly 3 for Filaren.  
 
 

 

Figure 3.4 Profitability index (PI) for investing in an EnergyHub (ACE) and  the incremental investment in an 
additional battery energy storage system (BAT). The PIs are plotted as a function of yearly peak currents of Melonen, 

Linjen and Filaren rescaled to the range between 63 and 100 A. 

 

 Simple Payback Period 

The SPP is generally used to rank investment options based on the time required to regain the 
money spent. Investors sometimes find it useful as a quick comparison tool to gauge the rate of 
return. However, it is here intended only as a complementing perspective and not a definitive 
indicator because of its limitations discussed in subsection 2.5.1.  
 
Before studying the graphs of Figure 3.5 in detail, two important aspects of the calculated SPPs 
need mentioning. First, for some of the peaks, the ACE Case could not generate SPP values 
because of the phase balancer’s inability to reduce the fuse rating, and thus to generate cash 
flows. Without any cash flows, the investment could not pay for itself and, consequently, no SPP 
value could be obtained. These situations correspond to gaps in the ACE Case graphs below. 
Second, according to the criteria of the SPP method, payback periods longer than the assumed 
economic lifetime indicate infeasibility. Therefore, both cases are to be interpreted as infeasible 
for peaks where the obtained SPP exceeds the assumed economic lifetime of 15 years.  
 
Figure 3.5 shows that the shortest achievable payback periods in the ACE Case were around 3-
5 years for Melonen, 4 years for Linjen and as little as 2 years for Filaren. However, these were 
all attained for peaks above 63 A, where the ACE Case yielded large savings by enabling a fuse 
subscription. For peaks in the range of 10-62 A, Figure 3.5 shows simple payback periods of 
about 6-12 for all real estate, not considering the SPPs spiking above the 15-year mark.  
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In contrast, the BAT Case yielded a continuous curve, since there was always some BESS that 
could mitigate the peaks and thereby generate a cash flow. In this case, SPPs below 15 years 
were first obtained at peaks around 50-56 A for Melonen and Filaren, but not until 63 A for Linjen. 
From 63 A and up, Melonen showed SPPs around 7-10 years, Linjen 8-17 years and Filaren 5-7 
years. The fact that the BAT Case yielded SPPs below 15 years already for peaks below 63 A 
means that the SPP generated contradicting results compared to the NPV and PI methods. 
According to the SPP criterion, the BAT Case should have been considered feasible already in 
the interval between 50-56 A as opposed to only from 63 A.  
 

 

Figure 3.5 Simple payback period 

 
In a comparison between the ACE Case and the BAT Case, Figure 3.5 shows that the payback 
periods were shorter for all peaks where it was feasible and thus still the preferable choice. 
However, in some instances when phase balancing was impossible, the absence of an SPP value 
meant that only the BAT Case could be considered. To evaluate the BAT Case in those situations 
using the SPP method, an investor would need to have specified a maximum acceptable payback 
period. 
 

 Modified Internal Rate of Return 

The MIRR contributes to the previous perspectives by offering a measurement of risk and by 
giving a direct way of comparing the actual rate of return with the applied discount rate, 
representing the required to the rate of return. It should be noted, however, that the BAT Case 
MIRRs in Figure 3.6 below were calculated based on the incremental cash flows like for the PI 
method. The results obtained in this subsection also differ due to the NPV and PI methods 
implicitly assuming a reinvestment rate equal to the discount rate, while the MIRR here uses an 
assumed reinvestment rate of 2 %. As a consequence, the MIRR are slightly less optimistic in 
each valuation instance.  
 
The MIRR nevertheless identified the ACE Case as economically feasible in the ranges of 25, 36-
45 and 50-81 A for both Melonen and Filaren, as shown by Figure 3.6. The greatest MIRRs were 
obtained in the upper range between 63-81 A, again because of the large potential savings from 
switching down to a fuse subscription. For Melonen, Linjen and Filaren, these amounted to 9-12 
%, 11 % and 15-16 %, respectively.  
 
On the other hand, looking at the BAT Case as an incremental investment relative to the ACE 
Case, the MIRR clearly identified the BAT Case as an undesirable increment for peaks up to 81 
A for Melonen and Filaren, and up to 63 A for Linjen. In other words, the obtained MIRRs 
emphasize the previous findings, that the ACE Case was preferable whenever it was feasible and 
that the BAT Case was only a feasible option when it enabled a switch to a fuse subscription. In 
those situations, however, the incremental BAT Case investment yielded MIRRs of around 8 % 
for Melonen, 7.5 % for Linjen and 12.5 % for Filaren, at best. 
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Figure 3.6 Modified internal rate of return, for the ACE Case and the incremental cash flows of the BAT Case. 

 
Based on the above BAT Case MIRRs, the margin relative to the discount rate was only 2 
percentage points or less for Melonen and Linjen, while roughly 6 percentage points for Filaren. 
While this means that the MIRR method identified the BAT Case as feasible in all those situations, 
the greater MIRRs for Filaren showed that it generated higher returns on investment.  
 
Lastly, it should be noted that the conservative assumption behind the MIRR method did not 
notably impact the feasibility ranges. However, its effect can still be identified in the ACE Case if, 
for example, the NPV and MIRR values are compared in the range of 36 to 45 A for Melonen, see 
Figure 3.6. Here, the obtained NPVs were clearly positive at almost SEK 13 000 in relation to the 
initial investment of SEK 33 750 SEK, whereas the calculated MIRR was only 6.3 %, which is just 
three tenths of a percentage unit over the assumed discount rate.  
 

 Summary of Secondary Indicator Findings 

The above subsections provided additional perspectives to the assessment of the economic 
feasibility and the optimal choice of peak mitigation. The findings in this section were overall 
consistent with the results given by the NPV method presented in section 3.1 but with a few 
exceptions. On the one hand, the SPP method identified the feasibility ranges to be slightly 
greater than what was found based on the other methods. It thus identified the investment options 
as feasible at more peak currents. On the other hand, the MIRR method yielded similar feasibility 
ranges but a slightly more pessimistic view on the outcomes. 
 

3.3. Sensitivity Analysis 

The respective impact of the selected parameter sets on the economic ACE Case and BAT Case 
feasibilities were tested in a scenario-based deterministic sensitivity analysis that used the 
average NPV per predefined peak current interval as the performance indicator.  
 
The outcomes of each parameter set variation are collectively described per real estate in the 
corresponding subsections below. Graphs are used to display the average NPVs obtained for 
each parameter set within the following 8 peak current intervals 10-15, 16-19, 20-24, 25-34, 35-
49, 50-62, 63-79 and 80-100 A. The parameter set variations are: investment amount, efficiencies, 
DNO pricing, variable fees, economic life, discount rate and max peak removal. 
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 Sensitivity Analysis Findings for Melonen 

The average ACE Case and BAT Case NPVs obtained per interval and parameter set variation 
are presented in Figure 3.7 and Figure 3.8 below, respectively. Based on these graphs, the key 
findings per varied parameter set are summarized below. 
 
 

Investment Amount 

Total -50 % 
Resulted in ACE Case feasibility from 20 A instead of 35 A, and BAT Case 
feasibility from 35 A instead of 63 A. 

Total +50 % 
Lowered ACE Case NPVs but did not affect the feasibility range. 
Rendered the BAT Case completely infeasible. 

BESS -50% Resulted in BAT Case feasibility from 50 A instead of 63 A. 

 

Efficiencies & Variable fees 
 

Total -50 % 
No significant impact on ACE Case NPVs or feasibility ranges. 
No impact on BAT Case feasibility range but a small impact on NPVs for 
peaks between 80-100 A. 

 

DNO pricing 
 

E.ON Improved NPVs significantly between 63-100 A. 

Ellevio 
Expanded the ACE Case feasibility range to cover 35-49 A. 
Improved NPVs significantly between 63-100 A. 

 

Economic life 
 

10 years Impaired NPVs overall and rendered the BAT Case completely infeasible. 

20 years 
Improved NPVs overall and extended ACE Case feasibility range to cover 
35-49 A. 

 

Discount rate 
 

2 % 
Extended the ACE Case feasibility range to cover 35-49 A. 
Improved NPVs overall and particularly BAT Case NPVs. 

10 % Rendered both the ACE Case and BAT Case infeasible in all intervals.  

Max peak removal 
 

1 peak removed No impact on either feasibility range. Insignificant impact on NPVs. 

3 peaks removed No impact on either feasibility range. Insignificant impact on NPVs. 
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Figure 3.7 Sensitivity analysis graphs containing the average ACE Case NPVs obtained per peak current interval and 
parameter set variation for Melonen. See Appendix A for a full-sized version. 

 
 
 

 

Figure 3.8 Sensitivity analysis graphs containing the average BAT Case NPVs obtained per peak current interval and 
parameter set variation for Melonen. See Appendix B for a full-sized version. 
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 Sensitivity Analysis Findings for Linjen 

Similar to the analysis for Melonen above, the average NPVs for Linjen are visualized in Figure 
3.9 and Figure 3.10 and the key findings are summarized below.  
 
 

Investment Amount 

Total -50 % 
No ACE Case feasibility regardless. 
Introduced BAT Case feasibility from 50 A. 

Total +50 % 
No ACE Case feasibility regardless. 
Rendered the BAT Case completely infeasible. 

BESS -50% Introduced BAT Case feasibility from 63 A. 

 

Efficiencies & Variable fees 
 

Total -50 % No significant impact on NPS nor feasibility ranges. 

 

DNO pricing 
 

E.ON 
No ACE Case feasibility regardless. 
Introduced BAT Case feasibility between 63-79 A. 

Ellevio 
No ACE Case feasibility regardless. 
Introduced BAT Case feasibility between 63-79 A. 

 

Economic life 
 

10 years No feasibility in either case regardless. Impaired NPVs overall. 

20 years 
No ACE Case feasibility regardless. 
Improved BAT Case NPVs and introduced feasibility at 63-79 A. 

 

Discount rate 
 

2 % 
No ACE Case feasibility regardless. 
Improved BAT Case NPVs and introduced feasibility at 63-79 A. 

10 % Rendered both the ACE Case and BAT Case infeasible in all intervals.  

 

Max peak removal 
 

1 peak removed 
Improved ACE Case NPVs significantly but did not result in feasibility. 
Improved BAT Case NPVs and introduced feasibility at 63-79 A. 

3 peaks removed 
Improved ACE Case NPVs significantly but did not result in feasibility. 
Improved BAT Case NPVs and introduced feasibility at 63-79 A. 
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Figure 3.9 Sensitivity analysis graphs containing the average ACE Case NPVs obtained per peak current interval and 
parameter set variation for Linjen. See Appendix C for a full-sized version. 

 
 
 

 

Figure 3.10 Sensitivity analysis graphs containing the average BAT Case NPVs obtained per peak current interval 
and parameter set variation for Linjen. See Appendix D for a full-sized version. 
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 Sensitivity Analysis Findings for Filaren 

Finally, the average NPVs for Filaren are presented in Figure 3.11 and Figure 3.12 and the key 
findings are summarized below.  
 

Investment Amount 

Total -50 % 
Resulted in ACE Case feasibility from 20 A instead of 50 A, and BAT Case 
feasibility from 35 A instead of 63 A. 

Total +50 % 
No impact on ACE Case feasibility range but reduced NPVs.  
No impact on BAT Case feasibility range but significantly reduced NPVs. 

BESS -50% Resulted in BAT Case feasibility from 50 A instead of 63 A. 

 

Efficiencies & Variable fees 
  

Total -50 % No significant impact on either case’s NPVs or feasibility ranges. 

  

DNO pricing 
 

E.ON Improved NPVs significantly between 63-100 A. 

Ellevio 
Expanded the ACE Case feasibility range to cover 35-49 A. 
Reduced NPVs significantly between 63-100 A. 

 

Economic life 
 

10 years Impaired NPVs significantly overall but with unaffected feasibility ranges. 

20 years Improved NPVs significantly overall but with unaffected feasibility ranges. 

 

Discount rate 
 

2 % 
Extended the ACE Case feasibility range to cover 35-49 A. 
Improved NPVs overall and particularly BAT Case NPVs. 

10 % Reduced NPVs significantly overall but did not affect feasibility ranges. 

 

Max peak removal 
 

1 peak removed No impact on either feasibility range. Insignificant impact on NPVs. 

3 peaks removed No impact on either feasibility range. Insignificant impact on NPVs. 
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Figure 3.11 Sensitivity analysis graphs containing the average ACE Case NPVs obtained per peak current interval 
and parameter set variation for Filaren. See Appendix E for a full-sized version. 

 
 
 

 

Figure 3.12 Sensitivity analysis graphs containing the average BAT Case NPVs obtained per peak current interval 
and parameter set variation for Filaren. See Appendix F for a full-sized version. 
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 Summary of Sensitivity Analysis Findings 

The focus of the sensitivity analysis was to explore how the economic feasibility is affected by 
certain variations of the input parameters. In line with this, the respective impacts of these 
variations are compiled in Table 3.2 to provide a high-level overview of how they affected the 
feasibility ranges for the two cases. The table is based on the results presented in the graphs of 
subsections 0-3.3.3 and presents the number of intervals for which the average obtained NPV 
exceeded zero. However, the reader is recommended not to overinterpret the significance of 
these numbers as they do not convey the relative change of NPVs per parameter variation.  
 
Table 3.2 The number of intervals for which the average NPVs exceeded zero, per case, real estate and parameter 
variation scenario. 

Scenario 
Melonen Linjen Filaren 

ACE BAT ACE BAT ACE BAT 

Reference scenario 2 2 0 0 2 2 

+50 % investment amount 2 0 0 0 2 2 

-50 % investment amount 5 4 0 3 5 4 

-50 % BESS investment amount 2 3 0 2 2 3 

High losses 2 2 0 0 2 2 

High variable fees 2 2 0 0 2 2 

Extreme variable fees 2 2 0 0 2 2 

DNO: EON 3 2 0 1 3 2 

DNO: Ellevio 2 2 0 1 2 2 

Economic life 10 years 2 0 0 0 2 2 

Economic life 20 years 3 2 0 1 2 2 

Discount rate 2% 3 2 0 1 3 2 

Discount Rate 10 % 2 0 0 0 2 2 

Largest peak removed 2 2 0 1 2 2 

3× Largest peaks removed 2 2 0 1 2 2 

 
The results from the sensitivity analysis per real estate were overall consistent. The investment 
prices were found to have a substantial negative correlation to the NPVs and feasibility ranges 
for both the ACE Case and the BAT Case, affecting the BAT Case even more. The economic life 
was found to have a significant positive correlation with the NPVs and particularly the ACE Case 
feasibility ranges. The correlation was further found to grow with increasing peak currents. The 
discount rate had a similar impact which was also amplified at higher peak levels, but the 
correlation was instead negative. Lastly, neither the efficiencies nor variable fees were found to 
have any significant impact on either the feasibility ranges nor NPVs. 
 
In two instances were the results inconsistent across the three real estate. First, the DNO pricing 
had different impacts in different intervals depending on the real estate studied. Each DNO 
affected the NPVs positvely in some instances and negatively in others. Second, the removal of 
the 1-3 largest peak currents was found improve both the ACE Case and BAT Case feasibilities 
for Linjen, but were not found to have a significant impact on Melonen nor Filaren. 
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4. Discussion 

The discussion chapter begins with a summary of the key findings and their implications. It then 
discusses other insights that emerged both from the detailed analysis of the reference scenario 
and from the scenario variations in the sensitivity analysis. The last section discusses the 
implications and limitations of the most influential methodological decisions.  

4.1. Summary of Key Findings 

In response to a lack of existing research on the economic feasibility of peak mitigation 
technologies and particularly phase balancing technologies in the context of residential electricity 
demand, this study evaluated the economic performance of a phase balancing device alone (ACE 
Case) and in combination with a battery energy storage system (BAT Case). The respective 
performances were evaluated using a deterministic techno-economic model based on linearly 
extrapolated load profiles based on real load statistics from three Swedish real estate. 
 
The results indicate that the economic feasibility is strongly linked to the property load curve, 
where the existence of unbalance peaks is important for the BAT Case feasibility and absolutely 
critical for the ACE Case. For the two real estate Melonen and Filaren, with respective peak 
unbalancing indices of 37.4 % and 27.1 % at their top peaks, the ACE Case was found to be 
feasible particularly for peak currents just above each fuse rating level, but more importantly 
consistently feasible from 35 A and up, with NPVs around SEK 20 000 in the reference scenario. 
The best economic performance was found for load profiles with peaks above 63 A, which thanks 
to peak mitigation were able to switch from a power subscription to a fuse subscription and thus 
yield NPVs as high as SEK 50 000–150 000. The BAT Case, on the other hand, was found to be 
infeasible for all peaks up to 63 A in the reference scenario, due to the substantially larger initial 
investment. For some peak intervals above 63 A, however, the BAT Case was found economically 
feasible with NPVs of around SEK 15 000–30 000 for two of the real estate and SEK 75 000–
125 000 for the third, also thanks to enabling a subscription switch. 
 
The ACE Case was nevertheless found to be the preferable option whenever it was found 
technically feasible, thereby rendering the BAT Case only preferable for real estate with peaks 
around 70–80 A, depending on real estate. In both cases, the parameters with the greatest impact 
on the feasibility were found to be the investment costs, discount rate and economic life. Fees 
levied by the DNO were further found to be important and particularly for real estate with power 
subscriptions. However, since these vary the exact implications must be assessed for each 
combination real estate and DNO.  

4.2. The Impacts of Load Characteristics 

It is clear from both the detailed analysis of the reference scenario and the sensitivity analysis 

that a property’s load profile is crucial for the economic outcome of installing a BESS and/or an 

EnergyHub. The most decisive aspects appear to be the peak current(s) and their state of 

unbalance, since they directly determine whether phase balancing is possible and by how much, 

as well as affect the required capacities of a BESS to manage the peaks. The results moreover 

suggest that the total annual load and the monthly peak-power hour are significative 

characteristics for the feasibility of load profiles with peaks over 63 A. The importance of the above 

aspects is further discussed below. 

The peak current levels and their grade of unbalance were found to be positively correlated to the 

economic value of the two investment options. This was already expected as the usefulness of a 

phase balancing device must naturally depend on the state of unbalance. Nevertheless, Figure 

3.1 and Figure 3.2 clearly show that a larger number of peaks yielded positive NPVs as well as 

greater NPVs for Melonen and Filaren with respective peak unbalancing indices of 37.4 % and 

27.1 %, compared to Linjen with an unbalancing index of 4.67 % at its maximum peak. The results 

stress the logical fact that peaks with greater phase unbalance also have a greater current 

difference between their peaking phase and average phase current and thus a larger potential for 
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reducing said peaking current. This phenomenon is best illustrated by the NPV graphs in Figure 

3.1 and is expressed in two ways. 

First, the curves show a clear pattern of higher NPVs for peaks just above each fuse rating step, 

that is, for peak currents around 20, 25, 35, 50 and 63 A. To see why this is the case, consider a 

peak that has a 2-A difference between each line current. The three line currents could for 

example be 18, 20 and 22 A with an average of 20 A. With a balancing potential of 2 A, peaks 

between 20–22 A could be lowered to 20 A, peaks between 25–27 could be lowered to 25 A, 

peaks between 35–37 could be lowered to 35 A and so on. As a result, it is expected to find 

feasibility for peaks just above fuse rating levels before anywhere else. That being said, it follows 

that the unbalancing index further influenced the width of these feasibility intervals. For example, 

looking at the interval between 35–46 A in Figure 3.1, Melonen and Filaren showed sustained 

economic feasibility for 11 consecutive peaks, whereas Linjen only yielded feasibility between 

around 35–36 A. It is thus evident that Linjen, with very little unbalance, could not do much to 

balance the loads while the other two properties represented considerably more attractive 

investment objects. 

The above unambiguously suggests that properties with larger unbalances should have better 

use of a phase balancer, which falls in line with the previous findings by Gupta et al. (2011; 2014). 

However, this study contributes to the field by tying economic values to the different levels of 

phase unbalances and thereby brings insights regarding when property owners may find it 

attractive to invest in phase balancing technologies. For property owners to make use of these 

findings, it is first necessary for them to have measurements of the phase-wise loads and that this 

information is up to date. This means that no significant load-affecting changes should have been 

made during the measurement time interval nor planned to be made in the years to come after 

the investment, since this may change the load characteristics. However, making such 

judgements can be very difficult considering an economic life of 15 years and especially 

considering that the investment for peaks under 63 A are already likely to be risky, as suggested 

by the obtained MIRRs of only 6–8 % in relation to a discount rate of 6 %. An investor should thus 

be cautious about attempting to mitigate peaks up to 50 A, if the assumptions of the reference 

scenario are found to apply. A more realistic, yet blunt indicator of the economic feasibility may 

instead be the average NPVs per peak interval since this takes heed to uncertainties related to 

the exact magnitude of future load peaks. Such average NPVs were calculated both for the 

reference scenario and other scenarios in the sensitivity analysis and are presented in Figure 

3.7–Figure 3.12.  

The significance of peak unbalances could also be distinguished for the BAT Case but in a slightly 

different way. As opposed to the ACE Case, the BAT Case was not technically limited to mitigate 

peaks in certain intervals, as it was possible to simply choose a larger battery. Instead, the level 

of unbalance would affect the required discharge power. To see why this is the case, consider a 

situation where one line current exceeds the fuse rating by a certain quantity while the other two 

are exactly at the level of the fuse rating. In this situation, phase balancing would not be technically 

possible, but a battery would only need to discharge at the power corresponding to the necessary 

current reduction on the peaking phase. If, on the other hand, all three line currents exceeded the 

fuse rating by the same quantity, the battery would have to discharge at three times the power 

and be dimensioned accordingly. There is thus a negative correlation between the peak phase 

unbalances and the system cost at any given peak current, which is illustrated in Figure 3.2. The 

figure shows more frequent NPV drops for Linjen as its required system capacities grow faster 

with the peak current increments those of Melonen and Filaren. In conclusion, this implies that 

investors, seeking economic profit from lowering the network fees by installing a BESS, face 

tougher odds if their property load is balanced. 

With respect to the importance of the peak current unbalance identified above, one might wonder 

how sensitive the model is to the existence of its highest peak. This was considered in the 

sensitivity analysis by eliminating 1 and then 3 of the greatest peaks per real estate load curve, 
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as listed in table 3.4. The results showed no significant difference in NPVs for Melonen and 

Filaren, whose next peaks were either similarly loaded and similarly balanced, or on average 

much lower but highly unbalanced. In consequence, their next highest peaks were not the next 

most important peaks. When doing the same test for Linjen, the NPVs took a leap up for both the 

ACE Case and the BAT Case, as illustrated by Figure 3.9 and Figure 3.10. In this situation, it was 

found that Linjen’s next highest peaks were indeed also its next dimensioning peaks, which is 

why the results changed when the peak was removed.  

The interpretation based on the above is that the model appears to be somewhat robust in its way 

of dimensioning the system. At least it does not appear to overestimate the economic feasibility 

since it dimensions the two configurations based on the greatest balancing need rather than any 

individual peaks. Thus, if the second highest peak is balanced and prevents the system from 

balancing at a certain scale level, this would indeed be considered the dimensioning peak rather 

than the highest but unbalanced peak. This implies that also future models can base their 

dimensioning algorithm on the highest balancing need without risking overestimating the value of 

the investment by misinterpreting the data. However, it shall be emphasized that there are still 

risks associated with dimensioning a system for future loads based on historical loads and that 

the extent and rigor of the above peak analysis was limited. Furthermore, even though a couple 

of peaks may be ignored, the study clearly shows that the peaks are determinant of the feasibility, 

and future studies are therefore recommended to study this topic in more detail. 

Perhaps the most significant finding related to the peak current characteristics is that the saving 

potential appears to be substantially greater for real estate with such loads that the yearly peak 

current exceeds 63 A. In such situations, both the ACE Case and the BAT Case face the prospect 

of enabling a switch from a power subscription to a fuse subscription, which is likely to result in 

substantial net savings from the differences in variable distribution fees, fixed subscription fees 

and power fees. Based on the three real estate profiles and the three DNOs examined, this study 

clearly demonstrates that these savings are significantly greater than those enabled be switches 

between fuse rating contracts by load leveling below 63 A. As long as the DNO has these 

differences between the two subscriptions, said findings are likely to apply to all properties where 

a comparable phase balancer or combined system is technically able to reduce the peak(s) to 63 

A or less. 

However, the results also show that the number of peak currents this applies to, i.e. possible load 

profiles or properties, and how large the economic benefit will be largely depends on the DNO. 

The analysis of the reference scenario with Vattenfall as DNO showed that the savings were 

significantly greater for Filaren than Melonen, at the same peak current level and with the same 

subscription. In this particular situation, the detailed analysis found that only a small portion of the 

savings were attributable to the slightly higher power fee for Filaren whereas the bulk of the 

savings originated from differences in the variable fees. Since the subscription and consequently 

the variable rate was the same, this means that Filaren achieved larger savings than Melonen 

because it had a larger annual consumption. However, this was contingent on the fact that the 

assumed variable rate for Vattenfall was SEK 0.20 higher for the power subscription than the fuse 

subscription since it is simply multiplied by the annual consumption. Had the fee difference instead 

been SEK 0.20 lower for the fuse subscription, the significance of the fee difference would have 

been reversed.  

Furthermore, if there had been no difference in the variable fee, the power fee alone would have 

had to offset the increased fixed fee for the switch to make sense. In the reference scenario at 

the 64-A peak, this would have deteriorated the outlook appreciably for all three properties but 

would still have been enough to make the ACE Case profitable for both of the poorly balanced 

properties Melonen and Filaren. This indicates that the power fee certainly is significant and a 

valuable source of savings for peak leveling devices, but that it is the collected effect of the tariff 

change that matters most. 
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The above analysis was extended through the sensitivity analysis where the results based on 

Vattenfall were contrasted with the NPVs generated based on Ellevio and E.ON as DNOs instead. 

The differing price compositions, presented by Table 2.20, on the one hand resulted in varying 

NPVs for peaks up to 63 A, due to differences in the discreet steps of the fixed subscription fee. 

Most significant, however, were the differences between the DNOs’ applied fees for the highest 

fuse rating step of the fuse subscription, in relation to their respective fees for the power 

subscription, refer to Table 2.20, Table 2.21 and Table 2.22. Here, both the power fee and the 

size and direction of the variable fee differed. The results of those differences varied among the 

real estate, which emphasizes that it is the combination of a property’s electricity peak, annual 

consumption and peak-power hour, as well as the applicable DNO fees that determines the 

outcome rather than any of those components individually. In an assessment of these factors, it 

should be emphasized that the power fee always correlates positively with the saving potential, 

but that the variable fee can either correlate positively as for Vattenfall and Ellevio or negatively 

as for E.ON, based on the variable rates assumed in this this study. 

In conclusion, property owners who consider installing either configuration to manage peaks 

above 63 A should therefore have access to their phase-wise consumption history, use it to 

summarize the annual load and the monthly peak-power hours, and, based on these metrics 

calculate the achievable cash flow for their particular situation.  

4.3. Efficiencies and Variable Fees 

Another valuable takeaway is that the efficiencies and the variable electricity costs, apart from the 
variable distribution charges, appear to be largely insignificant for the economic feasibility of both 
the EnergyHub alone and in combination with a BESS for peak mitigation purposes, as illustrated 

by Figure 3.7–Figure 3.12. This novel finding has several implications both for future research 
and in applied contexts. 
 
For the above conclusion to hold, the category of variable fees here includes the spot price of 
electricity, the cost of electricity certificates, the energy tax and the ETC trading fee as well as 
VAT on all components. It does not include the variable distribution fee, which was considered as 
part of the DNO pricing analysis instead. It is moreover important to point out that these charges 
are not at all meaningless to the consumer as they incur substantial costs over time. However, 
for the valuation of the two investment cases, only the incremental costs needed to be considered. 
As a consequnece, only the losses arising from battery cycling and/or active phase balancing had 
to be taken into account. The incremental cost was then calculated by multiplying the cumulative 
sum of said losses with the variable rate comprised of the abovementioned components. 
 
Based on the three load profiles examined in this study, the results indicate that the cost of the 
accumulated losses from optimized peak mitigation using these two technologies are negligibly 
small compared to other costs. Even the extreme case with a tripled variable rate resulted in 
negligible costs due to losses.   
 
The other side of the coin is of course the efficiencies that may also be interpreted as loss rates. 
For example, an efficiency of 90 % corresponds to 10 % losses. The efficiencies were modeled 
according to the specified maximum efficiencies for the respective components involved, which, 
admittedly, is not fully realistic. A low-efficiency scenario was therefore defined in the sensitivity 
analysis, based on triple the losses of the reference scenario to account for some of the worst 
alternatives on the market. Even then, the costs of the accumulated losses were found to be 
negligibly small due to a relatively low number of peaks in need of balancing.  
 
The results above consequently suggest that the variable costs may simply be ignored and that 
all efficiencies can be assumed to be 100 %, without losing much accuracy in the model. Recall 

that the average NPV curves were almost identical in Figure 3.7–Figure 3.12. Of course, this is 
based on the assumption that the reviewed properties are representative in terms of their 
respective peak patterns, since this was determinant of the losses. However, even if they are not, 
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the clear insignificance of tripling the losses suggests that this conclusion could hold for other 
properties as well. Not even in the higher peak intervals did any of the modeled real estate 
generate losses that had a significant economic impact. This is an important finding as it is not 
only novel to the field, to the best of the author’s knowledge, but it is also of great value for future 
research and modeling of different technologies for residential peak mitigation purposes since it 
implies that models can be almost as accurate without considering losses.  
 
The implications for investors are perhaps even more important. It not only means that they can 
ignore the costs of losses in their calculations, but they can also consider other technologies with 
a similar function even if they are less efficient. Most interestingly, this implies that investors can 
choose any battery chemistry or make, as long as it is compatible, purposively constructed and 
does not have an extremely poor rate of self-discharge. This flexibility could very well make the 
BAT Case significantly more attractive since there are already alternative battery technologies 
with lower costs per unit of energy and/or power capacity that were not considered in the model. 
This suggests that an investor already today may expect results closer to the cheap-BESS 

scenario, illustrated in Figure 3.7–Figure 3.12, provided that he or she finds a compatible 
configuration based on the cheapest batteries available. 
 
The conslusion further affects the internal and external validity of this study positively. On the one 
hand, provided that the losses are negligible, many of the certainties related to the technical 
assumptions can be disregarded. This applies both to the efficiency assumptions and the 
assumed power factor, which essentially has a similar effect on the cost situation. The 
independence of a particular battery technology further makes the conclusion more generalizable 
as this means that the economic benefits can be compared to those found in other studies based 
on different battery chemisteries and even other use cases.  

4.4. Investments, Economic Life and Discount Rate 

Regarded as the initial investments in this study were the EnergyHubs in Table 2.11 and the BES 
systems in Table 2.12, all with the total turnkey cost considered. The study was delimited to the 
presented set of EnergyHubs as no other residential phase balancers were known to the author, 
whereas the set of BES systems was selected to ensure the compatibility of the components and 
to limit the scope from considering too many types of batteries. In terms of efficiencies, these 
delimitations did not appear to impact the results. However, in terms of investment amounts, it is 
evident that the limited set of BES systems affected the obtained NPVs in at least two ways in 
addition to being more expensive than competing BESS.  
 
First, the limited set of batteries was found not to be tailored to the purpose of residential peak 
mitigation in the studied real estate because of a mismatch between their respective energy and 
power capacities compared to the calculated needs to mitigate the loads. The batteries in Table 
2.12 had energy capacities in kWh higher than their respective power capacities in kW, while the 
real estate on the contrary typically needed the power capacities to be about 2-3 times higher 
than the energy capacities instead. Due to the available power capacities being a bottleneck in 
the model, the algorithm quite often over-dimensioned the energy capacity at an unnecessarily 
high cost.  
 
 
 
Second, considering that the power capacity was the bottleneck, the assumed set of BESS was 
moreover not ideal for the incrementally increasing power capacity needs as the load profiles 
scaled up. The far most selected BESS in the model were in fact the two cheapest batteries due 
to a relatively small need for energy injections in most cases. This caused relatively large jumps 
in the investment amount as the required battery capacity incremented over 6 and 12 kW. This 
indicates that the economic feasibility at many of the peaks could have been higher if the model 
had considered additional BESS with additional power capacities below 6 kW and between 6 and 
12 kW. Thus, although the approach of using real and compatible battery systems in discrete 
steps ensured the realism of the study, it is clear that it may have resulted in significant 
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underestimations of the BAT Case viability. It is therefore recommended that future studies ensure 
a more flexible approach to power capacities than what was considered here.  
 
The low utilization rate of the BESS further suggests that the peak mitigation use case considered 
in this study could be combined with other use cases such as maximization of self-consumtion of 
solar PV or the provision of various grid services. Any such additional use that is profitable on its 
own would greatly increase the value of the installed BESS and thus make it feasible for a wider 
range of load profiles.  
 
Lastly, both the economic life and the discount rate were found to have a significant impact on 
the economic feasibility of both investment options. These results were expected as their impact 
can be easily derived from the NPV formula and they are moreover consistent with the findings 
of previous research (Ondraczek et al., 2015). For a potential investor gauging the two investment 
options, a longer economic life than 15 years and/or a lower discount rate than 6 % can 
consequently be expected to improve the projected outcomes of both investment options, all other 
parameters constant. And conversely, a shorter economic life than 15 years and/or higher 
discount rate than 6 % can further be expected to hamper the economic feasibility. Of these two 
parameters, the low utilization rate of the BESS speaks for a long economic life of at least 15 
years, which suggests a certain stability in a projection based on this assumption, whereas the 
appropriate discount rate is more fleeting and may best be determined by the investor itself based 
on its other investment alternatives and WACC.  

4.5. Methodological Considerations 

This section focuses on what was deemed to be the three most essential methodological 
considerations in this study. The first topic is the choice of key performance indicator, its 
underlying assumptions and limitations and the author’s standpoint in using it. The second topic 
relates to the strength of inferences based on the limited load data. The third topic considers the 
advantages and disadvantages of the extrapolated load profiles, seen in retrospect. 
 
By choosing the NPV as the main indicator for both the economic feasibility and for comparing 
purposes, it was assumed that the investor could raise the capital necessary for either one of the 
two mutually exclusive investment options. Although this may not always be the case, it was 
deemed a fair assumption since property owners typically have good access to loan-based 
funding (Geltner, 2006). Provided that this assumption holds, the NPV has the advantage of 
consistently identifying the alternative that maximizes the profit for the investor (Brealey & Myers, 
1996).  
 
A potential disadvantage is if capital is rationed and the investor must choose between a set of 
projects. In such a situation, Brealey and Myers (1996) holds that an investor could simply explore 
the total NPV of all possible combinations and choose whichever set of investments that 
maximizes the total NPV. But as this study could not possibly account for the potential investment 
options available to all possible investors, the NPV was deemed suitable for comparing the ACE 
Case and the BAT Case under the assumption of unlimited capital.  
 
To still provide some means of comparison independently of whichever other options an investor 
may have, this study also included the profitability index (PI) and modified internal rate of return 
(MIRR) based on the incremental investment of the BAT Case. They thereby express the rate of 
return of that increment, so that an investor choosing from adding the BESS to the EnergyHub or 
adding another investment can compare those alternatives alone. Of these, the PI basically 
expresses the NPV in relation to the initial investment while the MIRR provides a cautious 
percentage for the rate of return. These are presented in Figure 3.3, Figure 3.4 and Figure 3.6. 
 
Due to the design of this study, it needs to be underscored that certain inferences cannot be 
made. One important area that needs to be explored in more detail is how strong the correlation 
of peak load unbalances is with the profitability of the investment options and whether there are 
some notable break points for this impact between the few and widely dispersed peak unbalances 
considered in this study. Future studies based on real load data are therefore recommended to 



80 
 

include more load profiles with peak unbalancing indices covering the gaps between 4 and 30 %. 
This study nevertheless contributes to knowledge in the field by clearly showing that there are 
significant differences between real estate whose peaks have an unbalancing index of around 30 
% compared to 4 %. In the former case, it points at consistent peak intervals for where feasibility 
can be expected, which implies a certain assurance that the investment will be feasible even if 
the future load differs somewhat from the historical. In the latter case, it shows that the feasibility 
intervals are narrow and that the investment options consequently are much riskier. 
 
Furthermore, it must also be emphasized that this study was designed and conducted with an 
exploratory aim. While the extrapolation of load profiles enabled several interesting insights, the 
author did not quantify the appropriateness of said method. It was simply assumed that the 
extrapolated load profiles could represent some other real estate of different size. The author 
acknowledges that extrapolation techniques tend to lose accuracy as the distance between the 
extrapolated value and the original value increases and that particularly the ends of the examined 
peak interval were indeed far from the original peak value. However, the author holds that the 
inferences made hold fundamental value even if the accuracy varies.  
 
Lastly, due to the specificity of the study to the Swedish market context, the generalizability on an 
international level is limited. Because the results in this study are critically tied to the existence of 
a fuse subscription that bases its pricing on the peaking current per phase, markets where DNOs 
do not apply this kind of pricing may not even find the ACE Case feasible and could also diminish 
the value of the BESS. However, in the few markets where this fee structure figures, the results 
indicate that investors must rigorously consider the fees in relation to the real estate’s load data 
as well as carefully assess the total investment amount based on the local conditions.  
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5. Conclusion 

This research aimed to assess the economic feasibility of load-side peak shaving technologies 
for the property electricity of residential real estate. More specifically, it focused on two different 
configurations that had already been examined in previous literature and that were commercially 
available. One was a phase balancer alone, here referred to as the ACE Case, while the other 
was a phase balancer in combination with a battery energy storage system referred to as the BAT 
Case.  
 
The assessment was performed using a specially developed deterministic techno-economic 
model that used historical load data from three distinct real estate together with applicable fees 
to calculate a set of performance indicators. To further enable insights on the two investment 
options’ sensitivity to the load characteristics, each of the three obtained load profiles were first 
linearly extrapolated into sets of 91 load profiles so that their respective peak currents ranged 
between 10 and 100 A. For each synthesized load profile, both configurations were then optimally 
dimensioned and their respective peak shaving performances simulated to calculate the positive 
cash flows arising from various savings in fees and the negative cash flows arising from additional 
losses due to the use of either peak shaving technology.  
 
The economic data were finally used to calculate a set of performance metrics including the net 
present value (NPV), profitability index (PI), simple payback period (SPP) and modified internal 
rate of return (MIRR). Of these, the NPV was used as the main indicator to answer three research 
questions. 

5.1. Answers to Research Questions 

The first research question was the following:  

A) Is a phase balancer alone and/or in combination with a battery energy storage system 
economically feasible for load-side implementation in residential real estate? 

The short answer is that both alternatives are economically feasible, but only under certain 
conditions. 

In general, the ACE Case is economically feasible for load profiles whose largest peak currents 
amount to values just above some fuse rating level, with more consistent feasibility for real estate 
whose peaks are unbalanced and exceed 50 A. The best and most consistent results are 
achieved for real estate whose peaks exceed 63 A since phase balancing then enables a switch 
from a power subscription to a fuse subscription, resulting in substantial savings. However, the 
extent of this range depends on the state of unbalance for the peaks exceeding 63 A. Greater 
unbalances entail greater phase balancing potential and thus feasibility for higher peaks. 

The BAT Case is generally not economically feasible for load profiles whose largest peak currents 
are lower than 63 A, due to a much larger initial investment than the ACE Case. On the other 
hand, most real estate with peak currents a little above 63 A are likely to find feasibility also for 
the BAT Case, again because it enables a switch between subscription types. Additionally, 
investors may find the BAT Case to be economically feasible for peaks far beyond the feasibility 
range of the ACE Case, though these situations are highly contingent on the right load 
characteristics in relation to the tariffs offered by the distribution network operator.  

The second research question was the following: 

B) If so, which one is the optimal choice? 

The answer to this question is simply that the ACE Case is the optimal choice whenever it is 
technically feasible. However, this only applies for the situations where the ACE Case itself is 
feasible in the first place. For peaks beyond the ACE Case feasibility range, the BAT Case is 
preferable by default, as long as it is economically feasible.  
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The third research question was the following: 

C) How do the input parameters impact the economic feasibility of each alternative? 

A detailed analysis of the reference scenario resulted in the following conclusions about the 
impact of certain load characteristics: 

• The highest yearly current on any individual phase decides the financial starting point for 
both investment options, against which any savings must be generated. 

• The extent of phase unbalances at the highest yearly peaks directly dictates the technical 
feasibility of the ACE Case and thereby the likelihood that a phase balancer alone will be 
a profitable investment.  

• The extent of these unbalances moreover correlates positively with the economic 
feasibility of the BAT Case, since balanced peaks require up to three times higher power 
capacities and thus substantially larger battery investments to provide the same savings.  

The sensitivity analysis then ensued in additional findings as follows:  

• The initial investment amount constitutes a key parameter that correlates negatively with 
the profitability of both investment options. A cost reduction of 50 % would make the ACE 
Case consistently feasible for most load profiles with peaks of 20 A and up, provided they 
have unbalancing indices of around 30 %. It would furthermore improve the BAT Case 
and even make it feasible for balanced load profiles above 63 A.  

• The second most important parameter is the discount rate which also correlates negatively 
with the economic feasibility. Compared to a discount rate of 6 % for the reference case, 
a discount rate of 10 % or higher could render both cases completely infeasible whereas 
a discount rate of 2 % would raise their profitability considerably. 

• The third most important parameter is the anticipated economic life that correlates 
positively with the economic feasibility. While this is not deemed to be associated with as 
much uncertainty as the discount rate, it nevertheless has a similar impact.  

• The applicable DNO rates constitute a parameter group whose impact is more complex 
but nevertheless highly important. It is comprised of a fixed subscription fee, a variable 
distribution rate and, for power subscriptions, a power rate. Savings arise from differences 
between the sets of rates for the base case subscription and the subscription enabled by 
peak shaving. The impact of each component may either correlate positively or negatively 
with the economic feasibility and may weigh differently depending on the DNO’s tariffs as 
well as aspects of the load profile. The tariffs must therefore be assessed in each particular 
situation.  

• All other variable rate components are negligible in this context, including the price for 
electricity and electricity certificates, the energy excise duty and the trading fee imposed 
by the energy trading company.  

• Similarly, the electrical efficiencies were also found to have a negligible impact on the 
economic feasibility of both investment alternatives. This includes inverter and converter 
efficiencies, battery roundtrip efficiencies and supposedly even the power factor and 
battery self-discharge rate, provided that these are of industry standard. 

5.2. Contribution to the Research Field of Unbalance Compensation 

The contribution made through this thesis to the current state of knowledge in the field of 
unbalance compensation can be summarized in three points. Firstly, it is the first study to 
demonstrate the economic feasibility for residential load-side implementation of an active phase 
balancer. Secondly, it provides insights on which real estate or load profiles that each of the two 
configurations are most lucratively suited for. Thirdly, it complements previous studies such as by 
Yunosov et al. (2016), who focused only on the technical aspects of two configurations that are 
comparable to the ones assessed in this study.  
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5.3. Limitations 

While this study has resulted in several interesting and useful takeaways, readers should be wary 
to form conjectures regarding its applicability to other contexts. The author therefore wishes to 
emphasize five significant limitations discussed throughout the thesis. 
 

First, the load profiles examined in this study were based only on the property electricity of 
residential real estate and did therefore not include their apartment loads. An inclusion of the 
apartment loads would likely have increased the total loads to the point where the peaks simply 
could not have been reduced enough to enable a switch of subscriptions, regardless of 
technology. It thus needs to be underscored that the inferences made from this study are not 
likely to be applicable to that context. The only remaining component of the distribution bill that 
would still be targetable in such scenarios would be the power fee. Whether or not a BESS is 
economically feasible for this purpose was not part of the scope for this study.  
 

Second, since this study was based on a set of only three distinct load profiles, the possible 
inferences were further limited both in internal and external validity. While it could be concluded 
that load profiles with a higher unbalancing index (UI) on its peaks posed better investment cases, 
little can be said about exactly how much high the UI should be or how much the economic 
feasibility is affected per unit of UI. 
 

Third, the strength of inferences based on the extrapolated load profiles has not been validated. 
The author believes that the overall ideas of the findings are valid, but humbly recommends that 
investors make their own calculations based on their actual load profiles to ensure the validity of 
their projections. 
 

Fourth, the assessment of the economic feasibility herein conducted is highly dependent on the 
tariffs available in the Swedish network context. The author therefore cannot claim that any of the 
findings are applicable to markets where the tariffs are different. To clarify, all NPVs for peaks up 
to 62 A were contingent on the respective applicable subscription fees for fuse ratings covering 
the highest peak currents. More importantly, the greater NPVs obtained for peaks from 63 A and 
above were further based on the existence of a break point between the two different tariffs.   
 

Fifth, although the combined system was found to be infeasible for most peaks in this study, it 
shall be noted that battery systems more often than not are found feasible only when multiple use 
cases are combined. The reader is therefore encouraged to think beyond the results found here. 

5.4. Recommendations 

Based on the findings and the limitations of this study, a couple of recommendations are hereof 
presented for potential investors as well as researchers.  
 
Potential investors, such as residential property owners or tenant-owner associations, should 
investigate their load profiles and look for two indicators. First, the unbalance index of the highest 
peak currents should preferably be around 30 % or higher to ensure long-term feasibility of either 
investment option as the load evolves. Second, the highest yearly peaks should exceed at least 
50 A but preferably be between 63 and 80 A to maximize the probability of success as well as the 
potential profit. Moreover, unless the investor seeks to complement peak shaving with additional 
uses of a prospective BESS, the preferable choice of technology is most likely a phase balancer 
alone. 
 
Future research is needed to further explore how the phase unbalancing index relates to the 
economic feasibility of the two configurations. For this purpose, it may be fruitful to perform a 
statistical analysis of a larger set of load profiles. In doing so, this study suggests that the 
computational complexity may be greatly reduced by simplifying or ignoring various system losses 
without a significant impact on the results. Finally, it could moreover be useful to develop a simple 
indicator that evaluates the suitability of a load profile for balancing purposes, a metric that 
investors could use in a first step to quickly gauge whether their respective load profiles may be 
hiding attractive investment opportunities or not.   
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5.5. Contribution to Sustainability and Society 

This study has been conducted at a time when global societies are undergoing a shift to more 
sustainable means of transportation and electricity generation. Two important aspects of the 
transition are the rapidly rising numbers of plug-in electric vehicles and distributed variable 
electricity generation, whose potential impacts on electric networks pose serious challenges for 
network owners. It is a world-wide problem that demands a combination of solutions to be 
handled in the most cost-efficient way. The introduction of load-side phase balancers has in this 
context brought a new, although indirect customer-centric approach to network owners’ arsenal 
of balancing strategies. However, the deployment of load-side phase balancers has so far been 
limited by uncertainty related to the economic feasibility of the technology, on which this study 
has brought some clarity. 
 
By establishing economic feasibility for phase balancers and battery energy storage systems for 
some real estate load profiles, this study has laid a foundation for investors to better understand 
when the technologies are likely to be profitable by themselves. They may then add onto these 
results any projected outcomes of additional installations such as solar photovoltaics and/or 
electric vehicle charges and find economic synergies between the technologies. Hence, the 
findings of this study could potentially stimulate the adoption of renewable generation 
technologies and thereby yield environmental benefits on a societal level.  
 
An increased deployment of phase balancers and energy storages could potentially also spur a 
similar development on the network side. As loads become more leveled, distribution network 
owners may allow more renewable generation to be implemented on the grid, again with 
environmental benefits. And lastly, with reduced load unbalances and peaks, networks owners 
may find the need for costly reinforcements of infrastructure to be smaller, which would 
ultimately benefit all end-consumers. 
 
In conclusion, load-side phase balancing, with or without energy storage, could indeed have 
positive implications for the economy of real estate owners, for the operations and efficiency of 
network owners and for the sustainability of society as a whole. 
 
 

  



85 
 

References 

Al-Badi, A., A, E., Metwally, I., Al-Wahaibi, A., Al-Ajmi, H., & Al Bulushi, M. (2011). Losses 
Reduction In Distribution Transformers. Lecture Notes in Engineering and Computer 
Science, 2.  

Ameli, A., Ahmadifar, A., Shariatkhah, M-H., Vakilian, M., & Haghifam, M-R. (2017). A dynamic 
method for feeder reconfiguration and capacitor switching in smart distribution systems. 
International Journal of Electrical Power & Energy Systems, 85, 200-211. 
doi:https://doi.org/10.1016/j.ijepes.2016.09.008 

András, K. T. (2019). Performance Ratio and Fault Characterization Methods for Photovoltaic 
Systems. (Master's Degree Master's Thesis), KTH Royal Institute of Technology, 
Stockholm.  

Antonova, G., Nardi, M., Scott, A., & Pesin, M. (2012, 2-5 April 2012). Distributed generation 
and its impact on power grids and microgrids protection. Paper presented at the 65th 
Annual Conference for Protective Relay Engineers. 

Arias, N. B., Hashemi, S., Andersen, P. B. , Træholt, C., & Romero, R. (2018, 20-22 Feb. 2018). 
V2G enabled EVs providing frequency containment reserves: Field results. Paper 
presented at the 2018 IEEE International Conference on Industrial Technology (ICIT). 

Armstrong, J. S., Collopy, F. L. (1993). Causal Forces: Structuring Knowledge for Time-series 
Extrapolation. 

Ashani, P. N., Shafiei, M., & Karimi, K. (2020). Biobutanol production from municipal solid 
waste: Technical and economic analysis. Bioresource Technology, 308, 123267. 
doi:https://doi.org/10.1016/j.biortech.2020.123267 

Beckx, C., Broekx, S., Degraeuwe, B., Beusen, B., & Int Panis, L. (2013). Limits to active 
transport substitution of short car trips. Transportation Research Part D: Transport and 
Environment, 22, 10-13. doi:10.1016/j.trd.2013.03.001 

Berding, J., Bitterer, R., Bock, U., Müller, P., Pohlmann, M., Schimmel, G., & Weninger, R. 
(2000). VDEW-Bericht: Lastprofilverfahren zur Belieferung und Abrechnung von 
Kleinkunden in Deutschland. Verband der Ernährungswirtschaft e.V.  

Bergman, S. (2008). Plug-in Hybrider: Elhybridfordon för Framtiden. In Elforsk rapport: Vol. 
8(10). Elforsk    

Boßmann, T., & Staffell, I. (2015). The shape of future electricity demand: Exploring load curves 
in 2050s Germany and Britain. Energy, 90, 1317-1333. 
doi:https://doi.org/10.1016/j.energy.2015.06.082 

Brealey, R.A., & Myers, S.C. (1996). Principles of Corporate Finance. New York: McGraw-Hill. 

Brooks, A. N. . (2002). Vehicle-to-Grid Demonstration Project: Grid Regulation Ancillary Service 
with a Battery Electric Vehicle. Retrieved from 
https://ww2.arb.ca.gov/sites/default/files/classic//research/apr/past/01-313.pdf 

Camus, C., Esteves, J., & Farias, T. L. (2009). Electric Vehicles and the electricity sector 
regulatory framework: The Portuguese example. Paper presented at the 24th 
International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium and Exhibition 
2009, EVS 24. 

https://doi.org/10.1016/j.ijepes.2016.09.008
https://doi.org/10.1016/j.biortech.2020.123267
https://doi.org/10.1016/j.energy.2015.06.082
https://ww2.arb.ca.gov/sites/default/files/classic/research/apr/past/01-313.pdf


86 
 

Clement-Nyns, K., Haesen, E., & Driesen, J. (2011). The impact of vehicle-to-grid on the 
distribution grid. Electric Power Systems Research, 81(1), 185-192. 
doi:https://doi.org/10.1016/j.epsr.2010.08.007 

Colmenar-Santos, A., Muñoz-Gómez, A-M., Rosales-Asensio, E., & López-Rey, Á. (2019). 
Electric vehicle charging strategy to support renewable energy sources in Europe 2050 
low-carbon scenario. Energy, 183, 61-74. 
doi:https://doi.org/10.1016/j.energy.2019.06.118 

Corredor, E. C., Chitta, P., & Deo, M. D. (2019). Techno-economic evaluation of a process for 
direct conversion of methane to aromatics. Fuel Processing Technology, 183, 55-61. 
doi:https://doi.org/10.1016/j.fuproc.2018.05.038 

Creswell, J. W. (2014). Research Design: Qualitative, Quantitative, and Mixed Methods 
Approaches (4th ed.): SAGE Publications. 

Damsgaard, N., Lindén, M., Yuen, Katarina., Helbrink, J., Andersson, M., Einarsson, M., . . . 
Grahn, P. (2014). Framtida krav på elnäten (14:26). Elforsk. Retrieved from 
https://www.researchgate.net/publication/273335195_Framtida_krav_pa_elnaten 

Das, H. S., Rahman, M. M., Li, S., & Tan, C. W. (2020). Electric vehicles standards, charging 
infrastructure, and impact on grid integration: A technological review. Renewable and 
Sustainable Energy Reviews, 120, 109618. 
doi:https://doi.org/10.1016/j.rser.2019.109618 

E.ON Energidistribution AB. (2020). Våra elnätsabonnemang för privatkunder - Prisområde 
Stockholm. Retrieved from https://www.eon.se/content/dam/eon-se/swe-
documents/swe-prislista-lag-sthlm-200101.pdf 

Ehnberg, J., Liu, Y., & Grahn, M. (2014). Systems Perspectives on Renewable Power. In B. 
Sandén (Ed.). Retrieved from http://www.chalmers.se/en/areas-of-
advance/energy/cei/Pages/Systems-Perspectives.aspx  

Ellevio AB. (2018). Elnätspriser för Stockholm från och med 1 oktober 2018. Retreived from 
https://www.ellevio.se/globalassets/uploads/dokument/prislistor-2020/priser-privat-
2020/sakr_sth_200201.pdf and 
https://www.ellevio.se/globalassets/uploads/dokument/prislistor-2020/priser-foretag-
2020/effekt_sth_200201.pdf  

European Environment Agency. (2017). Trends and projections in Europe: Tracking progress 
towards Europe's climate and energy targets. Luxembourg: Publications Office of the 
European Union. Retrieved from https://www.eea.europa.eu/themes/climate/trends-and-
projections-in-europe/trends-and-projections-in-europe-2017/index 

Fairley, P. (2010). Speed bumps ahead for electric-vehicle charging. IEEE Spectrum, 47(1), 13-
14. doi:10.1109/MSPEC.2010.5372476 

Fedkin, M. (2018a). DC/DC Conversion. John A. Dutton e-Education Institute, College of Earth 
and Mineral Sciences, Penn State University. Retrieved from https://www.e-
education.psu.edu/eme812/node/713 

Fedkin, M. (2018b). Efficiency of Inverters. John A. Dutton e-Education Institute, College of 
Earth and Mineral Sciences, Penn State University. Retrieved from https://www.e-
education.psu.edu/eme812/node/738 

Ferroamp Elektronik AB. (2015, November 25). Ferroamp AB lanserar en ny 
energieffektiviseringsplattform med solelproduktion och lagring, för alla fastighetsägare. 
Mynewsdesk. Retrieved from http://www.mynewsdesk.com/se/pressreleases/ferroamp-

https://doi.org/10.1016/j.epsr.2010.08.007
https://doi.org/10.1016/j.energy.2019.06.118
https://doi.org/10.1016/j.fuproc.2018.05.038
https://www.researchgate.net/publication/273335195_Framtida_krav_pa_elnaten
https://doi.org/10.1016/j.rser.2019.109618
https://www.eon.se/content/dam/eon-se/swe-documents/swe-prislista-lag-sthlm-200101.pdf
https://www.eon.se/content/dam/eon-se/swe-documents/swe-prislista-lag-sthlm-200101.pdf
https://www.ellevio.se/globalassets/uploads/dokument/prislistor-2020/priser-privat-2020/sakr_sth_200201.pdf
https://www.ellevio.se/globalassets/uploads/dokument/prislistor-2020/priser-privat-2020/sakr_sth_200201.pdf
https://www.eea.europa.eu/themes/climate/trends-and-projections-in-europe/trends-and-projections-in-europe-2017/index
https://www.eea.europa.eu/themes/climate/trends-and-projections-in-europe/trends-and-projections-in-europe-2017/index
https://www.e-education.psu.edu/eme812/node/713
https://www.e-education.psu.edu/eme812/node/713
https://www.e-education.psu.edu/eme812/node/738
https://www.e-education.psu.edu/eme812/node/738


87 
 

ab-lanserar-en-ny-energieffektiviseringsplattform-med-solelproduktion-och-lagring-foer-
alla-fastighetsaegare-1259908 

Ferroamp Elektronik AB. (2019a). EnergyHub wall Datasheet A03 [Pamphlet]. Retreived from 
https://ferroamp.com/wp-content/uploads/2019/05/EnergyHub-wall-Datasheet-A03.pdf  

Ferroamp Elektronik AB. (2019b). ESO datasheet P04 [Pamphlet]. Retreived from 
https://ferroamp.com/wp-content/uploads/2019/05/ESO-Datasheet-P04.pdf 

Foles, A., Fialho, L., & Collares-Pereira, M. (2020). Techno-economic evaluation of the 
Portuguese PV and energy storage residential applications. Sustainable Energy 
Technologies and Assessments, 39, 100686. 
doi:https://doi.org/10.1016/j.seta.2020.100686 

Galus, M. D., Zima, M., & Andersson, G. (2010). On integration of plug-in hybrid electric 
vehicles into existing power system structures. Energy Policy, 38(11), 6736-6745. 
doi:https://doi.org/10.1016/j.enpol.2010.06.043 

Geltner, D. M., Miller, N. G., Clayton, J., & Eichholtz, P. (2006). Commercial Real Estate 
Analysis and Investments (2nd edition ed.): South-Western Educational Pub. 

Geltner, D., Miller, N.G., Clayton, J., & Eichholtz, P. (2014). Commercial Real Estate: Analysis 
and Investments: OnCourse Learning. 

Goding, L., Elfwén, A., Wigenborg, G., Edsborg, S. , & Frisö, D. (2018). The Swedish Electricity 
and Natural Gas Market 2017. Retrieved from www.ei.se  

Gupta, A. & Shandilya, A. (2014). Challenges of Integration of Wind Power on Power System 
Grid: A Review. International Journal of Emerging Technology and Advanced 
Engineering, 4(4).  

Gupta, A., Shandilya, A., Swarnkar, A. , & Niazi, K. R. . (2011, 24-28 July 2011). A novel 
strategy for phase balancing in three-phase four-wire distribution systems. Paper 
presented at the 2011 IEEE Power and Energy Society General Meeting. 

Gupta, N., Swarnkar, A., & Niazi, K. R. (2014). A novel method for simultaneous phase 
balancing and mitigation of neutral current harmonics in secondary distribution systems. 
International Journal of Electrical Power & Energy Systems, 55, 645-656. 
doi:https://doi.org/10.1016/j.ijepes.2013.10.014 

Hasbum Casanova, M. (2018). Experimental investigation and analysis of a distributed MPPT 
system for a small-scale photovoltaic installation. (Master's Degree Master's Thesis), 
KTH Royal Institute of Technology, Stockholm.  

Hashemifarzad, A., Faulstich, M., Sangin, S., & Sheshdeh, M. (2018). Impact of Electromobility 
on the Future Standard Load Profile in Germany. 

Hillberg, E. (2018). Integration mellan Solceller och Vindkraftverk. (Bachelor's Degree), 
Halmstad University, Halmstad.  

Huang, P., Lovati, M., Zhang, X., Bales, C., Hallbeck, S., Becker, A., . . . Maturi, L. (2019). 
Transforming a residential building cluster into electricity prosumers in Sweden: Optimal 
design of a coupled PV-heat pump-thermal storage-electric vehicle system. Applied 
Energy, 255, 113864. doi:https://doi.org/10.1016/j.apenergy.2019.113864 

International Energy Agency. Data and statistics. Retrieved February 15, 2020, from 
https://www.iea.org/data-and-statistics 

https://doi.org/10.1016/j.seta.2020.100686
https://doi.org/10.1016/j.enpol.2010.06.043
https://d.docs.live.net/c041c210ec526c90/Plugg/KTH/Master%20Examen/Rapportversioner%20ME211X/www.ei.se
https://doi.org/10.1016/j.ijepes.2013.10.014
https://doi.org/10.1016/j.apenergy.2019.113864
https://www.iea.org/data-and-statistics


88 
 

International Energy Agency. (2016). World Energy Outlook 2016. 

International Energy Agency. (2018a). Global EV Outlook 2018, IEA, Paris. Retrieved from 
https://www.iea.org/reports/global-ev-outlook-2018 

International Energy Agency. (2018b). World Energy Outlook 2018, IEA, Paris. Retreived from 
https://www.iea.org/reports/world-energy-outlook-2018 

International Energy Agency. (2019a). Global EV Outlook 2019, IEA, Paris. Retrieved from 
https://www.iea.org/reports/global-ev-outlook-2019 

International Energy Agency. (2019b). Tracking Power. Retrieved February 17, 2020, from 
https://www.iea.org/reports/tracking-power-2019/renewable-power 

International Energy Agency. (2019c). Tracking Transport. Retrieved February 17, 2020, from 
https://www.iea.org/reports/tracking-transport-2019/transport-biofuels#abstract 

International Energy Agency. (2019d). World Energy Model. Retrieved February 19, 2020, from 
https://www.iea.org/reports/world-energy-model/sustainable-development-scenario 

International Energy Agency, & Nuclear Energy Agency. (2015). Projected Costs of Generating 
Electricity 2015, IEA, Paris. Retrieved from https://www.iea.org/reports/projected-costs-
of-generating-electricity-2015 

International Renewable Energy Agency. (2017). Electricity Storage and Renewables: Costs 
and Markets to 2030, IRENA, Abu Dhabi. Retrieved from 
https://www.irena.org/publications/2017/Oct/Electricity-storage-and-renewables-costs-
and-markets 

Iqbal, S., Xin, A., Jan, M. U., Rehman, H., Masood, A., Abbas Rizvi, S. A. , & Salman, S. (2018, 
4-6 Nov. 2018). Aggregated Electric Vehicle-to-Grid for Primary Frequency Control in a 
Microgrid- A Review. Paper presented at the 2018 IEEE 2nd International Electrical and 
Energy Conference (CIEEC). 

International Renewable Energy Agency & International Energy Agency Energy Technology 
Systems Analsysis Program. (2015, February). Hydropower Technology Brief. IRENA & 
IEA-ETSAP. Paper presented at the Technology Brief E06. 

Islam, H., Jollands, M., & Setunge, S. (2015). Life cycle assessment and life cycle cost 
implication of residential buildings—A review. Renewable and Sustainable Energy 
Reviews, 42, 129-140. doi:https://doi.org/10.1016/j.rser.2014.10.006 

Islam, M. R., Lu, H., Hossain, M. J., & Li, L. (2019). Mitigating unbalance using distributed 
network reconfiguration techniques in distributed power generation grids with services 
for electric vehicles: A review. Journal of Cleaner Production, 239, 117932. 
doi:https://doi.org/10.1016/j.jclepro.2019.117932 

Kapila, S., Oni, A. O., & Kumar, A. (2017). The development of techno-economic models for 
large-scale energy storage systems. Energy, 140, 656-672. 
doi:https://doi.org/10.1016/j.energy.2017.08.117 

Karimi, M., Mokhlis, H., Naidu, K., Uddin, S., & Bakar, A. H. A. (2016). Photovoltaic penetration 
issues and impacts in distribution network – A review. Renewable and Sustainable 
Energy Reviews, 53, 594-605. doi:https://doi.org/10.1016/j.rser.2015.08.042 

Kelly, L., Rowe, A., & Wild, P. (2009, 22-23 Oct. 2009). Analyzing the impacts of plug-in electric 
vehicles on distribution networks in British Columbia. Paper presented at the 2009 IEEE 
Electrical Power & Energy Conference (EPEC). 

https://www.iea.org/reports/global-ev-outlook-2018
https://www.iea.org/reports/global-ev-outlook-2019
https://www.iea.org/reports/tracking-power-2019/renewable-power
https://www.iea.org/reports/tracking-transport-2019/transport-biofuels#abstract
https://www.iea.org/reports/world-energy-model/sustainable-development-scenario
https://www.iea.org/reports/projected-costs-of-generating-electricity-2015
https://www.iea.org/reports/projected-costs-of-generating-electricity-2015
https://www.irena.org/publications/2017/Oct/Electricity-storage-and-renewables-costs-and-markets
https://www.irena.org/publications/2017/Oct/Electricity-storage-and-renewables-costs-and-markets
https://doi.org/10.1016/j.rser.2014.10.006
https://doi.org/10.1016/j.jclepro.2019.117932
https://doi.org/10.1016/j.energy.2017.08.117
https://doi.org/10.1016/j.rser.2015.08.042


89 
 

Kempton, W., Udo, V., Huber, K., Komara, K., Letendre, S., Baker, S., . . . Pearre, N. (2008). A 
Test of Vehicle-to-Grid (V2G) for Energy Storage and Frequency Regulation in the PJM 
System. Newark: DE. Retrieved from https://www.udel.edu/ 

Koohi-Fayegh, S., & Rosen, M. A. (2020). A review of energy storage types, applications and 
recent developments. Journal of Energy Storage, 27, 101047. 
doi:https://doi.org/10.1016/j.est.2019.101047 

Kumbaroğlu, G., & Madlener, R. (2012). Evaluation of economically optimal retrofit investment 
options for energy savings in buildings. Energy and Buildings, 49, 327-334. 
doi:https://doi.org/10.1016/j.enbuild.2012.02.022 

Leskinen, N., Vimpari, J., & Junnila, S. (2020). Using real estate market fundamentals to 
determine the correct discount rate for decentralised energy investments. Sustainable 
Cities and Society, 53, 101953. doi:https://doi.org/10.1016/j.scs.2019.101953 

Lin, C. H., Chen, C. S., Chuang, H. J., & Ho, C. Y. (2005). Heuristic rule-based phase balancing 
of distribution systems by considering customer load patterns. IEEE Transactions on 
Power Systems, 20(2), 709-716. doi:10.1109/TPWRS.2005.846077 

Liu, X., Zhang, P., Pimm, A., Feng, D., & Zheng, M. (2019). Optimal design and operation of 
PV-battery systems considering the interdependency of heat pumps. Journal of Energy 
Storage, 23, 526-536. doi:https://doi.org/10.1016/j.est.2019.04.026 

Lopes, J. A. P. , Soares, F. J. , & Almeida, P. M. R. (2011). Integration of Electric Vehicles in the 
Electric Power System. Proceedings of the IEEE, 99(1), 168-183.  

Loucks, P., Beek, E., Stedinger, J., Dijkman, J., & Villars, M. (2005). Water Resources Systems 
Planning and Management: An Introduction to Methods, Models And Applications. 

Lovati, M., Salvalai, G., Fratus, G., Maturi, L., Albatici, R., & Moser, D. (2019). New method for 
the early design of BIPV with electric storage: A case study in northern Italy. Sustainable 
Cities and Society, 48, 101400. doi:https://doi.org/10.1016/j.scs.2018.12.028 

Lundén, B. (2017). Redovisning i bostadsrättsföreningar (5 ed.). Vällingby, Sweden: Elanders. 

Luo, X., Wang, J., Dooner, M., & Clarke, J. (2015). Overview of current development in 
electrical energy storage technologies and the application potential in power system 
operation. Applied Energy, 137, 511-536. 
doi:https://doi.org/10.1016/j.apenergy.2014.09.081 

Malhotra, A., Battke, B., Beuse, M., Stephan, A., & Schmidt, T. (2016). Use cases for stationary 
battery technologies: A review of the literature and existing projects. Renewable and 
Sustainable Energy Reviews, 56, 705-721. doi:https://doi.org/10.1016/j.rser.2015.11.085 

Martins, R., Hesse, H., Jungbauer, J., Vorbuchner, T., & Musilek, P. (2018). Optimal 
Component Sizing for Peak Shaving in Battery Energy Storage System for Industrial 
Applications. Energies, 11, 2048. doi:10.3390/en11082048 

Masoum, M. A. S., Moses, P. S., & Hajforoosh, S. (2012, 16-20 Jan. 2012). Distribution 
transformer stress in smart grid with coordinated charging of Plug-In Electric Vehicles. 
Paper presented at the 2012 IEEE PES Innovative Smart Grid Technologies (ISGT). 

McKinsey & Company. (2016). Automotive revolution – perspective towards 2030: How the 
convergence of disruptive technology-driven trends could transform the auto industry. 
Retrieved from https://www.mckinsey.com/industries/automotive-and-assembly/our-
insights/disruptive-trends-that-will-transform-the-auto-industry/de-de 

https://www.udel.edu/
https://doi.org/10.1016/j.est.2019.101047
https://doi.org/10.1016/j.enbuild.2012.02.022
https://doi.org/10.1016/j.scs.2019.101953
https://doi.org/10.1016/j.est.2019.04.026
https://doi.org/10.1016/j.scs.2018.12.028
https://doi.org/10.1016/j.apenergy.2014.09.081
https://doi.org/10.1016/j.rser.2015.11.085
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/disruptive-trends-that-will-transform-the-auto-industry/de-de
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/disruptive-trends-that-will-transform-the-auto-industry/de-de


90 
 

Mendia, I., Gil-Lopez, S., Del Ser, J., Bordagaray, A., Prado, J., & Vélez, M. (2017). Optimal 
Phase Swapping in Low Voltage Distribution Networks Based on Smart Meter Data and 
Optimization Heuristics (Vol. 514). 

Moore, T., & Morrissey, J. (2014). Lifecycle costing sensitivities for zero energy housing in 
Melbourne, Australia. Energy and Buildings, 79, 1-11. 
doi:https://doi.org/10.1016/j.enbuild.2014.04.050 

Morris, C. (2018, February 5). High German power prices, low monthly bills? Retrieved from 
https://energytransition.org/2018/02/high-german-power-prices-low-monthly-
bills/#:~:text=In%20the%20chart%20below%2C%20we,annually%20%E2%80%93%20a
nd%2080.59%20euros%20monthly. 

Morrissey, J., Meyrick, B., Sivaraman, D., Horne, R. E., & Berry, M. (2013). Cost-benefit 
assessment of energy efficiency investments: Accounting for future resources, savings 
and risks in the Australian residential sector. Energy Policy, 54, 148-159. 
doi:https://doi.org/10.1016/j.enpol.2012.11.005 

Neill, S. P., & Hashemi, M. R. (2018). Chapter 1 - Introduction. In S. P. Neill & M. R. Hashemi 
(Eds.), Fundamentals of Ocean Renewable Energy (pp. 1-30): Academic Press. 

Niestadt, M., & Bjørnåvold, A. (2019). Electric road vehicles in the European Union, Trends, 
impacts and policies (PE 637.895). Retrieved from 
https://www.europarl.europa.eu/thinktank/en/document.html?reference=EPRS_BRI%28
2019%29637895 

Nilar AB. (2018). Overcapacity and Efficiency of the Ferroamp EC Cabinets/Rack [Pamphlet]. 
Retrieved from http://www.nilar.com/wp-content/uploads/ 

Nilar AB. (2019a). Nilar EC Sales Brochure 2019 (Vol. 1.0) [Brochure]. Retrieved from 
http://www.nilar.com/wp-content/uploads/ 

Nilar AB. (2019b). Nilar Energy Storage Technical Manual [Brochure]. Retrieved from 
http://www.nilar.com/wp-content/uploads/ 

Noothout, P., de Jager, D., Tesnière, L., van Rooijen, S., Karypidis, N., Brückmann, R., . . . 
Doukas, H. (2016). The impact of risks in renewable energy investments and the role of 
smart policies. Retrieved from http://publica.fraunhofer.de/dokumente/N-382909.html 

Nord Pool AS. (2018). Historical Market Data (Monthly Spot Prices for Electricity in Sweden, 
2018). Retrieved December 4, 2019, from https://www.nordpoolgroup.com/historical-
market-data/ 

O'Shaughnessy, E., Cutler, D., Ardani, K., & Margolis, R. (2018). Solar plus: Optimization of 
distributed solar PV through battery storage and dispatchable load in residential 
buildings. Applied Energy, 213, 11-21. 
doi:https://doi.org/10.1016/j.apenergy.2017.12.118 

Ondraczek, J., Komendantova, N., & Patt, A. (2015). WACC the dog: The effect of financing 
costs on the levelized cost of solar PV power. Renewable Energy, 75, 888-898. 
doi:https://doi.org/10.1016/j.renene.2014.10.053 

Persson, B. (2018). Design and Implementation of a Supervisory Controller for PV and Storage. 
(Master degree Master's thesis), Dalarna University,  

Rafi, F. H. M., Hossain, M. J., Rahman, M. S., & Taghizadeh, S. (2020). An overview of 
unbalance compensation techniques using power electronic converters for active 

https://doi.org/10.1016/j.enbuild.2014.04.050
https://energytransition.org/2018/02/high-german-power-prices-low-monthly-bills/#:~:text=In%20the%20chart%20below%2C%20we,annually%20%E2%80%93%20and%2080.59%20euros%20monthly
https://energytransition.org/2018/02/high-german-power-prices-low-monthly-bills/#:~:text=In%20the%20chart%20below%2C%20we,annually%20%E2%80%93%20and%2080.59%20euros%20monthly
https://energytransition.org/2018/02/high-german-power-prices-low-monthly-bills/#:~:text=In%20the%20chart%20below%2C%20we,annually%20%E2%80%93%20and%2080.59%20euros%20monthly
https://doi.org/10.1016/j.enpol.2012.11.005
https://www.europarl.europa.eu/thinktank/en/document.html?reference=EPRS_BRI%282019%29637895
https://www.europarl.europa.eu/thinktank/en/document.html?reference=EPRS_BRI%282019%29637895
http://www.nilar.com/wp-content/uploads/
http://www.nilar.com/wp-content/uploads/
http://www.nilar.com/wp-content/uploads/
http://publica.fraunhofer.de/dokumente/N-382909.html
https://www.nordpoolgroup.com/historical-market-data/
https://www.nordpoolgroup.com/historical-market-data/
https://doi.org/10.1016/j.apenergy.2017.12.118
https://doi.org/10.1016/j.renene.2014.10.053


91 
 

distribution systems with renewable generation. Renewable and Sustainable Energy 
Reviews, 125, 109812. doi:https://doi.org/10.1016/j.rser.2020.109812 

Rangaraju, S., De Vroey, L., Messagie, M., Mertens, J., & Van Mierlo, J. (2015). Impacts of 
electricity mix, charging profile, and driving behavior on the emissions performance of 
battery electric vehicles: A Belgian case study. Applied Energy, 148, 496-505. 
doi:https://doi.org/10.1016/j.apenergy.2015.01.121 

Remer, Donald S., & Nieto, Armando P. (1995a). A compendium and comparison of 25 project 
evaluation techniques. Part 1: Net present value and rate of return methods. 
International Journal of Production Economics, 42(1), 79.  

Remer, Donald S., & Nieto, Armando P. (1995b). A compendium and comparison of 25 project 
evaluation techniques. Part 2: Ratio, payback, and accounting methods. International 
Journal of Production Economics, 42(2), 101-129. doi:10.1016/0925-5273(95)00105-0 

REN21. (2019). Renewables 2019 Global Status Report, Paris: REN21 Secretariat. 

Roberts, M. B., Bruce, A., & Macgill, I. (2019). A comparison of arrangements for increasing 
self-consumption and maximising the value of distributed photovoltaics on apartment 
buildings. Solar Energy, 193, 372-386. doi:10.1016/j.solener.2019.09.067 

Soltani, S. H., Rashidinejad, M., & Abdollahi, A. (2017). Dynamic phase balancing in the smart 
distribution networks. International Journal of Electrical Power & Energy Systems, 93, 
374-383. doi:https://doi.org/10.1016/j.ijepes.2017.06.016 

Spöttle, M., Jörling, K., Schimmel, M., Staats, M., L., Grizzel, Jerram, L., . . . Gartner, J. (2018). 
Research for TRAN Committee – Charging infrastructure for electric road vehicles. 
Retrieved from https://www.europarl.europa.eu/thinktank/en/document.html?reference= 
IPOL_STU(2018)617470  

Sreenivasarao, D., Agarwal, P., & Das, B. (2012). Neutral current compensation in three-phase, 
four-wire systems: A review. Electric Power Systems Research, 86, 170-180. 
doi:https://doi.org/10.1016/j.epsr.2011.12.014 

Statharas, S., Moysoglou, Y., Siskos, P., Zazias, G., & Capros, P. (2019). Factors Influencing 
Electric Vehicle Penetration in the EU by 2030: A Model-Based Policy Assessment. 
Energies, 12(14), 2739. doi:10.3390/en12142739 

Svensk Kraftmäkling. (2019). SKM Elcertificate price history. SKM. Retrieved September 6, 
2019, from http://www.skm.se/priceinfo/history/ 

Söder, L., Larsson, S., Dahlbäck, N., & Linnarsson, J. (2014). Reglering av ett framtida svenskt 
kraftsystem. Retrieved from http://www.nepp.se/etapp1/ 

The Boston Consulting Group, & Skellefteå Kraft. (2017). Värden av ett förnybart energisystem i 
Sverige. Retrieved from https://www.skekraft.se/wp-content/uploads/2018/01/BCG_Vard 
en_av_ett_fornybart_energisystem_i_Sverige.pdf 

The Swedish Consumer Energy Markets Bureau. (2019). Energiskatt - skattesatser och 
kostnader. Retrieved from https://www.energimarknadsbyran.se/el/dina-avtal-och-kostna 
der/elrakningen/energiskatt-skattesatser-och-kostnader/ 

The Swedish Energy Agency. (2019a). En svensk-norsk elcertifkatsmarknad: årsrapport för 
2018. Retrieved from https://www.energimyndigheten.se/statistik/ 

https://doi.org/10.1016/j.rser.2020.109812
https://doi.org/10.1016/j.apenergy.2015.01.121
https://doi.org/10.1016/j.ijepes.2017.06.016
https://doi.org/10.1016/j.epsr.2011.12.014
http://www.skm.se/priceinfo/history/
http://www.nepp.se/etapp1/
https://www.energimyndigheten.se/statistik/


92 
 

The Swedish Energy Agency. (June 27, 2019b). Kvotnivåer. Retrieved from 
http://www.energimyndigheten.se/fornybart/elcertifikatsystemet/om-elcertifikatsystemet/k
votnivaer/ 

Tielens, P., Henneaux, P. & Cole, S. (2018). Penetration of renewables and reduction of 
synchronous inertia in the European power system – Analysis and solutions. Retrieved 
from https://asset-ec.eu/wp-content/uploads/2018/12/EC_EUES_4NT_0631748_000_0 
1_NTE.pdf 

United Nations. (2019). About the Sustainable Development Goals. Retrieved February 12, 
2019, from https://www.un.org/sustainabledevelopment/sustainable-development-goals/ 

Wallbox Chargers, S.L. (2020). Wallbox Introduces Quasar, First Bidirectional Home Charger at 
CES 2020 [Press release]. Retrieved from 
https://www.prnewswire.com/news-releases/wallbox-introduces-quasar-first-bidirectional 
-home-charger-at-ces-2020-300981187.html 

Van Den Bergh, Kenneth, & Delarue, Erik. (2015). Cycling of conventional power plants: 
Technical limits and actual costs. Energy Conversion and Management, 97(C), 70-77. 
doi:10.1016/j.enconman.2015.03.026 

van Vliet, O., Brouwer, A. S., Kuramochi, T., van den Broek, M., & Faaij, A. (2011). Energy use, 
cost and CO2 emissions of electric cars. Journal of Power Sources, 196(4), 2298-2310. 
doi:https://doi.org/10.1016/j.jpowsour.2010.09.119 

Vattenfall Eldistribution AB. (2020). Våra priser. Retrieved March 2, 2020, from 
https://www.vattenfalleldistribution.se/el-hem-till-dig/elnatspriser/ 

WindEurope. (2018). Renewable system integration - a system wide approach to cost and 
value. Retrieved from https://windeurope.org: https://windeurope.org/wp-
content/uploads/files/policy/position-papers/20181206-Renewables-system-integration-
position-paper.pdf 

Von Appen, J. (2018). Sizing and operation of residential photovoltaic systems in combination 
with battery storage systems and heat pumps - Multi-actor optimization models and case 
studies.  

Yong, J. Y., Ramachandaramurthy, V. K., Tan, K. M., & Mithulananthan, N. (2015). A review on 
the state-of-the-art technologies of electric vehicle, its impacts and prospects. 
Renewable and Sustainable Energy Reviews, 49, 365-385. 
doi:https://doi.org/10.1016/j.rser.2015.04.130 

Yunusov, T., Frame, D., Holderbaum, W., & Potter, B. (2016). The impact of location and type 
on the performance of low-voltage network connected battery energy storage systems. 
Applied Energy, 165, 202-213. doi:https://doi.org/10.1016/j.apenergy.2015.12.045 

Zeng, X. J., Zhai, H. F., Wang, M. X., Yang, M., & Wang, M. Q. (2019). A system optimization 
method for mitigating three-phase imbalance in distribution network. International 
Journal of Electrical Power & Energy Systems, 113, 618-633. 
doi:https://doi.org/10.1016/j.ijepes.2019.05.038 

Zhang, Z. L., Zhao, H., Xin, Q., Ye, J., Xiao, D. P., & He, W. (2013). A Novel Neutral Current 
Control Scheme for Three-Phase Four-Wire Distribution Transformers. Australian 
Journal of Electrical and Electronics Engineering, 10(2), 191-197. 
doi:10.7158/1448837X.2013.11464369 

Zhou, E., Cole, W., & Frew, B. (2018). Valuing variable renewable energy for peak demand 
requirements. Energy, 165, 499-511. doi:https://doi.org/10.1016/j.energy.2018.09.009 

https://www.un.org/sustainabledevelopment/sustainable-development-goals/
https://doi.org/10.1016/j.jpowsour.2010.09.119
https://www.vattenfalleldistribution.se/el-hem-till-dig/elnatspriser/
https://windeurope.org/
https://windeurope.org/wp-content/uploads/files/policy/position-papers/20181206-Renewables-system-integration-position-paper.pdf
https://windeurope.org/wp-content/uploads/files/policy/position-papers/20181206-Renewables-system-integration-position-paper.pdf
https://windeurope.org/wp-content/uploads/files/policy/position-papers/20181206-Renewables-system-integration-position-paper.pdf
https://doi.org/10.1016/j.rser.2015.04.130
https://doi.org/10.1016/j.apenergy.2015.12.045
https://doi.org/10.1016/j.ijepes.2019.05.038
https://doi.org/10.1016/j.energy.2018.09.009


93 
 

Appendix A: < Full-sized ACE Case Sensitivity Analysis Chart for Melonen > 
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Appendix B: < Full-sized BAT Case Sensitivity Analysis Chart for Melonen > 
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Appendix C: < Full-sized ACE Case Sensitivity Analysis Chart for Linjen > 
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Appendix D: < Full-sized BAT Case Sensitivity Analysis Chart for Linjen > 
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Appendix E: < Full-sized ACE Case Sensitivity Analysis Chart for Filaren > 
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Appendix F: < Full-sized BAT Case Sensitivity Analysis Chart for Filaren > 
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