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Executive summary

Prosumers are people who consume some of the goods and services that they themselves produce.
The supply of electric energy and flexibility services are two distinct services needed in all power
systems. The prosumers considered in this document generate at least one of type of power supply,
for example through solar panels installed on the roof of their house or by a battery in their basement.

At the start of 2018 there were more than c.1000 customers supplying surplus electricity to the
national grid in Norway, and the growth rate is still high. It is difficult to forecast how many prosumers
there will be in the future, and at least three factors will be important for the future development:

e Grass-roots movements may lead to a considerable increase in the number of prosumers

e Continued cost reductions for solar panels and batteries

o The EU goal to achieve nearly zero-energy buildings (NZEBs), especially if it were prioritized
over cost-efficiency in Norwegian implementations.

This position paper presents research from a range of disciplines that mirrors the research carried out
in the FME! CenSES. The content of the position paper is represented in the following illustration:

Technical
considerations

Impacts
h

This document gives a historical and qualitative overview of prosumers, insights into optimization of
prosumers’ local energy systems, analysis of relevant regulation and incentives and tariffs, an overview
of technical considerations for grid connection for own production, and quantitative simulations of
energy system impacts. By contrast, the impacts of prosumers on distribution grid operations and
enhancements are not the main focus of this position paper.

The main findings can be summarized as follows:

1. Existing prosumers in Norway have been motivated more by environmental concerns,
technological interests, and self-consumption than by economic incentives.

1 FME - Forskningssenter for miljgvennlig energi (research centre for environmentally friendly energy)
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Smart meters have lowered the threshold for becoming a prosumer.

Return on investments has been low for prosumers.

Currently, batteries are not a cost-effective technology to lower peak electricity demand. It is
less expensive to utilize flexibility in ventilation, electric boilers and heating. PV production
(i.e. solar panels) within Oslo will reduce the need for transmission grid expansion to the city
to a very little extent.

A capacity-based grid tariff, which has been suggested by the Norwegian Water Resources
and Energy Directorate (NVE), will make it less profitable to invest in solar panels, and will
give stronger incentive for flexibility. Wind power and PV as types of varying renewable
generation are complementary technologies for demand response. Additional amounts of
one of them will increase the value of the other. Additionally, demand response will lower
the need for backup electricity generation capacity. Different types of varying renewable
generation are substitutes.

In the EU and the EEA, national regulations for energy solutions in buildings should promote
cost-efficiency. NZEBs are promoted, but it is not clear how they should be defined or how
they should be handled if they do not become cost-effective should be handled.

The local distribution system operator (DSO) should be involved in the process when a
customer wants to invest in a PV panel, to avoid instabilities in the electricity supply for the
surrounding area.

One of the main barriers for new prosumer business models is the lack of or immature
regulatory frameworks, which might be a consequence of the lack of experience of large-
scale market integration of prosumers.



1 Introduction

1.1 About this document

The term prosumer was first introduced by futurist Alvin Toffler in 1981 [2]. He defined prosumers as
people who produce some of the goods and services that they consume.

In this position paper, we focus on prosumers within the power sector. When people consume
electricity and other types of power, they normally benefit from a reliable supply — a stable power
system. As there must be an instantaneous balance between demand and supply of electricity at all
times, stability can be ensured only by utilizing various types of flexibility services that exist within the
power system. We therefore consider electrical energy and flexibility services as two distinct
commodities, and an electrical prosumer will supply at least one of them. Furthermore, we discuss
flexibility not only with respect to the very short term (e.g. arrangements for the disconnection of
consumption when needed or the utilization of batteries) but also with respect to long-term
considerations such as demand response in general or shifting demand to off-peak hours. With this
relatively broad focus, we include relevant research from different research areas of FME CenSES.

This position paper summarizes findings in the case study of ‘prosumers’ role in the future energy
system’, mainly in non-technical language. The topic was selected together with the user partners? in
FME CenSES. The content and conclusions in this paper are based on research conducted by the
research partners in CenSES, and by the user partner Statnett. Furthermore, it has been developed in
close collaboration with researchers in FME ZEN and FME CINELDI.

1.2  European policy and the growth of prosumers

The growth of prosumers should be understood in the context of the desire to avoid global warming.
The Kyoto Protocol and its successor, the Paris Agreement [3], which entered into force in 2005 and
2016 respectively, are landmarks in global cooperation to combat greenhouse gas (GHG) emissions on
a global scale. The goal is to limit global warming to well below 2 degrees Celsius from the 1990 level.

In the EU, a number of directives targeting the energy sector have been implemented in recent
decades. The most recent directive is included in the EU’s 2016 package ‘Clean energy for all
Europeans’, also called the winter package [4]. As part of this package, the EU has committed to a
decrease in CO; emissions by 40% by 2030, and to increase the share of renewable energy to 32% in
the final energy consumption (Figure 1.1). The winter package marks the first time a strong focus has
been put on the consumer side, in an effort to foster consumers’ active participation in the energy
sector, such that they become central players:

consumers or communities of consumers will be entitled to produce, store or sell their electricity,
allowing them to take advantage of the falling costs of rooftop solar panels and other small-scale
generation units to help reduce energy bills. [5]

High feed-in tariffs for the power generation of energy from renewable sources have already fostered
high increases in their share of the total generation, notably in Germany’s Energiewende (Energy
transition). From the start, the dominating technology was onshore wind power. However, As a
consequence of the remarkable 80% drop in the costs of solar panels from 2008 until 2015 (Figure 1.2),
there has been a take-off in distributed PV production (e.g. on the roofs of buildings). By installing PV,
and sometimes batteries too, consumers become prosumers. In 2014, the share of solar power in
power generation was 2—3% at the EU level. The European Commission expects that the growth of
solar power will continue to increase: in its Energy Roadmap 2050, it foresees that the share of

2 We call the stakeholders of the research centre, apart from the research partners, as user partners.
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decentralized small-scale power generation will reach 6.5% in 2020, 10% in 2030, and 13.9% in 2050
under the current policy initiatives of 2010 [6].

Thus, we conclude that due to cost reductions for PVs and batteries, combined with political goals and
corresponding incentives for environmentally friendly technologies, the share of share of electricity
produced by prosumers in the future energy system will probably be higher than today.
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Figure 1.1: Renewable energy sources’ (RES) share in total energy consumption in the EU: statistics
and targets
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Figure 1.2: Cost reductions for green technologies

1.3 Prosumers in Norway

The circumstances of local power generation from PV and flexibility provision from prosumers in
Norway are somewhat different than in other European countries. On the one side, the PV power
generation profile does not match the annual demand profile. When demand is highest (in the winter),
PV generation is lowest and vice versa. On the other side, there already are significant flexibility
resources available in the Norwegian power system, due to the high share of reservoir-based
hydropower. However, it is commonly expected that prosumers will emerge in the power sector in
Norway. In 2016, the share of solar power in installed power generation capacity in Norway was below



0.1% [7]. In the same year there was a remarkable increase in the grid-connected solar power capacity
compared with previously. According to the Norwegian Solar Energy Society’s estimates, that growth
continued in 2017 [8]. At the start of 2018, ¢.1000 customers were contributing surplus electricity to
the national grid.

Even with the higher growth in solar-based power generation in recent years, prosumption is still a
relatively marginal phenomenon in the Norwegian context. Intuitively, one might think it will remain
that way, with moderate power prices, moderate support for renewables, and most electricity supplied
by highly flexible reservoir hydropower. However, several Norwegian cities (e.g. Oslo) are experiencing
higher growth rates in maximum electricity demand (i.e. peak load) than in annual consumption. There
are several reasons for this, including an increase in the use of various electrical appliances and electric
vehicle (EV) charging. Since grid companies ensure that there is always sufficient capacity in the grid,
increasing peak loads will necessarily lead to grid enhancements, with corresponding costs and higher
grid tariffs. Some of these costs may be avoided if local generation, batteries, or other resources for
demand flexibility reduce the required capacity during the peak load times. Hence, demand flexibility
such as short-term response to a price signal or a systematic shift in consumption from typical high-
load hours to low-load hours can be of value to the system. The structure of tariffs charged for the
distribution grid will affect the profitability of demand flexibility. In 2018, NVE suggested a mandatory
structure for the grid tariff to incentivize lower peak loads [9].

1.4 Prosumers and societal transformation

While the EU and other key actors have strongly pushed the idea that consumers in the future will be
‘the active hearts’ of the energy system, enabling a low carbon transition through prosumption and
flexible consumption, it should be highlighted that practical results have been sobering to date. While
the sales of solar panels have continued to rise, flexible consumption has been difficult to realize. This
suggests that while large resources have been spent on technology and market development, too little
has been done to understand the social, cultural and practical elements in the choices of ordinary
consumers in this context. As recently highlighted in a research paper published in Science, low carbon
energy transitions involve technologies and economic considerations, but just as importantly, we need
to understand the ‘millions of citizens who need to modify their purchase decisions, user practices,
beliefs, cultural conventions, and skills’ [10]. To this end, an active eye should be kept on potential
unintended social consequences of technological and economic developments and it should be borne
in mind that transforming key societal infrastructure involves transforming society. Therefore, as
Norway continues to push forward with new power tariffs, we should not only ask how the tariffs affect
the power grid, but also what are their broader social and practical consequences? Who wins and who
loses through the development?

1.5 Main research questions and methods

In Sections 2—6 we look at prosumers from different angles. An abstract is provided at the start of each
section. In Section 2 we focus on understanding prosumers and their motivation through a sociological
perspective. We also briefly present the history of prosumers, and we summarize CenSES studies based
on interviews regarding the use of prosumer technologies. Thereafter, in Section 3, we consider
practical and technical aspects such as the process and requirements for connecting prosumers to the
distribution grid, and the role of advanced metering system (AMS) equipment. In Section 4 we discuss
markets, incentives and regulation, and cover the important topics of support mechanisms for
prosumers, the impacts of capacity-based tariffs, the impacts of EU regulations on the energy
performance of buildings, and business models for prosumers. The design of prosumers’ own local
energy systems is discussed in Section 5. We report results from model simulation and optimization of
local energy systems with different set-ups, which provides insights into the economic feasibility and
physical suitability of distributed generation options such as PV, and flexibility such as battery storage
optimization. In Section 6 we discuss the impact of prosumers on the energy system, both on a regional



level, such as transmission to Norwegian cities, and on the overall energy system in Norway,
Scandinavia, and Europe. We utilize findings from a study by the country’s transmission system
operator (TSO), and we report results from several quantitative simulation models on the impacts of
prosumers with building-integrated PV production and prosumers with demand response (DR). Finally,
we present our conclusions in Section 7.

2 Understanding prosumers

Abstract: This section introduces the history of prosumers and outlines some relevant questions about
the role of prosumers and power producing buildings in society, before briefly summarising some
findings from studies of end users with prosumer technology conducted within CenSES. The role of the
electricity prosumer within the framework of the energy system is new, and it may change the
relationship between end users of electricity on the one hand and electricity and grid providers on the
other. In general, the shift from consumer to prosumer heralds more symmetry in the traditional top-
down relationship of company and customer and creates possibilities for co-production between them
on services and value. Findings from interviews with end users of prosumer technology such as solar
photovoltaics (PV) show that while economic incentives are currently meagre, climate concern,
technological interest, and self-consumption are issues that still motivate people to become prosumers
today.

2.1 The role of the prosumer

Who are the users of prosumer technology and how can this central group of actors be understood?
From a technical grid perspective, households are often simply referred to as ‘loads’ or in economic
terms as customers. However, with the rising prominence of the smart grid, the increased importance
of flexibility, and the prospects of wide diffusion of prosumer technology, efforts to understand the
role of active, rather than passive, end users have gained new prominence.

Conceptually, the idea of the prosumer has existed for decades, but novel developments within the
energy system have led to a revival in its relevance. As pointed out by scholars who have reviewed the
field [13], the term ‘prosumer’ has ties to the traditional field of microgeneration, which has long been
an important addition to the energy portfolios of many energy systems. The term was first coined by
Alvin Toffler [2], to cover instances when people produced their own goods (not necessarily limited to
energy instead of purchasing them from someone else. The classic example was the traditional
housewife, whose home-based production of a range of goods (e.g. cleaning, child care) was
completely without monetary value. In that sense, prosumers could be found ‘making their own
clothes, cooking their own food, repairing their own cars, and hanging their own wallpaper’ [14, p. 519)
as opposed to acquiring such goods and services in the marketplace. In the digital era, the term
prosumer has been employed in fields other than the energy sector, for instance to address the
consumption and production of digital content on the Internet [15].

Energy users become prosumers when they use local production capacity such as solar panels or wind
turbines, individually or collectively, to produce energy for their own use or for sale in the energy
market through the local grid. Some benefits are due to prosumers who either by automated means
or manually offer up reduced or shifted consumption as a flexibility service to the grid. A potentially
new era of prosumption is dawning, due to processes of digitalization, the introduction of the Internet
of Things, and big data analytics, combined with globally falling prices of microgeneration technologies
such as solar PV and batteries. Equipped with their own means to produce energy, households could
radically transform social, technical, and economic conditions and relations in the energy system (e.g.
[16]).



However, there are proponents and opponents of the role of power-producing buildings in society,
and they have been observed employing various narratives of the disadvantages of power-producing
buildings to influence policymakers and public opinion [34]. There is distrust among central actors in
the industry, many of whom are generally suspicious that the actions of those who hold opposing views
are simply motivated by local business interests without regard for the larger system. Kvellheim
concludes that power-producing buildings need to be perceived by opponents as solving a significant
problem if the concept is to become mainstream [33]. One such problem could be the challenge of
peak load.

The return of the relevance of the prosumer should be considered with reference to the steady roll-
out of smart meters and general smart grid development in energy systems around the world. Projects
that are developing, implementing, and demonstrating the use of smart metering infrastructure are
currently flourishing, with different implications for different actors (e.g. [17]-[19]). A key aspect of
such trials includes efforts to make energy users engage more actively with the system through
monitoring their own consumption with feedback technologies (e.g. [20]), new price tariffs [21], and
automated systems [22], all of which are often aimed at reducing or shifting the timing of consumption
to help balance strained grids [21]. The element of electricity production at the household level adds
another layer to the modern ideal of the end users as engaged energy market participants.

According to Olkkonen et al. [23], prosumers are considered to differ from ordinary consumers in the
sense that they are ‘individuals-as-stakeholders’ who engage in micro-production of energy by way of
owning or managing some kind of local production capacity. When investigating the prosumer, the
importance of looking at the changing relationships between users and energy companies is stressed,
as prosumers may have radically different relationships with energy companies. Accordingly, Olkkonen
et al. [23] argue that a reasonable way to analyse prosumers is by looking at how the stakeholder
relationship of the user and energy system is changing. In theory, prosumers may no longer primarily
see their role in relation to their energy company as important and, but cutting out the middle man,
they could focus instead on negotiating a space in which to act in relation to concerns related to climate
issues, for example. In other words, one way to see the changing of roles from consumer to prosumer
is to see them as a process of enabling users to take on different kinds of responsibilities for their
energy use. Although this way of ascribing of responsibility has been susceptible to critique [24], it has
also shown to appeal to some users, as it constitutes a practical way to engender societal responsibility
in the face of otherwise insurmountable challenges, such as climate change [25], [18).

By extension, it is possible to study more generally the relationships between prosumers and broader
institutional and societal structures. For example, it may be of interest to probe how prosumption
creates new power relations or strengthens existing ones [26] [27], or whether it might lead to new
kinds of inequalities or enable exploitative relations [28] [29]. In the light of such potential challenges,
it could be of concern to researchers and developers to gauge whether users are getting a better deal
from becoming prosumers, and that they are not simply assigned more work and responsibility that
might be better handled by institutional actors.

However, it does not necessarily follow that prosumption should lead to repressive relations. On the
contrary, according to Olkkonen et al. [23], historically the concept of prosumption has been
connected to ideas of grass-roots community energy projects that focus on group action [30] or energy
citizenship, and that stress energy awareness and green behaviour [31]. Conversely, Wolsink [32] and
Goulden et al. [33] have argued that since prosumers are energy producers who are responsible for
their production capacity, the fact of personal ownership engages them as prosumers. It is mainly in
this way that prosumers constitute an entirely new group of stakeholders in the energy market, since
they are expected to behave differently than consumers. Even so, as Olkkonen et al. [23] argue, for
much of the time, prosumers will depend on the grid administered by a grid company. While the
situation might change in time (or some hypothetical models see [16]), at present most prosumers
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cannot rely entirely on their own production. For instance, a solar PV panel set-up without any kind of
storage will provide complete coverage of electricity only intermittently, thus creating a need for some
other source, such as the conventional grid, in other periods. Prosumers may also need an
infrastructure to sell excess energy. Thus, another way of considering the relationship between the
energy company and prosumer is as a symbiotic relationship, which Bremdal [36] has argued is an apt
characterization when both parties are engaged in co-production and value creation.

2.2  Who are the Norwegian prosumers?

Research on household prosumers within CenSES has focused on interviews with demo project
participants in the county of Trgndelag (TrenderEnergi, Nord-Trgndelag Elektrisitetsverk) and Hvaler
Municipality in the county of @stfold (Fredrikstad Energi). Findings from research on household
prosumers within CenSES have shown that often the most interested customers are in the older
segment of the population. For instance, Hvaler had the largest buyer group of solar panels in the
country in 2015, the year when the solar roll-out started, and the average age of the buyers was 60
years. This could have been related to cost: the cheapest PV installation in Hvaler costs around EUR
2000 (average EUR 5000, most expensive EUR 12,500). PVs appeal to the older adult buyer segment
with a stable economic situation, characterized by having a decent amount of disposable income.
Additionally, many people of that generation still remember the ‘overconsumption meter’ from the
1960s, which was a gauge usually placed in the kitchen and that would assert a maximum limit on load
demand in the household. It lost its relevance after power tariffs were abandoned. However, since the
regulator NVE has decided that power tariffs will be reintroduced (proposed start in 2021), the
possibility of using local production to offset some of the peak demand of a household or
neighbourhood may become more feasible. Additionally, some novel business models for residential
solar PV are beginning to mature (discussed further in Section 4.3).

Currently, residential PV systems are still an expensive way to optimize local production and demand.
Without generous subsidies, the economic motivation is not strong for most potential prosumers
today. However, other motivations have been found to matter. In general, most of the people studied
within CenSES and in other studies have reported that the environment is an important factor.
Furthermore, there was an interest among some in owning and learning about new technology, and
self-identifying as technology front-runners. The latter, combined with a concern for climate issues,
was the most important motivation for most of the study participants. Among the participants in demo
projects featuring prosumers, studies conducted within CenSES have identified users as commonly
envisioning a future in which solar power would become increasingly important and when energy
prices would rise and become more volatile. Some participants expressed that they would like to be
more self-reliant and consume more of their ‘own’ electricity, but most of them considered it would
be impossible without batteries or automation.

It is difficult for independent users to acquire a turnkey PV installation in the current market for PV.
Thus, some study participants reported being engaged in PV demonstration projects simply because it
there was a good purchase deal on solar panels — a technology that some had already read about quite
extensively. In the case of those who had not yet invested in solar panels, some reported that they
were awaiting further cost reductions, and one reported that the technology was not yet good enough
(they were waiting for solar roof tiles). A few users reported participation in smart grid demonstration
projects in order to learn more about smart energy monitoring because it was relevant to their
professional life. Additionally, there were desires to become more self-sufficient, to be able to visualize
energy (both production and consumption), to gain tools in order to pass on better attitudes to the
younger generations (specifically, their own children), and a feeling of being part of something bigger.
In many cases, the participants’ concerns seemed to constitute a prosumer persona.
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Some of the prosumers interviewed in CenSES projects provided narratives that highlighted the
importance of the recruitment process for prosumers. As an example, several interviewees in
demonstration project in Trgndelag highlighted that they would not have become prosumers if it had
not been for the fact that they had been approached by their local electricity provider with an offer. In
such instances, trusting relationships between providers and customers were highlighted as essential.

Incentivizing people to buy and install local means of power production and having them actively shift
or shave their loads can make sense from a system perspective, as a way to reduce the strain on the
local grid. Studies have revealed burgeoning developments within energy business models, in which
the trading surplus energy at discounted prices among neighbours with some production capacity
among themselves demonstrated the possibility of allocating benefits to single households. We have
also seen system and user interests aligned when with regard to security of supply for the community
as a whole. For instance, in the Smart Energy Hvaler project?, study participants had a strong feeling of
living with a strained and weak power supply, which became part of a greater collective consciousness
of the people in the community. The feeling was evident in general scepticism towards the roll-out of
EV charging infrastructure during a town meeting and subtle resentment of visitors from the mainland
with carefree energy attitudes. The main success of recruitment of prosumers in Hvaler relates to their
shared experience of the acuteness of energy shortage, and a common interest in increasing the
robustness of their grid. This ties in with the reported motivation of many of the study participants
who wanted to take part in and contribute in economic terms to a research and development project
and with a local flavour rather than for the sake of personal economic gain. In this regard, the social
value of placing a solar PV rig on the roof of a private house or garage in a place such as Hvaler should
not be underestimated.

In conclusion, the environmental concerns that were found important for end users of solar PV are in
one sense rather paradoxical, as Norway has abundant hydropower. Nevertheless, our studies
revealed that participants located themselves in a larger national, international, and global context.
They hoped or claimed to be early adopters and frontrunners of what they thought would be the future
norm. Many considered their participation in demonstration projects as helping local companies to
develop services and technologies that would positively influence the Norwegian energy situation (e.g.
in new technological invention, innovative solutions). Some perceived themselves as participating
directly in research and innovation projects, and that their investment would be directed toward them
as much as towards their own production capacity. An overview of key drivers and barriers of
Norwegian prosumers is presented in Table 2.1: .

Regarding further research, there is still a need to gain a better understanding of what might motivate
customers to become prosumers, and how to determine and assign value to customer flexibility

Table 2.1: Overview of key drivers of and barriers to Norwegian prosumers

Drivers Barriers
e Environmental concern e Lack of sufficient economic incentives
e Interest in new technology e  Expensive investments
e Energyindependence e Lack of feasibility to change consumption
e Interest in smart technology patterns
o Inspire other people e Immature technology and business models
e  Community contribution e lack of offers from suppliers

e  Security of energy supply

3 Hvaler is a peninsula in the Oslofjord with a rather weak connection to the main grid. This requires either a
expansion of the connection capacity or other smart measures to ensure security-of-supply.
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3 Technical considerations related to grid-connected prosumers

Abstract: This section discusses technical aspects relevant for grid-connected prosumers and the
distribution system operators (DSOs). We discuss the possibility for becoming a prosumer based on the
new smart meters planned for installation for all customers in Norway by 1 January 2019, the process
for a household becoming a prosumer (i.e. an involved stakeholder), and relevant requirements for
connecting a PV panel to the distribution grid.

3.1 Introduction

The ongoing digitalization in Norway is reflected in the distribution grid, with the planned installation
of smart meters for all customers. In addition, a number of DSOs install remote terminal units (RTUs)
in MV/LV substations for further registration of data. The new metering technologies give the DSOs
new and updated information about the status and power flow in the distribution grid.

3.2 Smart meters (AMS)

In 2011, the government determined that smart meters should be installed for all customers in Norway
by 1 January 2019. Before this requirement, the regulations required that meters for hourly metering
of consumption should be installed for all customers with a yearly consumption higher than 100,000
kWh. Introducing new technology in the distribution grid has been a part of the digitalization process
in Norway [50].

With the new smart meters, all customers have, at minimum, hourly metering of their electricity
consumption. This involves the installation of c.2.9 million new meters, of which households and cabins
account for ¢.2.5 million meters.

The regulations relating to the smart meters require that the meters should be able to [51]:

e Store the meter data with a registration frequency of a maximum of 60 minutes. It should be
possible to change the registration frequency to a minimum of 15 minutes.

e Have standardized interfaces that allow for communication with external equipment, based
on open standards

e Be able to connect different types of meters (e.g. gas, heat, water)

e Secure data storage in cases of voltage outage

e Disconnect or reduce (by ‘electrical fuse’) the total load at the customer end, except for
customers who are metered with a transformer (large customers)

e Send and receive price information (from energy contracts and network tariffs) and signals
for load control and earth fault detection

e Provide security against misuse of data and unwanted access to load control functionalities

* Meter both active and reactive power in both directions (in/out).

The smart meters will be an enabling technology for new grid tariffs for customers in the distribution
grid. With hourly metering of the consumption, there may be a possibility for a customer to have hourly
prices for the electricity (e.g. an energy contract reflecting the market prices). Energy contracts and
grid tariffs on an hourly basis will incentivize customers to secure a more flexible demand. An example
of flexible demand for a household is load shifting for the water heater. The peak load of a water heater
is between 08:00 and 09:00, which is also the peak hour for the Nordic power system. If 50% of 2
million Norwegian households shift their water heater load away from this peak hour, the peak load
could be reduced by 600 MW [38].
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Since all new meters should be able to meter both active and reactive power, to and from the
customer, they have been designed for customers wanting to invest in a PV panel and become a
prosumer.

3.3 Practical considerations for a household becoming a prosumer

The PV market in Norway is not very developed, and is both demanding and knowledge-intensive if an
end user wants to become a prosumer by installing a PV system. The local DSO is also included in the
process, because the DSO needs information about the electricity fed into the grid (e.g. in order to
maintain sufficient voltage quality in its grid). Most of the largest DSOs have good information on their
web pages relating to how a customer can become a prosumer [35].

There can be different processes for recruiting customers to become prosumers. In Norway, several
marketing campaigns by energy utilities have been directed towards helping households to become
prosumers more generally, but some households have become individual prosumers.

The process for connecting prosumers to the distribution grid is much the same for all DSOs. For a
customer wants to invest in a PV panel on individual basis, the process can be summarized as follows:

e The customer contacts an authorized electrician to agree about technical and economic
relations for the installation of the PV panel

e The electrician sends prior notification to the DSO, with information about the installation,
via the DSO’s message system (e.g. Elsmart, which is used by a number of DSOs)

e The DSO considers and approves the prior notice and sends an agreement for connection to
the customer. The details of the agreement, including technical requirements to the
installation, can differ from DSO to DSO.

e The customer receives information from the DSO if grid investments and/or change of meter
are necessary. If the customer has to increase the size of the overload protection (at the
connection point to the grid), the DSO can require that the customer pays part of the
potential grid investments.

e The customer enters into a connection agreement with the DSO. The electrician installs the
PV system and sends over requested documentation to the DSO, such as a message with
information about completed installation.

e The DSO considers and approves the message, and, if necessary, a change of the meter is
performed at the prosumer’s property. Either the DSOs will pay for the new meter or the
customer, depending on the DSO.

e Production by the PV system starts after all formalities have been approved and the
prosumer agreement has been completed. The customer is registered as a prosumer and
receives a certificate. The certificate is necessary in order to receive financial support from
national and municipal support schemes.

Any PV system installed without DSO approval of the installation and that does not follow the DSQO’s
requirements can have negative consequences for the low voltage part of the distribution grid. The
customer is responsible for showing the prosumer agreement to their electrician, and proving that the
installation is in accordance with existing requirements. Most DSOs require that information about a
completed installation is received from the electrician before the PV system can start to produce
electricity, and the customer that is responsible for ensuring this is done.

3.4 Requirements for grid-connected PV panels
This subsection describes the relevant requirements for connecting PV panels to the distribution grid,
based on the work presented in [35].

14



Grid connection of distributed generation in a low voltage distribution grid can result in new
operational challenges, such as increased voltage levels. An increased number of prosumers, feeding
electricity into the distribution grid, can result in a change in the direction of the power flow (i.e. the
power will flow upwards in the power system instead of downwards from large power plants to the
customers). This in turn can result in an increased voltage instead of voltage drop. Under the existing
regulations, DSOs are obligated to deliver electricity of a certain quality to their customers, which
means that the voltage should be 230 V + 10%. Too many prosumers located in an area can result in
too high voltage, depending on local conditions and the status of the grid.

In the ProAktiv project, an overview of the technical requirements for connecting prosumers to the
grid was developed. The most common standards and requirements used in Norway are EN 50438 (up
to 16A per phase), VDE-AR-N 4105 (up to 100 kVA), and REN-paper 0342 (up to 25 kW). The DSOs
have not decided on one specific standard to use, and therefore the three different standards exist. It
is important that the technical requirements are followed, to ensure that the installation of the PV
panel will not affect the voltage quality either at the point in the grid where the prosumer is connected
or where other households located in the same area as the prosumer are connected. The technical
requirements relevant for DSO are summarized in Table 3.1: .

Table 3.1: Overview of technical requirements in international and national standards relevant for
Norwegian DSOs

Standards EN 50438 VDE-AR-N 4105 REN-paper 0342*
Technical requirements (up to 16A per phase) (up to 100 kVA) (up to 25 kW)
Voltage change due to PV AU < 3.3%

installation

(EN 61000-3-3)

AU < 3%

AU < 3%

Frequency and voltage
interval when the system
should remain connected

475Hz < f <51.5Hz
<U<11-U,

475Hz < f <51.5Hz
08-U,<U<11'U,

475Hz < f <52Hz
09U, <U<11-U,

Maximum disconnection
time irregular frequency

0.5s

0.2s

0.5s

Maximum disconnection
time irregular voltage*

U<085-U,-15s
U>11-U,-3s
U>115-U,-0,2s

U<08-U,—-02s
U>11-U,-02s
U>115-U,-0.2s

U<«<085-U,-02s
U<09:-U,-3s
U>11-U,-3s

U>115-U,—0.25s

Interval for auto
reconnection

475Hz < f <50.05Hz
085-U,<U<11-U,

475Hz < f <50.05Hz
085-U,<U<11-U,

475Hz < f <50.05Hz
09-U,<U<11-U,

Minimum time delay
before reconnection

60s

60s

60s

Unbalanced generation

No direct requirements, but
the standard is only valid

Dissymmetry < 4.6 kVA
1-phase converter without

< 16 A with 1-phase

for installations up to 16 A communication: max. converter
per phase 3x4,6 kVA
Feeding of harmonic EN 61000-3-2 up to 16 A
EN 61 -3-2 1 EC61 -3-
ampere N61000-3-2upto 16 A | ¢\ 61000-3-12 up to 75 A IEC 61000-3-6
. EN 61000-3-3 upto 16 A P, <0.8
Short and long-term flicker EN 61000-3-3 upto 16 A EN 61000-3-11 up to 75 A P, <1

Voltage regulation with

. Yes* Yes*. No requirements
reactive power
Gradual modification of
active power with at high Yes* Yes* Yes*

frequency

Feeding of DC current

< 0.5% of nominal current
IEC TR 61000-3-15

No requirements

PV unit shall not feed in DC
current

Relay for island mode

Detection and
disconnection within 2 s

Detection and
disconnection within 5 s

Detection and
disconnection within 0,5 s

4 Still under development




Note: * There are different requirements for disconnection time at very low (U «) and low (U <) voltages.
There are similarly different requirements are for very high (U>>) and high (U>) voltages.

3.5 Research needs

Distributed generation at customer level is new for the DSOs and there is a need for more experience
and research is this respect. For instance, which requirements for connection will ensure the quality
of supply for the first prosumer and for the last customer. Further research is also needed on the use
of new information derived from the grid in order to ensure more cost-efficient operation and
maintenance of the distribution grid, the use of prosumers (flexibility) as an alternative solution to grid
investments, and the development of requirements to secure increased numbers of prosumers, while
simultaneously maintaining quality of supply. Some of these topics will be further elaborated upon
within FME CINELDI.

4 Markets, incentives and regulations

Abstract: In this section we elaborate on the effect of markets, incentives, and regulations on
prosumers. We address the question of how regulations and market developments provide incentives
for prosumers, and what financial incentives exist. Additionally, we consider the impact that prosumers
have on the overall energy system and whether they contribute positively to socio-economic welfare in
Norway.

4.1 Legal framework and financial support for prosumers

In Norwegian regulations, an arrangement exists for customers who contribute surplus electricity to
the nation grid (plusskundeordning). Through this arrangement, the grid company is obliged to accept
a bidirectional flow of energy but is not obliged to buy energy from the prosumer. Hence, the customer
has to find a power company that both supplies power and buys the surplus power produced.

The arrangement is limited to customers who feed no more than 100 kW into the grid at their
connection point. If higher amounts are sometimes fed into the grid, the customer needs to have one
or more licenses (e.g. omsetningskonsesjon) from the Norwegian Water Resources and Energy
Directorate, and will not be defined as a surplus customer. The reason for the 100 kW threshold is the
advantage the surplus customer is given for not paying a tariff for selling their surplus electricity
through the grid (innmatingstariff). There is no technical argument for the threshold in general.
Furthermore, the 100 kW threshold is not a real limitation for any regular household in Norway, but
for larger sites such as a school, it might limit the dimensioning of installed generation capacity.

The most significant financial incentive for becoming a ‘plus customer’ in Norway is the national
investment support by the public enterprise Enova. Enova offers a fixed sum of NOK 10,000 in support
of residential installations, plus 1250 NOK/kW of installed capacity up to 15 kW, where the support
cannot exceed 35% of the cost. A 3 kW installation corresponds to NOK 13.750 and a maximum of NOK
28.750 for a 15 kW installation.®> In addition to Enova, there are some local support schemes for
renewable small-scale energy production. One example is Oslo Municipality, which offers to refund up
to 30% of the costs. Financial support cannot be received for the same measure from more than one
source. In principle, new renewable electricity generation also qualify for el-certificates if they are in
operation before 2021. Depending on the price of el-certificates, the income from el-certificates will
vary. If the price is 36 NOK/MWh and the production is 8 MWh/year, the prosumer could earn NOK
288 per year. However, due to a starting fee of NOK 15,000, el-certificates are not and incentive for
small-scale producers of electricity (for a further discussion, see [40]).

5 https://www.enova.no/privat/alle-energitiltak/solenergi/el-produksjon-/
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4.2 How do the capacity-based tariffs affect ‘surplus customers’ (plusskunder)

There are ongoing discussions about future grid tariffs in the distribution grid. The current trend is for
the peak load (i.e. the maximum consumption within any given year) to have a higher growth rate than
that of the total yearly electricity consumption. Since the grid capacity must be dimensioned to peak
load circumstances, this gives reduced average utilization for the grid. In the long term, grid tariffs will
affect grid utilization and the need for costly grid enhancements. Recently, the Norwegian grid
regulator (NVE) suggested that a capacity grid tariff should give customers incentives to reduce their
peak load. NVE has also suggested that the energy part in the future grid tariff should only cover the
costs related to marginal grid losses. Further research is needed on how electricity consumption might
change if a new grid tariff is implemented. In the following, we describe the consequences for
prosumers when changing from an energy-based grid tariff to a capacity-based grid tariff, based on
the work done by Szle and Bremdal [39].

Today, the most common grid tariff for Norwegian residential customers is an ‘energy tariff’ consisting
of a fixed part [EUR/year] and an energy part [EURO CENT/kWh], as illustrated in the following formula:

Energy tariff = Fixed part + Energy part (1)

An alternative to the energy tariff is a capacity-based tariff. The latter can be specified in different
ways. For example, it can consist of a fixed part [EUR/year], an energy part [EURO CENT/kWh] covering
only the marginal losses in the grid, and a power part [EUR/kWh/h], as illustrated in the following
formula:

Capacity-based grid tariff =
Fixed part [EUR/year] + Energy part [EURO CENT/kWh] + Capacity part [EUR/kWh/h]  (2)

The settlement of the consumption is based on hourly values from the smart meter. The capacity part
can be settled by different methods, such as the average of the three maximum values during one
month or the average of three maximum values in defined peak load periods. NVE’s proposed capacity
tariff differs from (2), and it has suggested that the fixed part should be a capacity subscription, and
that the capacity part should be an additional cost per kWh whenever the consumption exceeds the
subscribed amount.

A case study has evaluated the consequences for a prosumer when changing from an energy-based
grid tariff to a capacity-based grid tariff as specified in (2) above. Hourly data for a typical residential
customer (calculated from 100 residential customers) and hourly values for a PV model, based on solar
irradiance for a specific area have been used to model a prosumer for 2015. Figure 4.1 shows the load
(blue curve) and generation (orange curve). The values on the x-axis are the hourly values for one year
(8760 values in total), starting on 1 January and ending on 31 December.

According to the regulations specified by NVE, the maximum allowed income for DSOs (obtained by
the tariff set by NVE) should not be affected by the applied structure for the grid tariff. The calculations
in the report [39] are therefore based on the assumption that an average household customer should
have the same yearly costs with the alternative grid tariffs. The aforementioned average household
customer has a yearly consumption of 16.659 kWh, the modelled PV panel (3.06 kWp) has a yearly
generation of 1692 kWh, and the prosumer buys 14.967 kWh from the grid per year.

The calculations of grid tariff costs are based on the different alternatives of the grid tariff presented

in Table 4.1: , where EUR 1 = NOK 10. The calculations have been performed for eight alternative cost
combinations between the energy part and the capacity part of the capacity-based tariff. The fixed
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part is equal for all the alternatives. For the energy tariff, the energy part is unchanged. For the
capacity-based grid tariff, the energy part increases from minimum (representing only the costs for
network losses) to maximum (equal to the energy tariff), and the resulting capacity part is calculated
(such that the income to the DSO is unchanged when the tariff is changed). For the last alternative
(alternative 8 in Table 4.1) the capacity part of the tariff is zero, which means that in this alternative
the energy tariff and the power tariff are equal.

[kWh/h)

\
| MI””W' il

[Hours]

000

——Demand ——PV_Model_Output

Figure 4.1: Load curve for typical residential customer and modelled PV generation [39]

Table 4.1: Alternatives in the grid tariff for the household customer and prosumer

Energy tariff Capacity-based tariff .
Fixed | Energy | Fixed | Energy | Capacity Capacity part/Energy

Alternative | part’ | part”™ | part | part” | part™ part

1 200 4 200 0.5 17.98 35.96 (= 17.98/0.5)

2 200 4 200 1 15.42 15.42

3 200 4 200 1.5 12.85 8.56

4 200 4 200 2 10.28 5.14

5 200 4 200 2.5 7.71 3.08

6 200 4 200 3 5.14 1.71

7 200 4 200 3.5 2.57 0.73

8 200 4 200 4 0 0(=0/4)

* [EUR/year], ** [EURO CENT/kWh], *** [EUR/kWh/h]

The residential customer has yearly grid costs of EUR 934 (excluding VAT or other taxes, and energy
costs) with the alternative grid tariffs (Table 4.1: ), both for the energy-based grid tariff and the
capacity-based grid tariff. For the prosumer, the changes in the different tariff elements affect the total
yearly costs. The yearly costs for the prosumer are EUR 798.68 with the energy grid tariff, but with the
capacity-based grid tariff the yearly costs decreases with the increasing energy part and decreasing
capacity part (from left to right in Figure 4.2). For example, in alternative 6, the yearly grid costs are
EUR 831.76, but in alternative 1 the corresponding value is EUR 914.10.

Figure 4.2 shows that for the energy grid tariff the yearly costs for the residential customer and the
prosumer are unchanged, but the cost level for the prosumer is lower due to reduced amount of
electricity bought from the grid. For the capacity-based grid tariff the yearly grid costs for the
household customer are unchanged (grey bars), but the yearly costs for the prosumer are reduced
with increasing energy part (from alternative 1 to 8) and decreasing capacity part. The cost reduction
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occurs when a larger share of the costs is moved from the capacity part to the energy part of the grid
tariff. The green curve in the figure shows the value of capacity part divided by energy part (values
presented in Table 4.1.)

Yearly grid costs
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Figure 4.2: Consequences for prosumer when changing different parts in the grid tariff [39]

The calculations show that when changing from an energy-based grid tariff to a capacity-based grid
tariff, the benefits for the prosumer from feeding electricity into the grid will be reduced. This will
support the assumption that increased self-consumption for prosumers will be most beneficial when
a capacity-based grid tariff is introduced. Self-consumption in peak load periods is most beneficial.

4.3 EU regulation on the energy performance of buildings (EPBD)

About the EPBD

The European Union has set ambitious targets through the Energy Performance of Buildings Directive
(EPBD), which covers areas such as energy requirements, energy labelling, health and well-being of
users, and requirements for technical systems. The first version of EPBD (Bygningsdirektiv | in Norway)
was introduced in 2002 [59], and among other things included of a methodology for calculating the
energy performance of buildings. The revised EPBD (Bygningsdirektiv 1) in 2010 [58] built on the
previous calculation methodology and introduced the idea that energy performance requirements for
buildings should be cost-optimal. In addition, the concept of nearly zero-energy buildings (NZEBs) by
2020 was introduced as a target. The latest amendment to the EPBD in 2018 concerned strengthening
the focus on the renovation of the building stock in addition to the targets from the previous directive
[59].

Minimum requirements should be based on cost-effectiveness

According to the EPBD, member states of the European union (also including Norway through the EEA
agreement) are required to set minimum energy performance requirements for buildings according to
a cost-optimal calculation [60] . The goal is to define requirements to minimize global costs over the
lifetime of the building. The global costs include all costs related to investment, annual cost, and
disposal. These requirements are dependent on the building type and will change between regions
since the global costs will depend on factors such as energy costs, climate conditions and construction
costs. The following example can be used to explain the basic principle: if the energy cost were to
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increase and everything else were to remain constant, it would be optimal to increase investments in
energy performance measures such as wall insulation. The logic is that if the discounted reductions in
annual costs are larger than the increase in investment costs, the global costs can be reduced.

Nearly zero-energy buildings (NZEBs)

There is an implicit assumption in the EPBD that NZEBs will soon be cost-optimal. However, such a
development is not certain and there is a lack of information on what will happen if NZEBs do not
become cost-optimal. The definition of an NZEB provided in Article 2 of the EPBD is:

a building that has a very high energy performance. The nearly zero or very low amount of energy
required should be covered to a very significant extent by energy from renewable sources, including
energy from renewable sources produced on-site or nearby. [58]

One interpretation of the definition is that the EPBD requires large-scale introduction of prosumers.
However, the interpretation is not as straightforward as one might assume, since the exact definition
is up to each EU member state to define according to the cost-optimal calculations. An overview of
important features of cost-efficiency and NZEBs is presented in Table 4.2.

Table 4.2: Cost-optimal requirements versus NZEBs

Cost-optimal requirements Near Zero-Energy Buildings (NZEBs)

o Motivated by market failures in the building sector e The EPBD states that all new buildings
leading to underinvestment in energy-related building should be nearly zero-energy buildings.
measures e Exact definition of an NZEB is not clear

o Member states should set requirements that e The EPBD states that policymakers should
minimize the global cost of the building over the implement measures to ensure that NZEBs
building’s lifetime become cost-optimal (e.g. promote market

e Revise requirements every 5 years, to adjust to and technology development to reach the
market, climate and macroeconomic conditions goal)

o Member states must use a methodology that satisfies e Unclear what happens if NZEBs do not
some general criteria when determining the cost- become cost-optimal
optimal requirements e The EPBD does not strictly require on-site

o Much discretion is left to the national implementation renewables, but they are encouraged
of the EPBD.

e To date, the cost-optimal requirements have been
tightened over time (e.g. more insulation required in
the walls)

Flexibility in national implementation

Implementation of the EPBD varies considerably across Europe. For example, the defined values for
the maximum primary energy consumption vary by a factor of 4 to 5 [61]. The following degrees of
freedom for the national implementation of the EPBD will have an important impact on the number of
prosumers in the energy system:

e How on-site and off-site renewable energy resources are promoted through incentives and
regulations

¢ The definition of the primary energy factor of energy supplied to buildings

e Assumptions used in the cost-optimal calculations of energy performance.

An important aspect to consider is which energy resources are included in the building energy
calculation. If the national implementation allows only on-site production to be included, it will lead to
a large increase in the number of prosumers since this would be the only way to fulfil the requirement
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in the case that renewable energy provided through the grid or district heating is not included in the
calculation. One reason to implement such a restriction would be that it is less complex, since the
generated electricity would be tied to the individual building and not influenced by conditions in the
aggregate power system, such as the generation mix becoming more renewable over time. However,
requiring on-site generation would mean that society would miss opportunities to build the renewable
energy sources elsewhere with better conditions. Such conditions could be improved economies of
scale for large wind farms and solar farms or improved site-specific renewable energy conditions such
as increased and more stable wind speeds.

The primary energy factor for energy supplied from the grid accounts for how much primary energy is
used to produce 1 unit of final energy delivered to the end user. Currently, it is set to 2.5 in the EU [62]
but member states can apply a different factor if it can be justified. It follows that if the primary energy
factor is set higher than the generation mix in the power system justifies, the energy supplied from the
grid will have a regulatory disadvantage in cases when the requirements for the energy performance
of buildings are based on the amount of delivered primary energy. In turn, such a disadvantage for
energy supplied from the grid would lead to favouring of local solutions such as increased amounts of
prosumers.

As already mentioned, the EPBD states that requirements related to the energy performance of
buildings should reflect the cost-optimal levels of energy-related measures. This means that the
assumptions used in the calculation method have an important impact on the result. For example, if
the discount rate used were lowered, it would mean that capital investments such as on-site renewable
energy would be relatively more favourable.

To date, the requirements for the energy performance of buildings have been focused on reducing the
energy needs of buildings. The introduction of NZEBs in the EPBD is closely related to the issue of
distributed renewables and could influence the number of prosumers in the energy system, although
such an outcome would depend largely on the national implementation of the directive. A high degree
of flexibility is left to the national implementation in order to facilitate a reasonable policy from a socio-
economic point of view. For some member states, requiring on-site or nearby renewable energy
sources could be a viable option to increase the share of renewable energy in the energy system if
other options are scarce. However, this would ideally be seen in conjunction with opportunities for
large-scale deployment of renewable energy sources elsewhere in the energy system.

In Norway, only the first EPBD from 2002 has been implemented so far. The 2010 revision has not yet
been included in the EEA agreement from Norwegian side. In this respect, the responsible
governmental agency is the Ministry of Petroleum and Energy, but it has not yet developed EPBD
principles for Norway [82].

4.4 Business models and examples of prosumer initiatives in Norway

With many interconnected components and stakeholders, some of the main challenges of power
markets are (1) to capture accurately and allocate the value of the energy provided through business
models [63] and (2) to ensure energy is reliable, affordable and sustainable (the ‘energy trilemma’)
[64]. The introduction of prosumers makes these challenges more complex, as prosumers take the role
of both supplier and consumer. In this section, we give examples of prosumer business models in
general and prosumer initiatives in Norway in particular, of which three have been studied in CenSES.
The Norwegian initiatives include revised business models for energy trading to facilitate prosumers
and new valuable technologies.

Energy consumption has the potential to become more responsive by coordinating end-user
technologies, such as solar PV, batteries and EV charging. Prosumers’ participation in energy markets
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is therefore a promising way to facilitate the integration of variable renewable energy. End users in
most current power markets are billed on the basis of energy consumption rather than power flow.
Currently in Norway, only large consumers (industry and commercial sector) are billed on the basis of
their peak power outtake as part of the grid tariff. Creating correct and sufficient incentives to trigger
growth in valuable prosumer services and products might therefore depend on real-time metering
infrastructure and revised business models and tariffs to reflect the varying price and availability of
power.

Today, a typical business model for a prosumer in Norway would be to participate in the surplus
customer arrangement (plusskundeordningen). New business models for prosumers can be subdivided
into three types [16]: peer-to-peer models (P2P), prosumer-to-grid models (P2G) and organized
prosumer group models (OPG):

e Peer-to-peer models (P2P): These models are inspired by the sharing economy and are based
on the same principles as Airbnb and Uber. Consumers pay independent prosumers directly
through a decentralized market platform. The models allocate value and risk to prosumers.
The main driver is knowledge of where the energy comes from, as well as better prices due
to direct payment. Barriers include the challenges in designing and enforcing regulation to
ensure reliable supply if single peers cannot produce power. A P2P business model is not an
option within the current regulation in Norway and there are no known Norwegian
examples. An example of the P2P model is Vandebron in the Netherlands.®

e Prosumer-to-grid models (P2G): In contrast to P2P, P2G models are more structured and
characterized by trading between prosumers and grid operators (e.g. within smaller
microgrids) [1]. Energy offers and bids are continuously matched, and the main goal is to
ensure efficient use of all energy units. If the prosumer is connected to the main grid, energy
can be traded externally. Allocation of value and risk is unchanged from current power
markets and can vary between different examples depending on the asset ownerships. One
driver is the long-term efficiency gains. However, at the core of P2G models there is a lot of
real-time data, IT infrastructure, and complex algorithms. One of the greatest barriers in P2G
models is making the complexity easy and affordable to deal with for the market
participants. The ‘surplus customer’ arrangement is a version of the P2G model, as
prosumers feed surplus energy back to the grid. An example of this model is Brooklyn
microgrid.”

e Organized prosumer group models (OPG): Such models are characterized by communities
pooling prosumers together, and thereby reaping benefits through cooperation and
synergies. Trading in OPG models happens through an aggregator, an entity that collects
energy from prosumers and trades it internally and externally. With sufficiently many
prosumers, the community could grow into a virtual power plant. OPG models offer shared
allocation of value and risk for the community, which is also the natural driver for such
models. The question of how to fill and manage the aggregator role remains a barrier. OPG
models are possible in Norway, both through the ‘plus customer’ arrangement for housing
cooperatives and through third-party ownership of distributed production. More detailed
allocation in OPG models in Norway will be possible when Elhub® goes live in 2019. An
example of the model is the PowerMatching city.’

6 https://vandebron.nl/

7 https://www.brooklyn.energy/

8 https://elhub.no/

% https://www.dnvgl.com/technology-innovation/broader-view/sustainable-future/vision-stories/power-
matching-city.html
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A lack of willingness to adopt a more complex operation of the power system, as well as privacy issues,
is slowing down the rate of development of prosumer business models. One of the main barriers
includes the lack of regulatory frameworks and immature regulatory frameworks, which might be a
consequence of lack of experience of large-scale market integration of prosumers. Another barrier is
the uncertainty related to reliable operation of prosumer networks, which could lead to redundant
investments in generation capacity and metering infrastructure. A study by Olkkonen et al. [22]
established that energy companies were mostly reactive and that end users were impatient during the
development of prosumer initiatives. Without a developed market role for prosumers, ordinary
citizens are facing barriers for testing, assembling and procuring local production facilities. The
mandate on utilities to accept prosumer energy into the grid (the surplus customer arrangement) is
only recent, and the low price of electricity in Norway delays returns on investments. Options to
remove these barriers, besides waiting for prices on PV to drop further, are (1) to gain a better (1)
understanding of the value of prosumer flexibility and (2) to develop business models that capture and
allocate this value. The following are some examples of prosumer initiatives in Norway:

e Tr@nderEnergi: In a study conducted by Throndsen et al. [37], the local utility TrgnderEnergi
(hereafter abbreviated as TE) launched a questionnaire to recruit prosumers for a solar PV
demo project. In that way, users were able to ‘market’ their motivation and suitability for
becoming a prosumer. The business model was based on TE renting roofs from selected
participants who paid a monthly subscription of NOK 500 (roughly EUR 45) for a solar panel
system estimated to produce c.4000 kWh per year. Thus, TE took on the investment risk,
whereas prosumers had a fixed rate for energy produced by their panels. While each
household was given access to 4000 kWh per year of moderately cheap electricity, the utility
was able to gain knowledge of the local effects of including residential solar PV, as well as
valuable market knowledge in the field. The model can be classified as an OPG model,
whereby TE allocated the costs of the solar installations equally among the prosumers.

e NTE: A similar initiative by Nord-Trgndelag Elektrisitetsverk (NTE) has been studied within
CenSES. Households were selected for a demo project based on an estimated financial ability
to participate and suitability of house and roof. The business model was based on prosumers
taking the risk and purchasing their own solar panels, either outright or through regular
down payments over 15 years. All panels were the same size and type. The participants
signed a contract with NTE to become surplus customers, meaning any surplus energy
generated by the PV panels would be purchased by NTE at spot price. The contract was
signed for 15 years, during which time the supplier would be responsible for service and
maintenance of the panel. In the spring of 2017, NTE increased their purchase price by a few
gre (about .5 Eurocent). The model can be classified as a P2G model, in which individual
prosumers take all risk and trade their surplus with the system.

e Smart Energi Hvaler: The initiative by Smart Energi Hvaler (SEH) has been studied in CenSES.
Hvaler Municipality, which comprises a group of islands off the coast of Fredrikstad, is
connected to the mainland grid with only one connector and this fact motivated the
development of local energy supply. A type of tariff under testing was called Smart
Neighborhood, which made electricity 30% cheaper if there was a surplus of solar power in
the neighbourhood. The price reduction relates to the OPG model, in which the benefit of
surplus power is shared by the community. SEH proved difficult to implement due to the
structure of the billing services on the market. Currently, Hvaler has c.100 privately owned
PV installations capable of producing about 3000-5000 kWh/year. The cost of a PV
installation was originally around EUR 5000, and financial support from Enova reduced the
total investment (including installation) to around EUR 3500. Revenue for owners was
ensured through fixed support of EUR 0.08/kWh sold, which was in addition to the spot
price. This gave a return on investment of about 10 years, but was guaranteed only until the
end of 2018. Less risk on investment was dependent either on (1) rising prices or (2) a
customer’s ability to change loads to reduce the grid tariff. The incentive for load shifting is

23



dependent on the tariff structure. Since the introduction of smart meters, all residents have
been subject to a capacity-based tariff, meaning that the bill for network usage is measured
by peak load (see Section 4.2, Table 4.1). Thus, adding automation may benefit the
usefulness of panels (e.g. water heaters are a viable way to shift demand by storing energy
when the sun is shining).

e Otovo: The start-up company Otovo launched its business model in the market in 2016 and
quickly became the market leader in sales of solar panels to Norwegian households. The
company calculates the solar power potential for new customers, reduces the investment
cost barrier by providing loans, and offers training to installation personnel. By handling the
whole process from planning to installation of solar panels, it has removed a major barrier to
the procurement of solar PV for small-scale customers. Furthermore, Otovo has established a
power company offering an exchange scheme among neighbours called Nabostrgm. In this
model, customers can subscribe to ensure their energy consumption is balanced with as
much locally produced solar power as available. This means customers indirectly buy energy
from their neighbours through the retailer. When there is not enough solar power to balance
consumption, Otovo buys and sells power from the spot market. The approach can be seen
as a first step towards a P2P model.

4.5 Welfare effects of prosumers

A recent master’s thesis from the Norwegian School of Economics [66] investigates the development
and possible welfare effects of small-scale prosumers (i.e. customers with a net injection that never
exceeds 100 kW) in the Norwegian power system, and particular attention is paid to customers who
invested in rooftop solar panels. Currently, such customers are subsidized by direct contributions (e.g.
from Enova) and favourable network tariffs (in the distribution network). Although still at a very low
level, the number of prosumers has risen sharply in recent years.

In the master’s thesis, Vestby and Dvergnes discuss the potential benefits described in international
studies, from the perspective of an increasing number of prosumers. The benefits include: increased
security of supply, more affordable electricity, improvements in sustainable power production,
innovation and competition, emission reductions, more efficient land utilization, avoided or reduced
grid losses, avoided or reduced investments in grid capacity, additional system flexibility, improved
recovery capability, improved energy efficiency, and energy democracy (more power controlled by
individuals). Vestby and Dvergnes argue that many of these benefits have lower value in the Norwegian
power system than elsewhere (e.g. in Germany and the UK), since power is already relatively cheap,
secure, flexible, and with low emissions in Norway. There are a number of technical and distributional
challenges associated with an increasing number of prosumers in the distribution networks, and the
authors maintain that a move from volumetric tariffs towards higher fixed charges, depending on load
subscriptions, could provide more appropriate incentives for potential investors.

The main conclusion in Vestby and Dvergnes’s master’s thesis is that prosumers may be beneficial to
the Norwegian power system. However, any net benefits will probably be project-specific and depend
on conditions such as location and on how closely production and consumption coincide. There may
be untapped potential that can be triggered by technological advances in tools such as distributed
storage and demand response.

10 https://www.otovo.no/grid/
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5 Designing prosumers’ energy systems

Abstract: Modelling prosumer energy systems provides insights into the economic feasibility and
physical suitability of distributed generation options. Section 5 reviews modelling efforts focused on the
design of the prosumer size of solar PV, the role of battery storage on increasing flexibility, combined
battery and solar PV under different conditions, and ongoing research on aggregators and other model-
driven analyses.

5.1 Introduction

Various energy modelling tools exist for the evaluation of engineering, architectural and economic
aspects of prosumers’ energy systems. Energy analysis tools provide insights into building design,
demand profiles, the operational supply-demand energy balance, and economic feasibility. According
to the United States Department of Energy [67], c.400 energy-modelling tools are available to assess
buildings’ energy aspects. Their main applications include physical design, calculating load profiles,
estimating requirements for energy equipment, and performing cost—benefit analyses of energy
system designs. Depending on the problem context and the area of expertise, the models analyse
different aspects of the prosumer energy system. For example, whereas architects focus on dwelling
design and insulation efficiency, engineers deal with the physical equipment feasibility of the prosumer
energy system. Paradis [68] and Jebaraj and Iniyan [69] performed whole-household energy analyses
in which they placed emphasis on house orientation, glazing and day lighting in order to assess the
buildings’ energy efficiency. Charron and Athienitis [70] present a design for a net zero-energy house
in which solar technologies are used for heating and electricity consumption. Their models performed
load calculations to select a customized solar-based system. In other models, such as those reported
by Norton and Christensen [71] and Liping Wang et al. [72] load simulations were performed to
calculate annual energy requirements, which served as basis for the energy system sizing analysis and
the cash flow calculation for payback periods. Overall, for this type of energy analysis, known
simulation software is used, such as TRNSYS [73] and Energy Plus [74]. These software tools allow for
flexible implementation of different energy system applications, configurations and load
characteristics to calculate long-term cost savings. However, for specific problems or studies, they may
lack certain features or are not easily customizable.

5.2 Modelling prosumers’ energy systems: aggregators and distributed generation

Roos et al. [75] have presented a model for a load aggregator that participates in the wholesale power
market and the regulation capacity market. Their model represents the physical system of each
consumer as part of the aggregator portfolio, and in a case study they used data from a set of
Norwegian electricity consumers. The customer portfolio was composed of medium-size commercial
electricity consumers, including shopping centres, food production sites, district heating sites, and
greenhouses. Flexibility was acquired by reducing heating loads, substitution between electricity and
oil/gas when supplying heating loads, reducing air conditioning, and energy efficiency measures for
lighting. The results of Roos et al.’s study show that the aggregator’s value largely depended on within-
day price variations, leading to a cost reduction of c.4%. The authors highlight the importance of
including both types of markets for a load aggregator. Roos et al.’s study is followed up by Ottesen et
al. [76], who propose a general classification of load units according to their flexibility properties. The
authors describe the implementation of a rolling horizon deterministic planning and rolling horizon
stochastic planning in the case of a Norwegian university college building.

Ottesen et al. [77] expand the concept of flexibility from prosumers by assuming that the aggregator
can control prosumers’ flexible energy units. The new concept explicitly models the flexibility
properties of the energy systems in the prosumers’ buildings for three building groups: (1) a
community consisting of public and commercial buildings, (2) households and second homes, and (3)
an industrial plant. The community prosumer was Hvaler Municipality, which had 6800 electricity
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consumers aggregated as a single community prosumer. Every consumer had a smart meter that
allowed collecting hourly consumption data. The information on the industrial plant was derived from
Norske Skog Saugbrugs and Enfo Energy. The model calculated that the value of flexibility was in the
order of 12% of the total costs.

Flexibility requirements for on-site balancing of supply and demand have emerged as a new feature in
designs for prosumers’ energy systems. Bgdal et al. [78], identify and discuss four flexibility services
for prosumers: (1) time-of-use price (ToU) or different tariffs, (2) kWmax control, (3) prosumer self-
balancing (maximize renewable usage), and (4) islanding. These services have been actively studied
and implemented in two Norwegian EU Horizon 2020 projects: INVADE and EMPOWER.

The INVADE project aims to coordinate a battery-supported system to deal with imbalances in
distribution grids. Together with smart meter technologies, batteries will create prosumer flexibility
(without affecting comfort) and will allow for the deployment of larger renewable capacities. Recent
studies have shown that the value of storage for prosumers is in the order of 10% in savings. For
example, under a time-of-use price regime, the prosumer is exposed to tariffs that vary in time
dynamically (hourly) or in pre-defined periods (night versus day). Figure 5.1 shows an example in which
the battery operations determine an optimal consumption pattern for a prosumer in Great Britain,
based on expected intertemporal price variations throughout the day [79]. At the beginning of the day
(Figure 5.1, panel i), the battery is charged in the morning (when demand and prices are low) and
discharged in peak times to reduce grid consumption. In Figure 5.1 panel ii, the dotted blue line
represents the actual consumption pattern in the house, and the solid red line shows the new demand
pattern (seen by the grid) created by charging the battery in off-peak times and discharging the battery
in the morning and evening peak times. In the modelled house (annual demand for electricity: 3.8
MWh, no PV considered), three battery sizes were tested, 1.4 kWh, 2.9 kWh, and 4.3 kWh, which
produced cost savings (reduction in the electricity bill) in the magnitude of 7%, 11% and 15%
respectively, compared with not having the battery in the house.

If other flexibility services for the national grid are included for battery operations, the value of the
flexibility sources from prosumers will increase. This has been the case in an analysis of a large
household in Trondheim [80]. The study comparesd the economic gains of a house battery for both PV
and an EV battery, under three different grid tariffs. The results of the study showed cost reductions
of 12-19% for EV batteries, while a home battery installation decreased cost by 9-14%. In other words,
utilizing an EV battery leads to larger savings, whereas a home battery would need significant subsidies
to achieve a positive net present value.

i) Average storage level profile and RPD prices ii)Load shifting: Average house daily demand profile
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5.3 Design and cost analysis of prosumer energy systems for peak shaving — case studies

This section describes technology components for a prosumer, together with costs and payback time
for Norwegian conditions for two case studies: the retail sector and the agricultural sector. In both
cases, the profitability of local PV and batteries with electricity grid tariffs rewarding peak-shaving were
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examined. The studies concluded that: (1) there are cases today that could benefit from an optimally
sized battery for peak-shaving; (2) assuming cost reductions in PV and batteries, prosumer systems will
be more affordable than business-as-usual, and (3) application of smart controls that are based on
forecasting, demand response, and autonomous operation could further improve cost-efficiency.

Case study — retail sector

The case study used TRNSYS simulation software. The hourly electricity demand was met locally by
PV production and a Li-ion battery, and/or from electricity supplied by the power grid. Excess
electricity production was curtailed. Three different retail buildings were investigated by using hourly
data from 2016.

The grid tariff structure used by Hafslund, which has a higher cost during winter (150 NOK/kW), a
medium cost in spring/autumn (76 NOK/kW), and a low cost in summer (11 NOK/kW). The investment
cost of PV and battery was set to 15,000 NOK/kW and 6440 NOK/kWh respectively, for a high-cost
scenario, and to 9500 NOK/kW and 3220 NOK/kWh for a low-cost scenario. The case assumed a
component lifetime of 25 years for PV and 15 years for battery. Two battery sizes, 33 kWh and 66 kWh,
were used to test the effect of battery size on payback time.

The study results showed that the payback time varied between 3 years and 25+ years, depending on
system conditions and configurations. We conclude that it is not profitable for a retailer to invest in a
PV and battery with the current electricity prices and grid tariffs. However, the retail building with
largest electricity demand variation might benefit from deploying a battery without PV, even with
current prices. In the study, the electricity consumption characteristics affected payback times. Battery
cost, PV cost and grid tariff will also significantly impact payback times. Results from the simulation
showed that a 50% decrease in battery cost or a 100% increase in grid tariff would yield in payback
times of about seven years for two of the buildings.

Case study — agricultural sector
The case used HOMER modelling software. The model calculates life-cycle costs and includes both
installation and operational costs for various system configurations.

Electricity consumption data (hourly resolution from 2017) were used as input for the load profile. The
volatility in the load profile was significantly lower than found in the case of the retail sector. The
system components included in the optimization were PV, battery, inverter, and power grid for peak
shaving. The project life time was set to 25 years and relevant economic rate factors were applied.
Installation costs were estimated to 14000 NOK/kW for PV and 3000 NOK/kWh for battery. Component
life-time for PV was set to 25 years, and for battery it was set to 10 years or 6000 cycles, which ever
came first.

Since the cost of PV, battery and power grid tariff have a considerable influence on optimal component
size and cost of electricity, it was decided to run a sensitivity analysis on these three parameters. PV
cost factor was setto 1, 0.75 and 0.5, where multiplier 1 equalled present-day prices. The same method
was used for battery cost, while the power grid was set to 50, 100, 150 NOK/kW/month, and all months
were handled equally.

Table 5.1: Results from HOMER prosumer in the agricultural sector

Grid LCOE Local
Grid rate Battery PV PV Battery peak Converter cost Invest. energy
NOK/kW/month multiplier  multiplier kW kWh kw kw NOK NOK %
50 1 1 - - - - 0.80 0 0
50 1 0.5 38 - - 29 0.64 270,000 38
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100 0.5 1 = 11 13 5 0.90 20,000 0
100 1 1 - 11 13 5 0.91 30,000 0

We ran 27 cases in our sensitivity analysis, 4 of which are highlighted in Table 5.1: . First, with our
business-as-usual assumptions, the most cost-efficient solution today is no investments (i.e. no PV,
battery or peak shaving needed) (Table 5.1:, row 1). Second, considering full flexibility in the three
sensitivity parameters, the solution resulting in lowest electricity cost is a case with low demand
charge, low PV cost and battery cost today (Table 5.1: , row 2). This situation would result in 20%
cheaper electricity than today. Low PV costs (multiplier 0.5) could be achieved by 2025, according to
IRENA. Third, large batteries are cost-efficient when the demand charge is high and battery costs are
low (Table 5.1:, row 3). Fourth and finally, peak shaving is cost-efficient in almost all cases, except at
low demand charge and battery costs today (Table 5.1:, row 4). However, Bloomberg predicts that
battery costs could be at 1500 NOK/kWh (multiplier 0.5) already by 2020, which implies that peak
shaving is cost-efficient in all cases. It should be noted that these results are relevant for a specific load
profile and grid tariff, which means that the conclusions cannot be directly extended to other
consumer types.

5.4  Criteria for PVs to optimize own consumption of own generation

Different locations have distinct annual average solar radiation, which is affected by, for example, the
amount of cloud coverage, shade, orientation (south/east/west/north), and the angle of the PV panel.
Since the orientation of a PV panel affects both the volume and the time of the generation, a prosumer
can increase their potential for self-consumption. Prosumers’ potential for self-consumption have
been evaluated in a case study by Sele and Bremdal [39]. Hvaler Municipality is located at 60° N, in
south-east Norway, and a number of household customers there have installed rooftop PV panels.
Empirical data show that power generation with identical equipment (installed capacity of 3.1 kWp.)
varies with season, geographical location, and roof orientation and inclination. The generation profile
for 15 August 2016 compared with a reference consumption profile is presented in Figure 5.2.
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Figure 5.2: Changes in feed-in of electricity as a consequence of PV panel orientation

Figure 5.2 shows how different PV panel orientations generated different amounts of electricity at
different time during the course of one day. The PV panel oriented towards south (Panel 1) had the
peak generation earlier than the PV panels oriented towards west (Panels 2 and 3).
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The results suggest that due considerations should be given to a household’s particular consumption
profile prior to installing a PV panel on their roof. Most people follow a similar daily routine that creates
a power peak in the morning and in the early evening, as shown in Figure 5.2. The energy demand
during the day is often much less. A south-oriented panel is likely to produce the best annual yield in
terms of energy, but it may be less attractive in economic terms, since it will not eliminate or reduce
the costliest part of the consumption. Consequently, an hour-by-hour analysis of the consumption
before investment is recommended. The evaluation of the potential for self-consumption with
different orientation of the PV panels revealed the following:

e With south orientation, the production from the PV panel covered a large share of the peak
load in the morning (Figure 5.2), and very little contribution to the peak load in the
afternoon.

e With west orientation, the production from the PV panel almost covered the total peak load
in the afternoon during the summer, and ¢.50% during the autumn.

To summarize, prosumers should install their PV panel with an orientation corresponding to their
consumption pattern, since the economic benefits will be larger from self-consumption of their
electricity generation than from feeding the electricity into the grid.

6 Energy system impacts

Abstract: Beside the local effects of prosumers, there are some other significant interactions with the
transmission system. This section assesses the potential of prosumers to reduce necessary transmission
expansion, the effects they have on the long-term development of the generation mix in the Norwegian
power system, the ability of prosumers to provide flexibility and increase the system adequacy, and the
impact of growing demand response on the development of the European power system.

6.1 Introduction

A significant share of prosumers will affect the national and regional energy system. This section
presents the impact of prosumers with building-integrated PV production and with demand response
(DR) on the power and building sector. Since the electricity price affects the competition between
electricity and other energy carriers, prosumers influence the fuel use in end-use sectors, such as
industry, transport and buildings. Prosumers with local PV production reduce the competitiveness of
other types of intermittent renewable electricity generation and increase the value of flexibility.
However, some types of prosumers have the ability to provide flexibility services to the system, for
example through DR, local energy storage and vehicle-to-grid services (V2G).

The Norwegian energy system differs significantly from systems in other European countries due to
the cold climate and the large hydropower reservoirs in Norway. These characteristics imply that, from
a social welfare perspective, prosumers’ energy system adaptations are not necessarily similar to those
in other European countries. In Norway, electricity consumption is highest in winter (due to the need
for electric heating), when the solar radiation conditions are poor. Consequently, prosumers with local
PV production have a limited potential to reduce the peak electricity demand. The same effect can be
observed when evaluating the effect of local production from prosumers living in large cities and who
connect to the transmission grid. In the case of Oslo, the large-scale integration of prosumers, which
mainly are PV-based, does not significantly reduce the peak load. However, the transmission capacity
needs to be dimensioned on the expected peak load according to the area.

Our research demonstrates that prosumers with demand response facilitate integration of
intermittent electricity generation by lowering the need for backup electricity generation capacity and
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by reducing the number of periods when the electricity demand cannot be met. However, further
research is required to investigate the future interaction and competition of demand response with
other types of flexibility services that can be provided by a prosumer, such as local batteries and
vehicle-to-grid. Another important topic for further research is the optimal coordinated use of both
local energy production and flexibility options for a prosumer as a part of the future energy system.
The design of the energy market needs to take into account that prosumers, with both local energy
production and flexibility services, can be operated independently of the power grid and the central
power production and for large parts of the year.

6.2 Impact of prosumers on the transmission grid

This section is based on two studies by the Norwegian transmission system operator (TSO) Statnett.
The first study assess how prosumers with building-integrated PV and end-use flexibility would affect
the peak load (electricity demand) in the Oslo region [52]. The motivation for this first study was that
the peak load in consumption centres determines the need for capacity in the transmission grid. In
addition, it is expected that more and more buildings will have their own electricity generation from
photovoltaic (PV) in the future. Although the analysis was performed for the Oslo region, the main
results and conclusions are also valid for other urban regions in Norway, since the demand profiles and
the generation profiles for solar production are quite similar.

Two key messages:

1. Prosumers without flexibility will not impact the peak load and the required transmission grid
capacity.

2. Flexible operation of ventilation, electric boilers and electric heating should be utilized as
flexibility resources before investing in batteries.

Key message 1: Prosumers with PV and with no end-use flexibility will not lower the need for capacity
expansion in the transmission grid. The local production from prosumers has an insignificant impact
on the aggregated peak load in the city region, as shown in Figure 6.1 by the load duration curve of the
electricity demand in the Oslo region, with 0-2000 MW PV capacity. The peak loads are mainly due to
the need for electrical heating in the coldest period of the year (i.e. winter), when the solar conditions
are poor. Consequently, generation from PV has an insignificant impact on the peak load, independent
of the installed PV capacity. Although PV generation has an insignificant effect on the peak load of
large regions, there can be instances when the peak demand is reduced for a single consumer, such as
if the peak electricity consumption occurs when there is PV production, typically in the middle of the
day.
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Figure 6.1: Load duration curve of the electricity demand in the region of Oslo with different levels of
PV capacity

Key message 2: Based on the Key Message 1, all alternatives except local PV production are required
to reduce the peak load. The alternatives include end-use flexibility provided by local batteries and
flexible control of ventilation systems, electric boilers and electric heating that can move parts of the
load in time. For example, indoor temperature provided by electric heating can be adjusted within a
user-specified temperature interval. Statnett has further investigated how end-use flexibility can lower
the need for grid expansion [53]. One conclusion reached by Statnett is that batteries are more
expensive than other types of flexibility already available in buildings, including ventilation, electric
boilers and electric heating. In a specific study, the cheapest flexibility was provided from electric
boilers in large buildings, including schools and homes for the elderly [53]. Consequently, existing
flexibilities in buildings should be used before investing in batteries. Furthermore, results show that
batteries are not profitable for lowering the peak load, also within a future scenario with highly
decreased battery costs.

6.3 Impact of prosumers with building-integrated PV on the Scandinavian electricity and
building sector towards 2050

This section presents analyses of how a large deployment of prosumers with local PV production and
no flexibility services will influence the energy system in Scandinavia (Denmark, Norway and Sweden)
towards 2050, and is based on research done by Seljom et al. [41]. The analysis uses a stochastic
optimization model developed with the Integrated MARKAL EFOM System (TIMES) modelling
framework [42]—-[45]. The model provides cost-optimal investments and operation related to energy
supply, conversion, delivery, and use of energy that will be required to meet the future energy demand
at a lowest possible cost. Consequently, the analysis captures the competition between various energy
carriers and the interaction between supply and end-use sectors. The model is applied to gain insights
into the adaption of prosumers to the energy system, from what is cost-optimal from a Scandinavian
perspective, with a focus on the electricity and building sector.

In the analysis presented below, it is assumed that all new buildings and parts of the rehabilitated
buildings from 2015 towards 2050 are prosumers. This gives a 25% and 50% prosumer share of the
Scandinavian building stock, with a corresponding PV production at 25 TWh and 53 TWh in 2030 and
2050 respectively. Further, the impact of two types of prosumers with PV production is addressed. The
first type is prosumers in buildings designed according to current building standards, hereafter
denoted PRO. The second type is prosumers in buildings that are highly energy efficient and conform
to the Norwegian passive building standard, hereafter denoted PRO+. The passive building standard
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lowers the heating demand of the buildings, and the Scandinavian heat demand is 18% lower for PRO+
than for PRO in 2050. For comparison, the REF scenario shows the development of the energy system
without any prosumers with local PV production.

Four key messages from the research are listed as follows and described in more detail below.
Prosumers with local PV production and no flexibility services:

1. Lower investments in new wind power from a socio-economic perspective

2. Can be integrated into the Scandinavian energy system due to the large flexible hydropower

plants

Change the electricity trade pattern between Scandinavia and Northern Europe

4. Lower cost-optimal investments in heat pumps and increase the cost-optimal investments in
direct electric heating and electric boilers.

W

Key message 1: Among the electricity generation technologies, wind power is mainly affected by the
large-scale deployment of prosumers. Compared with REF, the wind capacity is reduced by 28% and
43% for PRO and 34% and 51% for PRO+ in 2030 and 2050 respectively. It should be noted that the
wind capacity is lower in PRO+ than in PRO, because PRO+ has lower electricity prices due to the lower
heat demand in the passive buildings. Although PV constitutes a large part of the installed capacity, it
has a smaller share of the electricity production mix. For PRO+, PV corresponds to 45% of the installed
capacity, but only 14% of the electricity generation in 2050. Further, REF has no PV capacity, since PV
is not considered a cost-competitive technology for the given model assumptions. Figure 6.2 shows
the installed electricity generation capacity by technology, in 2010, 2030 and 2050 for the three cases,
REF, PRO and PRO+.
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Figure 6.2: Electric generation capacity in Scandinavia by technology, for REFerence (REF), PROsumer
(PRO) and PROsumer plus (PRO+) in 2010, 2030 and 2050

Key message 2: The Scandinavian energy system is capable of integrating significant numbers of
prosumers with PV on an aggregated level, and with no local storage connected to the buildings. With
63 GW of PV in 2050 for PRO+, the energy system cannot utilize all the non-flexible electricity
generation only in 3% of the time, corresponding to 2% unutilized PV production. It should be noted
that the study by Seljom et al. [41] did not capture bottlenecks within the spot price regions and
therefore its results cannot be used to address challenges of distribution grid level. The unutilized
electricity generation is due to grid constraints and a relative low electricity demand in hours with high
PV production. Figure 6.3 shows the situation on a sunny summer day in the SE3 price region in
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Stockholm, in 2050 for PRO+. The difference between supply (regional production plus import into the
region) and demand (regional consumption plus export out of the region) peaks in the middle of the
day, when the solar radiation is at its highest: 7.5 GW at 14:00. At 14:00, PV contributes to 90% of the
regional electricity generation, while the remaining electricity generation comes from non-flexible
hydropower, nuclear power and industrial combined heat and power (CHP) plants.
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3 0ther production SE3
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Electricity balance - Sunny smmer day - SE3 -
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Figure 6.3: The electricity balance of a sunny summer day in 2050 for PRO+ in the SE3 spot price
region in Stockholm

Key message 3: The large integration of prosumers with local PV production influences the electricity
trade pattern with Europe, in particular when prosumers are introduced in the same order of
magnitude in the rest of Europe as in Scandinavia. For REF, Scandinavia exports electricity during
daytime, when prices are high, and imports at night, when prices are low. This is in contrast to PRO
and PRO+, with low European electricity prices in periods of high PV production in the middle of the
day, where Scandinavia exports at night and imports electricity from Europe in daytime. Consequently,
the Scandinavian energy system, with a considerable amount of flexible hydropower capacity, can
adapt to substantial changes in the European energy system caused by a larger share of prosumers.

Key message 4: The deployment of prosumers influences the use of heating technologies in the
buildings. The prosumers will influence the electricity price, and thereby also change the
competiveness of electricity based heating options. This is illustrated in Figure 6.4, which shows the
annual heat supply to buildings in 2030 and 2050 for all cases. The technology group named ‘Electricity’
includes heat supplied from both electric boilers and direct electric heating. By comparing REF with
PRO and PRO+, it is clear that the heat supplied by heat pumps and from biomass boilers is reduced as
prosumers enter the energy system. Further, the heat supply low-capital electricity heat generation is
increased for PRO and unchanged for PRO+ in 2050. However, since the total heat demand is lower in
PRO+, the share of low-cost electric heating increases from 16% in REF to 20% in PRO+ in 2050.
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Figure 6.4: Heat supplied to buildings by different types of technology for all cases in 2030 and 2050

6.4 The impact of shiftable load on the power system

As described earlier in this report, besides local production, prosumers have the ability to provide
flexibility in various forms to the power system. One type of flexibility is demand response (DR). By
moving the demand in time, the impact of DR on the optimal generation mix and on system adequacy
can be shown by the following example. The example comprises the power sector in Belgium, France,
Germany, and the Netherlands, and is based on the results of the e-Highway 2050 project [56]. System
adequacy is a measure of sufficient generation capacity available at all times in order to fulfil the
demand for electricity. If there is insufficient generation capacity, involuntary load shedding (rationing)
will occur to achieve an instantaneous balance of electricity production and consumption [60]. Thus,
system adequacy can be used to ensure that sufficient generation capacity is available at all times to
fulfil the demand for electricity.

Askeland et al. [48] modelled demand response as shiftable volume with a rebound effect, as shown
in Figure 6.5. This means, that for any given operational period, the consumption can be reduced by
moving the demand for electricity in time. However, the shiftable volume is likely to increase the
electricity consumption due to additional losses related to moving the electricity demand in time,
which is referred to as the rebound effect. Hence, a profitable use of this type of demand response
requires large enough price differences in the electricity market to compensate also for the cost of the
associated rebound effect. For example, due to refrigerated warehouses’ inherent physical ‘cold’
storage capabilities, their consumption can be reduced in certain hours and delayed. However, in order
to achieve the desired temperatures at a later time, the power consumption will be higher and at a
lower efficiency, as described by the rebound effect.
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Four key messages:
DR that shifts demand in time,

1. Reduces the need for backup
capacity

Demand
Demand is Demand is increased at 2. Lowers the variability of electricity
reduced a later time prices but has no impact on the
average annual price
Rebound effect 3. Reduces the amount of involuntary

Limit on how much can
be reduced in total

Figure 6.5: Concept of shiftable DR

shedding of demand

4. Is notin sufficient on its own to
ensure system adequacy and to
avoid curtailment in a power system
with a high share of intermittent
renewables

The impact of demand response on the power sector is exemplified in two cases that are studied with
an equilibrium model for the power sector. In the first case, the share of the renewable electricity
generation is assumed to be 64.2% of the electricity demand in 2050, and the level of demand flexibility
is varied from 0% to 20% (Table 6.1). With higher demand flexibility, thermal generation capacity
decreases, since DR improves the utilization of the renewable electricity generation. When the
situation with no DR is compared with the 5% flexibility level, the curtailment of renewables is reduced
from about 20 TWh to about 8 TWh. In addition, DR reduces the need for peaking gas turbine capacity
and lowers the CO, emissions. Coal is not included in the results because it is not competitive with a
carbon emissions tax at 76 EUR/ton in 2050.

Table 6.1: Flexibility share sensitivity for all countries (Belgium, France, Germany, and the
Netherlands)

Flexibility 0% 5% 10% 15% 20%
RES capacity [GW] 341 341 341 341 341
Thermal capacity [GW] 177 172 171 171 171
RES curtailment [GWh] 20,341 7815 7075 6875 6809
Emissions [Mton] 41 38 37 37 37
DR usage [GWh] 0 11,890 14,959 15,933 16,229
Average electricity price [EUR/MWh] | 43.3 43.3 43.4 43.4 43.4
Rationing [hours] 17 11 9 9 9
Rationing [MWh] 75,124 81,875 86,204 86,199 86,197
Table 6.2: RES penetration level sensitivity assuming 10% demand flexibility
RES share 20% 40% 60% 80% 100%
RES capacity [GW] 106 213 319 425 531
Thermal capacity [GW] 186 180 172 166 162
RES curtailment [GWh] 23 46 2'474 45'448 139'079
Carbon emissions [Mton] 28 31 36 44 52
DR usage [GWh] 4624 6792 13,427 18,547 19,602
Average price [EUR/MWh] 44.1 44.0 43.6 42.5 41.5
Rationing [hours] 8 5 9 11 12
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| Rationing [GWh] | 11 | 27 | 81 | 116 | 146 |

In the second case, demand flexibility is limited to 10%, while the renewables share of the electricity
demand varies from 20% to 100% (Table 6.2). As the inherent variability of RES does not match the
electricity demand profile, and it is assumed that there are no local energy storage solutions, the power
system needs additional capacity in the form of thermal units. With an increasing share of RES, there
is a modest decrease in thermal backup capacity. The need for thermal capacity, also at high RES levels,
stems from periods with a large difference between RES generation and demand. Above 80%
renewable share, the curtailment of RES and rationing increase sharply, which suggests that DR has
limited capability to balance a system with high levels of RES and it needs to be supplemented with
other storage options.

To summarize the results of the case studies, DR reduces the necessity of peaking generation capacity
and is a cost-effective alternative to fast responsive gas turbines. However, even with DR, high levels
of RES require thermal capacity in the system and curtailment of renewable power production. Also,
with a high share of renewables, there is a need for additional storage capacity for an increased
utilization of the renewable energy sources.

6.5 Long-term effects of demand response in the European electricity system

This section analyses the impact of prosumers with DR on the development of the European electricity
sector towards 2050. The analysis is based on a long-term techno-economic model of the European
power system, EMPIRE [54] [55], which provides for optimal investments, generation and transmission
to meet the future electricity demand at least cost. Further, the investments and operation of the
various DR options are made to minimize the costs of the European electricity system, and provide
optimal investments, generation and transmission to meet the future electricity demand at least cost.
Additionally, the investments and operation of the various DR options are made to minimize the costs
of the European electricity system.

The operational costs of DR depend both on the type of flexible load and on the consumer type. In the
residential sector, the marginal costs of load shifting are c.10 EUR/MWh, while in the commercial
sector they can vary from 5 EUR/MWh to 150 EUR/MWh [81]. From the prosumers’ perspective, these
are the reservation prices, the minimum price at which they sell its flexibility. From a supplier’s
perspective, it is the maximum that they would pay to consumers to change their demand. If the
reservation price is lower than the price differential between two short-run marginal hourly costs, or
inter-hour price differential, it will be optimal for the system to execute the load shifting.

Key messages from this research are listed below.
Prosumers with DR,

1. Are a cost-effective solution for the European electricity sector
2. Increase the cost-optimal investments in PV
3. Reduce the need for peak capacity and batteries.

Key message 1: The results show cost-effective investments in DR from 2020 onwards. Investments in
DR are more effective more effective in countries with high shares of intermittent renewable energy,
since those countries have higher variations in their electricity prices. Some types of DR are not cost-
effective, such as residential heating and air conditioning (AC), and commercial cooling, because their
costs are too high costs, or they have small operational time intervals, or hey cannot compete against
other types of flexible demand or supply. The most-often utilized DR measure is heat storage because
it has the highest potential and can move electricity within 12 hours. Other types of DR measures,
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grouped by utilization, are non-residential HVAC, household washing appliances, industrial processes,
non-residential cooling, and residential heating and AC.

Key message 2: The impact of prosumers increases the investments in PV, since DR shifts parts of the
demand to hours with high PV production and low electricity prices. The load that is not covered by
renewables, also called residual load, is changed for the same reason. However, more PV increases the
amount of PV production that is curtailed in time periods when DR is not profitable. DR is therefore
not a sufficient measure to avoid curtailment in regions with a high share of intermittent production.

Key message 3: With DR, peak loads are reduced and therefore less peak capacity is required by the
system. Since DR operates in a similar manner to other energy storage options, the deployment of DR
lowers the investments in battery storage capacity.

7 Conclusions

7.1 Summary

This document is primarily based on studies carried out by research partners of the FME CenSES. We
started by focusing on the motivations of the prosumer itself. Then we zoomed out gradually, and
finally we discussed the impact of prosumers on the European power system. In-between those two
ends, we have discussed practical and technical aspects prosumers must deal with, markets and
incentives, the optimization of prosumers' energy systems, and impacts on the need for grid capacity
to/from cities.

A wide range of methods have been applied in the research we build upon, including: Reviews of
existing work, qualitative analysis and interviews, collaboration and discussing with grid companies,
socio-economic considerations, and mathematical optimization and simulation of energy systems
locally, for Norway, and Europe.

7.2  Main findings
Our findings are highlighted as follows:

1. The growth of prosumers heralds a more symmetrical relationship between stakeholders in
the power system than in the traditional, centralized, top-down relationship of power
companies and end-use electricity consumer.

2. Existing prosumers in Norway have been more motivated by environmental concerns,
technological interest, and self-consumption than by economic incentives.

3. Return on investment for prosumers is very low in the absence of strengthened financial
support.

4. The smart meters currently being installed in Norway will be an enabling technology for new
grid tariffs and energy contracts. They are also designed for metering electricity fed into the
distribution grid.

5. Currently, batteries are not a cost-effective technology to lower peak electricity demand. It is
less expensive to utilize flexibility in ventilation, electric boilers and heating.

6. PV production (i.e. solar panels) within Oslo will to a very little extent reduce the need for
transmission grids expansions to the city.

7. A capacity-based grid tariff, which has been suggested by NVE, will (1) make it less profitable
to invest in solar panels, and (2) give a stronger incentive for flexibility. However, depending
on how the tariff will be specified, some of the disadvantages of PV could be offset if PV
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panels can be installed in such a way that the production fits better with peak loads for
consumption.

8. Wind power and PV as types of varying renewable generation are complementary
technologies for demand response. Additional amounts of one of them will increase the
value of the other.

9. Inthe EU and EEA, national regulations for energy solutions in buildings should promote
cost-efficiency. Nearly-zero energy buildings (NZEBs) are being promoted, but it is not clear
how they should be defined and how they should be handled if they do not prove to be cost-
effective.

10. The local DSO should be involved in the process when a customer wants to invest in a PV
panel, to avoid instabilities in the electricity supply for the surrounding area.

11. One of the main barriers to new prosumer business models is the lack of regulatory
frameworks or immature regulatory frameworks, which might be a consequence of lack
experience of large-scale market integration of prosumers.

12. Demand response, such as moving the demand in time, facilitates the integration of varying
electricity generation, and lowers the need for backup electricity generation capacity.

7.3  Concluding remarks

This position paper presents research from a range of disciplines, ranging from a sociological
understanding of prosumers to a mathematical optimization of the European power system. This
multidisciplinary approach mirrors the research that has been carried out in FME CenSES. The blend
between various research traditions gives a fruitful overview and provides a broad picture.

On the one hand, sociological studies have shown that the prosumer phenomenon has the potential
to transform parts of our everyday life. In one scenario there might exist local grids connecting climate-
motivated prosumers who feed their PV generation into the grid and are active participants in
discussing energy solutions for their neighbourhoods. This could give a reliable, fair, and
environmentally friendly energy supply. For the prosumers, personal identity, self-realization, and a
feeling of belonging and contributing to a grass-roots’ movement or a society working together to save
the planet would be important. The technologies and the organization of prosumer activity in the
future might therefore be very different from what we can foresee today.

On the other hand, it is possible that we will not see such major changes for most communities and
citizens. Consumers and legislation may stay mainly focused on having reliable and simple access to
electricity at an affordable cost. Local solutions for generation and flexibility will then connect to the
overall energy system to the extent they can compete with alternatives with respect to both costs and
other qualities, which could be considerable. The calculation of such cost-efficient amounts is typically
done from an energy system analysis perspective. For flexibility services (e.g. demand shifts or
batteries), the largest socio-economic benefit for the hydropower-dominated power system in Norway
would probably be saved investment costs for the electrical grid in cities, which are likely to experience
higher growth rates for peak loads than for annual energy electricity consumption.

Most likely, several developments will co-exist simultaneously in Norway in the future.

38



References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

[15]

[16]

(17]

(18]

Toffler, A. & Alvin, T. 1981. The Third Wave. New York: Bantam Books.

United Nations. 2019. Katowice Climate Package: Implementation Guidelines for the Paris
Agreement. https://unfccc.int/ (accessed 1 March 2019).

European Commission. 2019. Clean Energy for all Europeans.
https://ec.europa.eu/energy/en/topics/energy-strategy-and-energy-union/clean-energy-all-
europeans (accessed 1 March 2019).

European Commission. 2016. Providing a Fair Deal for Consumers. Fact Sheet.
http://europa.eu/rapid/press-release. MEMO-16-3961_en.htm (accessed 1 March 2019).
European Commission. 2011. Energy Roadmap 2050: Impact Assessment and Scenario
Analysis.
https://ec.europa.eu/energy/sites/ener/files/documents/roadmap2050_ia_20120430_en_0.p
df (accessed 1 March 2019).

Ramsdal, R. 2017. Solcelle-panel i Norge: Det er flere tak a ta av, vi har sa vidt bare skrapt litt i
overflaten. Teknisk Ukeblad. https://www.tu.no/artikler/norsk-solkraftutbygging-naer-
firedoblet-i-2016-vi-har-savidt-skrapt-i-overflaten/377031 (accessed 1 March 2019).

Norsk Solenergiforening. 2017. Oppdatering rammebetingelser (og litt annet).
https://www.solenergi.no/rammebetingelser-og-litt-annet-november-2017/ (accessed 1
March 2019).

NVE. 2018. Hgring - forslag til endringer i forskrift om kontroll av nettvirksomhet - tariffer
(avsluttet). https://www.nve.no/om-nve/regelverk/forskriftsendringer-pa-horing/horing-
forslag-til-endringer-i-forskrift-om-kontroll-av-nettvirksomhet-tariffer-avsluttet/ (accessed 1
March 2019).

Geels, F.W., Sovacool, B.K., Schwanen, T. & Sorrell, S. 2017. Sociotechnical transitions for deep
decarbonization. Science 357(6357), 1242—-1244.

Schot, J., Kanger, L. & Verbong, G. 2016. The roles of users in shaping transitions to new energy
systems. Nature Energy 1(2016): 16054. doi:10.1038/nenergy.2016.54

Stephenson, J., Barton, B., Carrington, G., Gnoth, D., Lawson, R. & Thorsnes, P. 2010. Energy
cultures: A framework for understanding energy behaviours. Energy Policy 38(10), 6120-6129.
Ellsworth-Krebs, K. & Reid, L. 2016. Conceptualising energy prosumption: Exploring energy
production, consumption and microgeneration in Scotland, UK. Environment and Planning A,
48(10), 1988-2005.

Kotler, P. 1986. The prosumer movement: A new challenge for marketers. In: Lutz, R.J. (ed.) NA
— Advances in Consumer Research Volume 13, 510-513. Provo, UT: Association for Consumer
Research.

Ritzer, G. & Jurgenson, N. 2010. Production, consumption, prosumption: The nature of
capitalism in the age of the digital ‘prosumer’. Journal of Consumer Culture 10, 13-36.
doi:10.1177/1469540509354673

Parag, Y. & Sovacool, B.K. 2016. Electricity market design for the prosumer era. Nature Energy
1, 16032. doi:10.1038/nenergy.2016.32

Skjglsvold, T.M. & Ryghaug, M. 2015. Embedding smart energy technology in built
environments: A comparative study of four smart grid demonstration projects. Indoor and Built
Environment 24(7), 878—890.

Bertoldo, R., Poumadeére, M., Rodrigues Jr, L.C. 2015. When meters start to talk: The public’s
encounter with smart meters in France. Energy Research & Social Science 9, 146—156. [Special
Issue on Smart Grids and the Social Sciences] doi:10.1016/j.erss.2015.08.014

Nyborg, S. & Rgpke, I. 2013. Constructing users in the smart grid — insights from the Danish
eFlex project. Energy Efficiency 6, 655—670. doi:10.1007/s12053-013-9210-1

39


https://ec.europa.eu/energy/en/topics/energy-strategy-and-energy-union/clean-energy-all-europeans
https://ec.europa.eu/energy/en/topics/energy-strategy-and-energy-union/clean-energy-all-europeans
http://europa.eu/rapid/press-release_MEMO-16-3961_en.htm
https://www.tu.no/artikler/norsk-solkraftutbygging-naer-firedoblet-i-2016-vi-har-savidt-skrapt-i-overflaten/377031
https://www.tu.no/artikler/norsk-solkraftutbygging-naer-firedoblet-i-2016-vi-har-savidt-skrapt-i-overflaten/377031
https://www.solenergi.no/rammebetingelser-og-litt-annet-november-2017/

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

Hargreaves, T., Nye, M. & Burgess, J. 2013. Keeping energy visible? Exploring how
householders interact with feedback from smart energy monitors in the longer term. Energy
Policy 52, 126—-134. d0i:10.1016/j.enpol.2012.03.027

Friis, F. & Christensen, T.H. 2016. The challenge of time shifting energy demand practices:
Insights from Denmark. Energy Research and Social Science 19, 124-133.

Fell, M.J., Shipworth, D., Huebner, G.M. & Elwell, C.A. 2015. Public acceptability of domestic
demand-side response in Great Britain: The role of automation and direct load control. Energy
Research & Social Science 9, 72—-84

Olkkonen, L., Korjonen-Kuusipuro, K. & Gronberg, I. 2016. Redefining a stakeholder relation:
Finnish energy ‘prosumers’ as co-producers. Environmental Innovation and Societal Transitions
24,57-66. doi:10.1016/j.eist.2016.10.004

Throndsen, W. 2016. Response and Responsibility: Smart Meters, End Use, and the Possibility
of a Green Material Public. PhD thesis. Department of Interdisciplinary Studies of Culture,
NTNU, Trondheim,

Throndsen, W. & Ryghaug, M. 2015. Material participation and the smart grid: Exploring
different modes of articulation. Energy Research & Social Science 9, 157—165. [Special Issue on
Smart Grids and the Social Sciences] doi:10.1016/j.erss.2015.08.012

Walker, G. 2013. Inequality, sustainability and capability: Locating justice in social practice. In:
Shove, E. & Spurling, N. (eds.) Sustainable Practices: Social Theory and Climate Change, 181—
196. New York: Routledge.

Welch, D. 2015. Systems, actors, ends, narratives and identities. In: Foulds, C., Jensen, C.L.,
BIUE, S. & morosanu, R. (eds.) Practices, the Built Environment and Sustainability; Responses to
the Thinking Note Collection, 6-9. London: Global Sustainability Institute.

Humphreys, A. & Grayson, K. 2008. The intersecting roles of consumer and producer: A critical
perspective on co-production, co-creation and prosumption. Sociology Compass 2, 963—980.
do0i:10.1111/j.1751-9020.2008.00112.x

Ritzer, G. 2015. Automating prosumption: The decline of the prosumer and the rise of the
prosuming machines. Journal of Consumer Culture 15, 407—-424.
doi:10.1177/1469540514553717

Martiskainen, M. 2017. The role of community leadership in the development of grassroots
innovations. Environmental Innovation and Societal Transitions 22, 78—89.
doi:10.1016/j.eist.2016.05.002

Devine-Wright, P. 2007. Reconsidering Public Attitudes and Public Acceptance of Renewable
Energy Technologies: A Critical Review..
http://geography.exeter.ac.uk/beyond_nimbyism/deliverables/bn_wp1_4.pdf (accessed 1
March 2019).

Wolsink, M. 2012. The research agenda on social acceptance of distributed generation in smart
grids: Renewable as common pool resources. Renewable and Sustainable Energy Reviews
16(1), 822-835.

Goulden, M., Bedwell, B., Rennick-Egglestone, S., Rodden, T. & Spence, A. 2014. Smart grids,
smart users? The role of the user in demand side management. Energy Research & Social
Science 2, 21-29.

Kvellheim, A.K. 2017. The power of buildings in climate change mitigation: The case of Norway.
Energy Policy 110, 653—-661.

Torsaeter B.N., Saele, H., @degarden, L. & Kirkeby, H. 2017. Nettilknytning av plusskunder.
Erfaringer fra nettilknytning av smakraft i Norge og plusskunder internasjonalt. TR A7636
SINTEF Energy Research.

Bremdal, B.A. 2011. Prosumer Oriented Business in the Energy Market. IMPROSUME
Publication Series #2. Narvik: Narvik University College and Norwegian Center of Expertise for
Smart EnergyMarkets.

40



(36]

(37]

(39]

(40]

[41]
[42]
(43]

[44]

[46]

[47]

(48]

[49]

(50]
(51]

(52]

(53]

(54]

(55]

(56]

Throndsen, W., Skjglsvold, T.M., Ryghaug, M. & Christensen, T.H. 2017. From consumer to
prosumer. eceee Summer Study proceedings.
https://brage.bibsys.no/xmlui/handle/11250/2457629 (accessed 1 May 2019).

Sxle, H. & Grande, 0.S. 2011. Demand response from household customers: Experiences from
a pilot study in Norway. IEEE Transactions on Smart Grid 2(1), 102—-109.
do0i:10.1109/TSG.2010.2104165

Sxle, H. & Bremdal, B.A. 2017. Economic evaluation of the grid tariff for households with solar
power installed. CIRED - Open Access Proceedings Journal 2017 (1):2707.
http://dx.doi.org/10.1049/0ap-cired.2017.0556

Sandal, S. 2017. Ndr plusskunder gér i minus. Norsk Klimastiftelse rapport 4/2017,
http://klimastiftelsen.no/wp-content/uploads/2017/08/NK4_2017_Prosumenter.pdf (accessed
1 March 2019).

Seljom, P., Lindberg, K.B., Tomasgard, A., Doorman, G. & Sartori, I. 2017. The impact of zero
energy buildings on the Scandinavian energy system. Energy 118, 284—296.

Loulou, R. 2008. ETSAP-TIAM: The TIMES integrated assessment model. Part Il: Mathematical
formulation. Computational Management Science 5, 41—66.

Loulou, R. & Labriet, M. 2008. ETSAP-TIAM: the TIMES integrated assessment model. Part I
Model structure. Computational Management Science 5, 7-40.

Loulou, R., Lehtila, A., Kanudia, A., Remme, U. & Goldstein, G. 2005. Documentation for the
TIMES Model: Part Ill. Energy Technology Systems Analysis Programme. http://iea-
etsap.org/docs/TIMESDoc-GAMS.pdf (accessed 1 March 2019).

Loulou, R., Remme, U., Kanudia, A., Lehtila, A. & Goldstein, G. 2005. Documentation for the
TIMES Model: Part I. Energy Technology Systems Analysis Program. http://iea-
etsap.org/docs/TIMESDoc-Intro.pdf (accessed 1 March 2019).

Seljom, P. & Tomasgard, A. 2015. Short-term uncertainty in long-term energy system models
— A case study of wind power in Denmark. Energy Economics 49, 157-167.

Seljom, P. & Tomasgard, A. 2017. The impact of policy actions and future energy prices on the
cost-optimal development of the energy system in Norway and Sweden. Energy Policy 106, 85—
102.

Askeland, M., Jaehnert, S., Mo, B. & Korpas, M. 2017. Demand response with shiftable volume
in an equilibrium model of the power system. 2017 IEEE Manchester PowerTech.
doi:10.1109/PTC.2017.7980990

Askeland, M. 2016. Analysis of the Profitability of Energy Storage for RES in an Equilibrium
Model of the Power Market. Master’s Thesis. Trondheim: NTNU.

NVE. 2019. Smarte strammdlere. https://www.nve.no/stromkunde/smarte-strommalere-ams/
(accessed 1 March 2019).

Olje- og energidepartementet. 1999. Forskrift om mdling, avregning, fakturering av
nettjenester og elektrisk energi, nettselskapets ngytralitet mv.
https://lovdata.no/dokument/SF/forskrift/1999-03-11-301 (accessed 1 March 2019).

Statnett. 2018. Forbruksprognose Stor-Oslo. Statnett-report.
https://www.statnett.no/contentassets/9f6309b73bda4e30897c205323059bb3/forbruksprog
nose-stor-oslo-2018.pdf (accessed 1 March 2019).

Vennemo, H., Grorud, C., Skjelvik, J.M. & Erlandsen, A.M. 2018. Alternativer til nettinvestering:
Eksempler fra Oslo og Akershus. Report prepared by Vista Analyse and asplan viak for Statnett
and Enova. Rapport nummer 2017/30.
https://www.statnett.no/contentassets/86093e07ebd4439bb6cabb607751fb9a/va-rapport-
2017-30-alternativer-til-nett-oslo-og-akershus.pdf (accessed 1 March 2019).

Skar, C., Doorman, G. & Tomasgard, A. 2014. The future European power system under a
climate policy regime. 2014 |IEEE International Energy Conference (ENERGYCON), pp. 318—325.
Skar, C., Doorman, G. & Tomasgard, A. 2014. Large-scale power system planning using
enhanced Benders decomposition. Power Systems Computation Conference (PSCC) 2014, 1-7.
doi:10.1109/PSCC.2014.7038297

41


https://doi.org/10.1109/TSG.2010.2104165
http://dx.doi.org/10.1049/oap-cired.2017.0556
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7964294
https://doi.org/10.1109/PTC.2017.7980990
https://www.nve.no/stromkunde/smarte-strommalere-ams/
https://lovdata.no/dokument/SF/forskrift/1999-03-11-301

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]
(66]
[67]
(69]
[70]

[71]
[72]

(73]

[74]

[75]

[76]

[77]

e-Highway 2050. u.d. e-Highway database per country. http://www.e-highway2050.eu/results/
(accessed 1 March 2019).

Directive 2002/91/EC of the European Parliament and of the Council of 16 December 2002 on
the Energy Performance of Buildings. Offical Journal of the European Union 2003. https://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2003:001:0065:0071:EN:PDF (accessed 1
March 2019).

Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the
Energy Performance of Buildings. Offical Journal of the European Union 2010. https://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2010:153:0013:0035:en:PDF (accessed 1
March 2019).

Directive (EU) 2018/ of the European Parliament and of the Council of 30 May 2018 amending
Directive 2010/31/EU on the Energy Performance of Buildings and Directive 2012/27/EU on
Energy Efficiency. Offical Journal of the European Union 2018. https://eur-
lex.europa.eu/eli/dir/2018/844/0j (accessed 1 March 2019).

EuroACE. 2013. Factsheet on Cost-Optimality. https://euroace.org/wp-
content/uploads/2016/08/Factsheet-1-Cost-Optimality.pdf (accessed 1 March 2019).

Building Performance Institute Europe (BPIE). 2015. Nearly Zero Energy Buildings: Definitions
Across Europe.
http://bpie.eu/uploads/lib/document/attachment/128/BPIE_factsheet_nZEB_definitions_acro
ss_Europe.pdf (accessed 1 March 2019).

Directive 2012/27/EU of the European Parliament and of the Council of 25 October 2012 on
Energy Efficiency. Offical Journal of the European Union 2012. https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=celex%3A32012L0027 (accessed 1 March 2019).

Chesbrough, H. 2010. Business model innovation: Opportunities and barriers. Long Range
Planning 43(2), 354-363.

Heffron, R.J., McCauley, D. & Sovacool, B.K. 2015. Resolving society’s energy trilemma through
the Energy Justice Metric. Energy Policy 87, 168-176.

Mengelkamp, E., Garttner, J., Rock, K., Kessler, S., Orsini, L. & Weinhardt, C. 2018. Designing
microgrid energy markets: A case study: The Brooklyn Microgrid. Applied Energy 210, 870—-880.
Vestby, L. & Dvergnes, A. 2017. Gdr samfunnet i pluss med plusskunder? Masteroppgave ved
NHH [Master’s thesis, Norwegian School of Economics].

U.S. Department of Energy. Undated. Building Energy Software Tools Directory.
https://buildingdata.energy.gov/cbrd/resource/705 (accessed 1 March 2019).

Paradis, R. 2010. Energy Analysis Tools. Washington DC: National Institute of Building Sciences.
Jebaraj, S. & Iniyan, S. 2006. A review of energy models. Renewable and Sustainable Energy
Reviews 10, 281-311.

Charron, R. & Athienitis, A. 2006. Design and optimization of net zero energy solar homes.
ASHRAE Transactions 112(2), 285-295.

Norton, P. & Christensen, C. 2006. ‘A cold-climate case study for affordable zero energy homes
preprint’. Paper for presentation at the Solar 2006 Conference, Denver, Colorado, 9—13 July
2006.
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.525.3807&rep=rep1&type=pdf
(accessed 1 March 2019).

Liping Wang, Gwilliam, J. & Jones, P. 2009. Case study of zero energy house design in UK.
Energy and Buildings 41(11), 1215-1222.

Solar Energy Laboratory, University of Wisconsin. 1990. TRYNSYS: A Transient System
Simulation Program. Madison, WI: University of Wisconsin.
https://trove.nla.gov.au/work/19072504?selectedversion=NBD11307627 (accessed 1 March
2019).

EnergyPlus. DOE building energy simulation program, 2010. https://energyplus.net/ (accessed
1 March 2019).

42



(78]

[79]
(80]

(81]

(82]

(83]

(84]
(85]

Roos, A., Ottesen, S.@. & Bolkesjg, T.F. 2014. Modeling consumer flexibility of an aggregator
participating in the wholesale power market and the regulation capacity market. Energy
Procedia 58, 79-86.

Ottesen, S.@., Tomasgard, A. & Fleten, S.-E. 2016. Prosumer bidding and scheduling in
electricity markets. Energy 94(C), 848—843.

Ottesen, S.@. & Tomasgard, A. 2015. A stochastic model for scheduling energy flexibility in
buildings. Energy 88, 364—376.

Bgdal, E.F., Crespo del Granado, P., Farahmand, H., Korpas, M., Olivella, P., Munné, I., Lloret, P.
2017. Challenges in distribution grid with high penetration of renewables. Deliverable 5.1,
INVADE project.

Crespo Del Granado, P., Wallace, S.W. & Pang, Z. 2014. The value of electricity storage in
domestic homes: a smart grid perspective. Energy Systems 5(2) 211-232.
https://doi.org/10.1007/s12667-013-0108-y

Bjarghov, S., Korpas, M. & Zaferanlouei, S. 2018. Value comparison of EV and house batteries
at end-user level under different grid tariffs. 2018 IEEE International Energy Conference
(ENERGYCON). doi: 10.1109/ENERGYCON.2018.8398742

Gils, H.C. 2014. Assessment of the theoretical demand potential in Europe. Energy 67, 1-18.
Meld. St. 28 (2011-2012). Gode bygg for eit betre samfunn. Kommunal- og
regionaldeptartementet. https://www.regjeringen.no/no/dokumenter/meld-st-28-
20112012/id685179/secl (accessed 1 March 2019).

43


https://doi.org/10.1007/s12667-013-0108-y
http://dx.doi.org/10.1109/ENERGYCON.2018.8398742

