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1. Introduction

1.1 Background

Climate change is the biggest global challenge facing humanity. To combat this
problem, the European Union (EU) has declared the 20-20-20 targets, which aim,
by the year 2020, to cut European Union’s greenhouse gas emissions by 20% (from
1990 levels), generate 20% of energy from renewable sources and improve energy
efficiency by 20% (The European Commission, 2009). These are important goals,
but it is the means to reach them that are of great research interest. The largest con-
tributor to climate change are greenhouse gas emissions from energy generation.
More specifically, 40% of this energy is consumed in buildings, for heating, cool-
ing and electrical appliances (The European Commission, 2012). Because buildings
are such a significant energy user, they are also a great candidate for improvement.
To this end, the European Union has declared the Energy Performance of Build-
ings Directive (EPBD), which stipulates that by the end of the year 2020, all new
buildings should be nearly Zero Energy Buildings (nZEB) (The European Commis-
sion, 2010). While the exact numerical definition varies country by country, the
main idea is that a nearly Zero Energy Building consumes as little energy as eco-
nomically possible and that a very significant fraction of that energy is produced
through renewable means. In a Net Zero Energy Building (NZEB), there is a bal-
ance between energy taken from and supplied back to the grid (Sartori et al., 2012).
What remains debatable is the proper metric for defining the net or nearly zero
level (Marszal et al., 2011). It is possible to balance based on primary energy at
source, on-site end-user energy, net emissions or even energy cost (Mohamed et al.,
2014). Renewable energy is usually considered to be emissions free, so an nZEB
will have minimal emissions. This is certainly true for energy sources such as wind
and solar power, but with bio energy there remains debate. Studies on 100% renew-
able energy systems often rely on biomass combustion (Lund and Mathiesen, 2009;
Connolly et al., 2011). Some assume that the carbon dioxide (CO2) emissions from
biomass combustion are absorbed back into growing plant life, thus negating the
emission effect by forming a closed carbon loop, but others say that the absorption
takes such a long time that bioenergy cannot be considered emissions free in the
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timescale of current climate change (McKechnie et al., 2011).
A nearly Zero Energy Building needs to be equipped with state-of-the-art effi-

ciency features, such as thick insulation, multi-layer windows, heat recovery sys-
tems as well as passive heating and cooling properties (Cao et al., 2016). After
minimizing energy demand, some energy generation is added. A common option
is to have solar photovoltaic (PV) panels on the roof, to produce electricity. Unfor-
tunately, solar energy has one unavoidable problem: its diurnal variation. While
energy demand exists through day and night, solar energy can only be generated
during daytime and even then, the power cannot be controlled. This creates a daily
mismatch problem between generation and demand (Cao et al., 2013). Most of the
time PV panels are not producing enough energy to meet demand, and when they
do they often produce more than is actually needed. Combined with a high invest-
ment cost, the mismatch makes it hard to break even economically. For people liv-
ing away from the equator, another issue is also clear: there is seasonal variation in
solar availability (Joint Research Centre’s Institute for Energy and Transport, 2016).
This problem increases the further we go from the equator. In Nordic countries like
Finland, the amount of daylight can change from 20 hours per day in summer to 5
hours per day in winter. Not only that, but during winter the received maximum
power decreases compared to summer. Thus, during winter energy demand rises
because of heating needs, but solar energy generation drops to a minimum, just
when it is needed the most. This is the seasonal mismatch problem.

The prices of PV panels have been getting lower through the 2000s, reducing by
14% per year since 2006 in Germany (Wirth, 2016), thanks to the growing panel pro-
duction and installation motivated by generous government subsidies such as the
feed-in tariffs in Germany and Spain. These feed-in tariffs make it possible to sell
excess energy to the electric grid, on a price guaranteed by the government. This
solves the economical part of the mismatch problem for the system owners. How-
ever, the actual energy matching problem is just shifted to the grid, away from the
system owner. When the total capacity of uncontrolled energy in the grid reaches
a certain fraction, it becomes increasingly difficult for all other network operators
to compensate for the extra power by reducing generation in conventional power
plants. Fast changes in power generation can cause instability and even blackouts
in the electric grid. Thus, it is not enough to shift the problem to someone else,
but instead a use should be found for any energy generated. Maximizing self-
consumption should be a target for any local energy system. Feed-in tariffs have
been demonstrated to significantly affect the total renewable energy capacity, but
some other policy tools may be needed to help solve the matching problem.

There are three technical solutions to the matching problem: energy storage, de-
mand response and clustering. Energy storage allows us to store the energy during
times of excess generation and use it later when consumption exceeds generation.
The problems with energy storage are cost, storage losses and possibly limited life-
time. Many homes already have an energy storage system in the form of a hot
water tank. In buildings with solar thermal collectors, the tank can be used to
store solar heat to alleviate the daily mismatch. However, home-scale tanks cannot
store thermal energy for a long time due to gradual heat loss. Battery systems for
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electricity storage, on the other hand, suffer from low return on investment (Nataf
and Bradley, 2016) and short lifetimes, which are made worse by fully utilizing the
storage capacity (Chalise et al., 2016).

Demand response (DR) or demand side management (DSM) means shifting en-
ergy demand from one time to another, preferably from the peak or expensive
hours to those with lower demand or cost (Aghaei and Alizadeh, 2013). This could
mean turning the dishwasher on only at night, or charging a hot water tank with
electricity when the actual demand is low. This can also be utilized by energy in-
tensive industries. Already in Finland some utilities are utilizing demand response
services with various industries to reduce need for generation during peak hours
(Helen Oy, 2016). It is likely that in the near future utilities pay even their pri-
vate customers some compensation for being allowed to temporarily turn off some
loads in their homes, to reduce total demand in the grid during peak times. De-
mand response can also be used to increase self-consumption of indispatchable
energy generation, but for private residents the benefits may be limited (Widen,
2014).

Clustering means connecting buildings together as communities. A neighbour-
hood with ten houses might form a joint cluster for local energy generation. When
different users are connected together, their aggregated energy use profile differs
from individuals. Aggregation tends to average out the demand, increasing base
load and decreasing relative maximum demand (Corcoran et al., 2012). This makes
it easier to avoid overcapacity when balancing local renewable energy generation
with demand. Additional benefits in clustering come from economies of scale. It
is generally cheaper to buy things in large amounts. Thus, a neighbourhood might
make a joint order of renewable energy systems to reduce the unit cost for every-
body.

There usually is no single best universal solution to large problems. Indeed, using
all of these three techniques together might be the most effective. Within a cluster it
can be easier to find a use for excess power than in a single building. Larger systems
reduce unit prices, but they can also offer totally new options. For example, heat
losses in thermal storages are inversely correlated with volume. This means that
large storages allow storing energy for a longer time. Large energy storages make
it possible to solve both the daily and seasonal mismatch problem, taking us closer
to the EU targets of reduced emissions.

1.2 Objectives and scope

This thesis looks into the problem of energy mismatch through the means of build-
ing clustering and energy storage. It also explores the economic aspects of solar
energy.

The research questions are:

1. What kind of policies can be used to decrease building energy use in Finland?

11
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2. What kind of benefits on energy use do we get from a community perspective
vs. a single building view?

3. What is the potential of thermal storage on increasing solar energy utilization in
high latitude countries?

4. How can artificial neural networks be used to enhance energy system optimiza-
tion?

1.3 Novelty of research

Publication I examines the interaction of two different types of buildings when
they are both producing energy. The novelty is in examining the potential of en-
ergy sharing when the building energy systems are not controlled by a centralized
authority. Publication II compares three different solar energy production support
schemes and their effect on rooftop PV economicality. The novelty is in the Finnish
context and finding out how the support type affects the payback period. Publi-
cation III looks into the economic benefits of using thermal storage to store excess
solar electricity. The novelty is in using a thermal storage tank to improve self-
consumption of solar electricity and introducing a new kind of energy matching
factor, the Zero Energy Level. Publication IV shows an optimized design for a high
latitude solar community. The novelty is in the new optimization method based on
neural networks as well as designing a solar heating system with seasonal storage
for Finnish conditions.

12



2. Renewable energy utilization in
buildings

To serve the renewable energy needs of zero energy buildings, three main local en-
ergy generation options can be used: solar energy, wind power and biomass com-
bustion. Biomass can be used in heat-only boilers or in combined heat and power
(CHP) units. Effect of biocombustion on the net primary energy demand and emis-
sions of the house depends on local definitions of primary energy and emission
factors (Mohamed et al., 2014). Because combustion plants require a source of fuel,
utilization of biomass is somewhat more difficult than the use of free energy sources
such as the wind and the sun. Wind power is available throughout the year, but
the amount of wind depends on location. Wind turbine power output is greatly
increased by larger rotor size and faster winds available in great heights. This has
caused the wind turbine industry to progress towards very large turbines (Taylor
et al., 2012). Small wind turbines are more feasible in urban areas, but turbulence
generated by buildings decreases wind turbine efficiency (Toja-Silva et al., 2013).
Building-integrated wind turbines may also cause stresses to the building and the
motion of the wind turbine may cause disturbing noise and visual effects. Solar
energy generation, on the other hand, produces no noise and has minimal visual
and structural impact. This may explain the popularity of solar energy in building
applications. However, despite its benefits, solar energy also has its difficulties.

2.1 Solar energy availability

Figure 2.1 shows the monthly solar insolation in several European countries (Me-
teonorm, 2012), on a surface that gives the maximum annual insolation in each
case. It is immediately clear that the annual total solar energy insolation is higher
in the Mediterranean countries than in the northern regions. Italy and Spain have
60 to 80% more solar potential than Finland. Generally solar insolation increases as
latitude decreases. Interestingly Finland has slightly more solar insolation than the
United Kingdom, even though Finland is located at a higher latitude. This is likely
due to there being more cloudy weather in the UK. The most important point in
the figure, however, is the monthly variation.

In Finland during spring and summer, the monthly solar insolation is actually
higher than in Germany, though Germany has a higher annual production. In high
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latitude countries like Finland, the seasonal variation is extreme. In fact, the solar
insolation during the sunniest month in Finland is 21 times higher than during the
darkest month. In Germany, this ratio is 5 and in Spain it is 2. Very little solar
energy is available during Finnish winter, which conflicts with the fact that energy
demand in Finland is highest in winter, due to heating demands. In Spain and
Italy, a useful amount of solar energy is available every month, but in Finland there
is almost no solar generation in winter. Using a high solar collector tilt angle, the
monthly profile can be shifted slightly towards the midseasons, but due to the lim-
ited sunshine hours and low solar intensity in winter, this cannot solve the seasonal
mismatch problem.

Figure 2.1. Monthly solar insolation in some European countries. Each solar profile is an average
of profiles from different cities, with an average latitude reported. Energy values in the
legend refer to total annual insolation at the annually optimal surface tilt angle (30 to 50 ◦).

As seasons change, so does the daily solar radiation. Figure 2.2 shows the 24
hour solar energy availability for each month in Finland, for the Test Reference Year
2010 for Helsinki (Kalamees et al., 2012). The day length varies from 5 hours to 18
hours and the peak energy generation from 0.06 to 0.65 kWh/kW. This explains
the monthly results shown in Figure 2.1 and is the cause of daily mismatch, when
actual energy demand doesn’t coincide with the solar availability.

2.2 Energy matching indicators

Several indicators can be used to evaluate the performance of a local energy system.
On-site Energy Matching (OEM) index tells us what portion of energy generated
on-site is also used on-site (Cao et al., 2013). When OEM is 1, all energy is used on-
site and when it is 0, all energy is exported off-site. This is a very important if the
value of self-consumed energy is different than the value of exports. In simplified
form, OEM is defined as

OEM =
self-consumption

generation
=

min(Egeneration, Edemand)

Egeneration
. (2.1)
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Figure 2.2. Hourly solar energy generation in Finland during different months with solar panels of
1 kW nominal capacity.

On-site Energy Fraction (OEF) is the portion of energy demand that is met by
on-site generation (Cao et al., 2013). When OEF is 1, all energy used on-site is also
generated on-site and when it is 0, no part of local demand is met by on-site energy.
In simplified form, OEF is defined as

OEF =
self-consumption

demand
=

min(Egeneration, Edemand)

Edemand
. (2.2)

Both OEF and OEM should be defined separately for electricity and heat. On-site
Energy Fraction is also called the Solar Fraction (SF) or Renewable Energy Fraction
(REF). In cases with energy storage and several different energy sources, it can be
difficult to exactly define what part of local energy is actually utilized. In that case,
OEF can be defined indirectly as

OEF = 1− imported energy
demand

, (2.3)

where imported energy is energy coming from off-site, while demand is the final
load met building-side. This indirect formulation is useful in cases when significant
energy losses exist in the system (such as with seasonal thermal storage) and when
on-site energy is mixed with off-site energy. This way only the useful part of local
generation after all system losses is counted.

Zero Energy Level (ZEL), as defined in Publication III, is the ratio of renewable
energy generation vs. energy demand, calculated as primary energy equivalent.
The ZEL principle is demonstrated in Figure 2.3. A net zero energy building has
a ZEL of 1. However, in the ZEL indicator, on-site energy generation is divided
between exports and self-consumption. Different weights can be given for self-
consumption and exported energy to emphasize on-site energy utilization. ZEL is
defined by the equation
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ZEL =
EPE,gen

EPE,dem

=
EPE,exp + EPE,self

EPE,imp + EPE,self

=

∑n
i=1 ξiEexp,i +

∑n
i=1 ξiEself,i∑n

i=1 ξiEimp,i +
∑n

i=1 ξiEself,i
,

(2.4)

where EPE,gen is the primary energy value of renewable energy produced inside
the building or community boundary, EPE,dem is the PE demand (met by renew-
able and non-renewable sources), EPE,exp is the PE value of exported renewable
energy, EPE,self is the PE value of self-consumed renewable energy and EPE,imp

is the imported non-renewable PE. Additionally, ξi is the primary energy factor
(PEF) of energy form i, Eexp,i is the exported energy of form i, Eself,i is the self-
consumed energy and Eimp,i is the imported energy. Different energy forms may
include all kinds of generation methods, such as imported fuels, heat and electric-
ity bought from the grid or on-site generation by CHP or other systems. By varying
the weights of self-consumption and exports (ξ), ZEL could be used as a support
tool for promoting on-site renewable energy generation, efficiency improvements
and enhanced local utilization of renewable energy.

Figure 2.3. Zero energy level principle. Reference demand is marked by a red dot, while the blue
dots are points with an equal ZEL. In point A, all produced energy is exported outside the
building boundary, while in point C, all produced energy is used on-site. In point B, part
of the generation is self-consumed and the rest is exported, as marked by the pink dots.
(Publication III)
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2.3 Economics

The benefit of on-site energy generation is the replacement of imported energy (grid
electricity, district heating, fuel) by energy that is more environmentally friendly or
is cheap to generate, but requires some initial investment. Thus, the value of on-site
energy is tied to both the cost of the local energy system and the cost of the energy
that gets replaced.

2.3.1 Electricity price

In Finland, electricity prices are determined by the Nordic electricity market, Nord
Pool (Nord Pool, 2016). The price is determined separately for each hour and is
dependent on the available generation and current demand. Thus, the prices are
lowered by overabundance of undispatchable generation, such as wind power, and
increased by a high demand, such as on very cold days. During the last five years,
the annual average price has had a decreasing trend (Figure 2.4a). For the end-
user, the price is not the same as the market price. On top of the energy price, the
consumer also has to pay the distribution cost and the electricity tax. The price
for the end user can thus be more than double the market price. Private citizens
typically buy electricity with either a constant rate or a day/night tariff, though
nowadays contracts with hourly market pricing are also available (Figure 2.4b).

(a) Annual average market price of electric-
ity in Finland (Nord Pool, 2016). This is
the price of energy before electricity tax or
distribution costs.

(b) Sample of hourly prices of electricity in
Finland. Tax, distribution and spot price
are shown as a cumulative sum. The
tax is constant, while distribution has a
day/night tariff and the energy price is
determined hourly.

The significance of the separation between energy and distribution can be seen
with on-site generation. For example, when solar panels produce electricity for a
house, it is first used to meet any on-site electric loads. However, if solar generation
exceeds demand, the rest of the energy should be stored or exported to the grid.
Electricity storage in batteries can be expensive, so for grid-tied systems the more
common solution is selling excess power to the grid. While utilities in Finland are
not obligated to buy the energy, it is common to be able to sell the power at nearly
market prices. Unfortunately, the selling price only includes the market price for
energy, not the distribution cost. As Finland has no feed-in tariffs for solar energy,
any solar electricity sold to the grid is always less valuable than energy used on-
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site. For example, the total price for the consumer may be formed out of 4 ce/kWh

distribution cost, 2.8 ce/kWh electricity tax and 4 ce/kWh energy cost, of which
only the last one is gained when exporting electricity.

2.3.2 Solar energy cost

A solar electric system consists of photovoltaic (PV) solar panels that generate di-
rect current (DC) electricity and an inverter that converts the DC electricity into
alternating current (AC) usable by appliances and the electric grid. They are the
largest part of the system cost, but installation work is also a significant cost. Fig-
ure 2.5a shows the cost distribution of residential scale PV systems in Finland. The
unit cost decreases when system capacity is increased, but the decrease rate gets
smaller after 5 kW. The benefits of large scale installations are immediately clear.
Similar price changes affect other equipment as well. Figure 2.5b shows the costs
of roof-mounted solar thermal collectors in the community scale. Again the prices
generally go down with higher capacity, but in practice all large projects are priced
on an individual basis.

(a) Prices of small-scale grid-connected so-
lar electric systems in Finland (Publication
III).

(b) Prices of large-scale roof-mounted solar
collector installations (Mauthner, 2016).

2.3.3 Economic indicators

Levelized cost of energy (LCOE) (Branker et al., 2011) is the cost of total energy
produced by an energy system. However, undispatchable energy sources like solar
energy may generate power even when there is no demand. The value of unneeded
energy is lower than that which can be directly utilized on-site. Thus, it makes
more sense to focus on the cost of the utilized energy only, as otherwise overly
optimistic cost estimations can be made. Starting with net present value (NPV),
we can calculate the value of an energy system in the future in current terms by
utilizing discounting, which takes into account the annual change in energy price
(escalation, e) and the value given to future cash flows (real interest rate, r). First,
we define the equation
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NPV =

k∑
t=1

(
Eexp,tpexp,t(1 + e)t

(1 + r)t

)
+

k∑
t=1

(
Eself,tpimp,t(1 + e)t

(1 + r)t

)
− Isystem, (2.5)

where Eexp,t is the excess energy exported to the grid during year t, pexp,t is the
electricity selling price during year t, Eself,t is the amount of local generation that
was consumed on-site during year t, pimp,t is the cost of bought electricity (value
of self-consumed eletricity) during year t and Isystem is the initial investment cost
of the energy system. Setting the NPV to 0, allows us to find the cost of utilized
energy (LCOE) with a certain real interest rate, such that

NPV =
k∑

t=1

(
Eexp,tpexp,t(1 + e)t

(1 + r)t

)
+ LCOE

k∑
t=1

(
Eself,t(1 + e)t

(1 + r)t

)
− Isystem = 0.

(2.6)
This gives us the levelized cost of utilized electricity produced by the energy system

LCOE =
Isystem −

∑k
t=1Eexp,tpexp,t(1 + e)t/(1 + r)t∑k

t=1Eself,t(1 + e)t/(1 + r)t
. (2.7)

Any excess energy sold to the market reduces the total cost of the useful genera-
tion. If the LCOE is lower than grid electricity price, the energy system is econom-
ically beneficial.
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3. Policy tools and support schemes

3.1 Policy tools and support schemes

The use of renewable energy is often more expensive than utilizing energy from
the national heating or electricity grids, due to uncontrolled generation or large up-
front costs. Thus, many countries employ different financial support mechanisms
to increase the national intake of renewable energy systems. The simplest sup-
port schemes are investment subsidies, where the government compensates part
of the investment cost for a renewable energy system. In Finland, there is a tax
break that can be applied to the labor cost of solar panel installations, though the
scheme is not limited to renewable energy related work. Other support schemes
are based on energy production. With net-metering, any surplus energy can be ex-
ported to the grid and an equal amount of imported energy is canceled. The user
then pays for only the net amount of bought energy. Tradable green certificates
are another type of production-based support. Certificates are gained when clean
energy is produced and they can be sold on the market for additional profit (Dus-
conchet and Telaretti, 2010). A number of certificates is needed to compensate for
polluting energy generation. However, green certificates encourage the use of the
cheapest clean technology and have limited effect on development of new technol-
ogy (del Rio and Mir-Artigues, 2012). The most popular support mechanism is the
feed-in tariff (FiT), which guarantees a certain minimum price for energy produced
by certain means and sold to the grid. The difference between market price and
FiT is covered by the government. In Finland this kind of system is in place for
wind power, but not for solar power, which is usually limited to wholesale mar-
ket prices when selling excess energy. With high enough tariffs, FiTs are effective
at increasing deployment of specific technologies, but this can become expensive
for the issuing government. As such, many ideas have been developed to improve
feed-in tariff systems. A dynamic FiT, that has several levels or is defined for indi-
vidual houses, might reduce over and undercompensation while reaching regional
renewable deployment targets (Ayompe and Duffy, 2013). Tying the FiT rate to PV
system cost has also been suggested (Leepa and Unfried, 2013). In a reverse auction
system a price guarantee would be given to the operator that supplies the desired
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generation capacity at the lowest cost (Lesser and Su, 2008). Feed-in tariff might
even be based on energy saving instead of energy generation (Bertoldi et al., 2013).
Research question 1 is answered by Publications II and III. These articles present
several renewable energy production support schemes and analyze the required
amount of support to use solar electricity economically.

3.1.1 Production support study

The key to successful renewable energy deployment is in making the energy sys-
tems cost-effective for users. In Publication II, three production-based support
schemes were applied to a detached house with rooftop solar panels. The aim
was to find out the payback period for such solar energy systems in Finland and
how much support would be needed to bring the payback period to acceptable lev-
els. The study was made on an hourly level, using spot market electricity prices, a
dynamic simulation for solar energy generation and measured data for electricity
consumption.

The three production-based support schemes were

1. Guaranteed price feed-in tariff

2. Fixed premiums

3. Self-consumption incentives

In all the schemes, any energy produced by the solar panels (PV system) was first
used to meet the electric load in the building. Any excess solar energy was then
exported to the grid and sold for profit. In scheme 1, the value of sold electricity
was either the guaranteed price or the market price, whichever was higher. This
scheme is very predictable for the user, but can become expensive for the govern-
ment, if electricity prices go down. In scheme 2, a fixed amount of additional profit
was added to any unit of sold electricity. This scheme is more predictable for the
government, but has more variability in the user point of view. In scheme 3, ex-
cess energy was sold at normal market prices, but any solar energy used to meet
local loads was rewarded with an additional payment from the government. This
scheme encourages demand-side management and the use of energy storage.

Various PV capacities were tested to see the effect of lower unit cost and lower
OEM (section 2.2). MATLAB was used to perform electricity balance calculations of
solar electric systems. Solar energy generation was simulated with TRNSYS, using
the Finnish weather profile, Test Reference Year 2010 (Kalamees et al., 2012). Elec-
tricity demand was given by the measured hourly profile obtained from a real dis-
trict heated house (130m2), with an average annual electricity demand of 5300 kWh
(or 41 kWh/m2). Demand and generation were thus presimulated and MATLAB
was only used for post-processing the net energy balance and energy costs. Hourly
electricity prices obtained from Nord Pool were used for energy cost calculations.
Dynamic energy prices were combined with static distribution prices and electric-
ity tax, to obtain the total price for the end-user as described in section 2.3.1. As
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every year has a unique price profile, four different profiles from the years 2010 to
2013 were used in a cyclical manner to get a more general result. The profiles were
slightly modified so that the weekdays matched for all profiles.

The annual load and generation with different PV capacities are shown in Figure
3.1. It also shows the amount of self-consumption and exported excess energy. It is
clear that after 2 kW capacity, the amount of actual on-site use started to saturate,
with increasing capacity bringing increasingly diminished benefits. At 1 kW PV
capacity, 90% of the generation was used in the building. At 3.5 kW only 50% of
the generation was used in the building, and above that the majority of the solar
energy had to be exported. The problem is that the price for sold electricity is
much lower (4-5 ce/kWh) than the value of electricity used for on-site loads (10-
12 ce/kWh). Thus, the lower the self-consumption, the higher the support needed
to reach economicality. The relative amount of self-consumption, or the OEM, for
each month of the year is shown in Figure 3.2. It should be noted that in Schemes 1
and 2, solar electricity was first used to meet the building’s own loads and only the
exported excess energy benefited from the support.

Figure 3.1. Annual energy production and consumption for PV systems of varying sizes (Publication
II). The figure shows total solar electricity generation, exported excess electricity, electric-
ity imported from the grid, PV electricity self-consumed for own use and the total load.

For each scheme, the amount of production support payments was determined
by the support ratio S, which is the ratio of the support payment (guaranteed
price or export/self-consumption premium) to the cost of buying electricity. The
amount of exported and self-consumed energy had a major effect on how each sys-
tem worked. Figure 3.3 shows the time required to regain the initial investment
to the PV system using each of the three support schemes. Without any support
(S=0), all systems had payback times longer than 40 years. Using guaranteed prices
and fixed premiums, the larger PV capacities had a shorter payback time, due to
cheaper installation cost per kW and because with the support exporting was more
profitable than self-consumption. Using self-consumption incentives gave the op-
posite result; increasing PV capacity above 1.5 kW increased the payback time.
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Figure 3.2. Monthly OEM values for certain PV capacities (Publication II).

Let us consider an example PV system of 3.5 kW. To get system payback in 20
years, using Scheme 1, would require a support ratio exceeding 3. This translates
to a guaranteed feed-in price of 32 ce/kW. With Scheme 2 the results are similar,
because both schemes get support for exported energy. With a small PV capacity
most of the energy was used on-site, leaving little to be exported with the support.
Their difference comes from the minimum support levels. With fixed premiums,
all exports get the same benefit from the support. With a guaranteed price, if the
guarantee is too low, there is little or no benefit from the support, regardless of
capacity. In Scheme 3, the situation is opposite, because the required support ratio
grows with PV capacity. From Figure 3.3 we can see that the smallest support ratio
is needed with PV capacity of 1.5 kW.

Figure 3.3. Payback times of PV systems with each support scheme and several support ratios, using
the Medium price rise rates (Publication II).

The profitability of PV systems also depends on assumed electricity price de-
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velopment as well as the discounting rate or real interest rate. Payback times for
3.5 kW rooftop PV systems using different real interest rates are shown in Figure
3.4. High discounting rates reduce the value of future cashflows compared to cur-
rent cashflows, which reduces the benefit of long-term energy savings. Only by
assuming 0 interest could the system pay itself in less than 30 years if no support
was paid. Guaranteed price support had larger support ratios than fixed premiums
or self-consumption incentives, because it is a set price, while the two other sche-
mes pay support on top the regular market price. Reasonable payback times for
residential PV systems required the support to be at least 2 times the buying price
of electricity.

Figure 3.4. Required payback times for rooftop PV systems using different real interest rates (Publi-
cation II).

An important difference between the different support schemes is the final cost
to the government. The ideal scheme would allow economicality to the user, but
would minimize the cost to the government and tax payers. With the 3.5 kW sys-
tem exporting half of its production, the annual support needed with the guar-
anteed price was 350e. If instead the energy was completely used on-site, the
required self-consumption incentives would only amount to 150e per year. This
would shift more responsibility to the user to maximize their local energy utiliza-
tion, preventing large installations that just feed all energy to the grid, regardless if
it is needed or not. Self-consumption incentives also serve as subsidies for energy
storage systems, which could benefit the grid as a whole, not just new solar energy
installations.
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3.1.2 Zero energy level

Instead of supporting renewable energy production and utilization by specific tech-
nologies, it might be more effective to support energy efficiency and demand re-
duction in general. The Zero Energy Level concept (ZEL, section 2.2), introduced
in Publication Publication III, could be useful for this purpose, because it describes
the ratio of renewable energy generation vs. energy demand in terms of primary
energy.

In Publication III, ZEL was calculated for the same PV-equipped building that
was used in Publication II, this time also including heating energy but without any
production-based support schemes. Three alternative heating systems were tested:
district heating (DH), heat pump (HP) and direct electric heating (EH). The space
heating demand was taken from a stock building model (Tuominen et al., 2014)
that was simulated with the IDA-ICE software. The hourly domestic hot water
demand profile was based on IEA data (Jordan and Vajen, 2001) and normalized
according to the Finnish building directives (Ministry of the Environment, 2012).
End use energy demand in the buildings was converted to primary energy using
the Finnish primary energy factors which were 0.7 for district heating and 1.7 for
electricity. The demand for different types of energy is shown in Table 3.1. Exported
solar electricity was counted against imported electricity with the same primary
energy factor.

In the DH case, all heating was taken from the district heating grid and thus
electricity demand was purely made up of appliance demands. In the HP case,
space heating at 40 ◦C was generated by a heat pump with a COP of 4.3. Due to the
higher temperature requirement of DHW (60 ◦C), the COP was 1.6 when producing
hot water. With direct electric heating all heat was produced by heating coils with
a COP of 1. In each case, the heating system was assumed to exist in the building
already and the only investment was to the PV system and larger tanks (see section
5.2). The total electricity demand in each case is shown in Table 3.2.

Table 3.1. Annual energy demand in the building.

Purpose Total demand (kWh) Relative demand (kWh/m2)

Appliances (elec) 5300 41
Space heating (thermal) 10300 79
Hot water (thermal) 3400 26

Table 3.2. Annual electricity demand for the building with different heating systems.

Heating system ID Total demand (kWh) Relative demand (kWh/m2)

District heating DH 5300 41
Heat pump HP 9900 76
Direct electricity EH 19000 146

Figure 3.5 shows the ZEL achieved with different PV capacities. Using the same
PV capacity, the HP system achieved the highest ZEL and EH the lowest. Thus,

26



Policy tools and support schemes

with an efficient heating system, a target ZEL could be reached with fewer solar
panels. This implies that ZEL could be used as a policy tool for determining sup-
port payments. Instead of rewarding excessive solar energy generation with feed-
in tariffs, the support could be tied to the achieved ZEL. A national or regional
(depending on local climate) target ZEL could be announced and reaching it could
result in support payments or tax breaks. This would be a technology neutral sup-
port mechanism.

Figure 3.5. Zero energy level for each heating type with a 300 l storage for the single building (Publi-
cation III).

Figure 3.6 shows that the cost of the solar electricity (LCOE) produced to achieve
a given ZEL was higher for the more primary energy efficient HP and DH systems
than for the inefficient EH. It also compares the free market case to one with invest-
ment incentives in the form of the tax credit for domestic help (’kotitalousvähennys’
in Finnish), which reduces the labor cost of installation by 45% (Vero.fi, 2016) and
the energy aid for a single family house, which reduces the material cost by 25%
(Motiva, 2017). Because of the higher electricity consumption of heating in EH, a
higher portion of solar generation was used on-site, which was more valuable than
selling the excess to the market. With DH and HP, less solar electricity could be
utilized due to higher efficiency, increasing the cost of the electricity generated by
solar panels. Thus, if the investment incentives or production-based support are
determined only by the total solar capacity or energy generation, it can be more
beneficial for the user to use an inefficient heating system and just install a lot of
solar panels. On the other hand, if the amount of economic support is determined
by the actual primary energy efficiency — the zero energy level — the user is moti-
vated to also minimize energy demand, not just maximize generation. To maximize
the effect of taxpayer money, the support payment should be tied to achieved pri-
mary energy savings. In this study, the exported energy was given the same value
as imported energy, but the value of exports could be even 0, which would make
it more difficult to reach high ZEL values without also reducing actual energy de-
mand.

The combined investment incentives had a significant effect on the LCOE of all
cases, reducing the LCOE of the cost optimal cases by 14 to 36%. However, the en-
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Figure 3.6. LCOE for utilized solar electricity as a function of ZEL for the single building and the
community, with and without investment incentives. PV capacity related to each ZEL is
shown in Figure 3.5. Thermal storage sizes were 300 l for the single building and 3m3 for
the community. The real interest rate was 3%, price escalation 4%. (Publication III)

ergy aid part of the support is now being phased out and is practically not available
anymore. The domestic help credit can be applied to any work made at home and
is not tied to the performance of any energy system.
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4. Benefits of the community approach

Every building has a unique energy demand profile, even if they are similar in
function and design, due to the different schedules in people’s lives. Thus, the peak
demand moments of each building tend to be at different times, even though some
general daily trends do exist due weather and work schedules. When such demand
profiles are aggregated, the peak demand per building tends to go down. This
means that for a building cluster, a local energy generation or storage system can
be sized to a lower relative capacity than for a single building, as the instantaneous
energy need is lower. Having less variation in energy demand also makes it easier
to size the energy system for maximal self-consumption, which increases the value
of on-site energy. Additionally, a community has more controllable loads than a
single building, which allows demand-side management to more strongly affect
matching of generation and demand (Lopes et al., 2016).

One option for communal energy systems is the centralized design, where many
buildings utilize a shared system. Larger capacities may mean operation at lower
part-loads, thus lowering efficiency (Cho et al., 2013), but shared CHP systems have
also been found to increase efficiency (Mohamed et al., 2013). In a decentralized de-
sign, each building may have their own generation and storage components. Con-
trolling each plant in an interconnected way can improve balancing of generation
and demand in a community, increasing total energy efficiency (Wakui et al., 2010).
Jointly operating distributed energy storage units can further improve community
energy performance (Kopanos et al., 2013).

Another benefit of clustering is that the unit price of large energy systems is gen-
erally lower than for small systems (Fernandez et al., 2009). Thus, when a shared
energy system is obtained for a community, each participant has to pay less than
if they had purchased a similar system by themselves. Furthermore, some energy
system options, such as seasonal thermal storage, may only be feasible in larger
scale.

Research question 2 is answered by Publications I, III and IV. These articles con-
centrated on the energy saving and cost reduction potential of communal systems.
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4.1 Demand aggregation

An individual building may have significant variation in its daily energy consump-
tion, due to the personal schedule of the occupants. A moment of very high de-
mand can be followed by almost no demand. However, two similar buildings are
unlikely to show exactly the same kind of hourly behaviour. When several differ-
ent demand profiles are aggregated, the peak demand periods tend to happen at
different times. Thus, when the combined demand of a community is compared to
the demand of an individual building, the peak demand compared to the average
demand is lower. This is demonstrated in Figure 4.1a for electricity demand. For
the single building profile, the annual ratio of peak demand to average demand
was 3.8, while for the aggregated profile it was only 2.6. Similarly, for domestic hot
water in Figure 4.1b, the annual ratio of peak to average demand was 20 for the
single profile, but only 5.6 for the aggregate of multiple different profiles.

(a) 30 electricity demand profiles. (b) 10 DHW demand profiles.

Figure 4.1. Aggregation of different energy demand profiles compared to simple multiplication of a
single profile.

4.2 Energy sharing

Publication I presented several scenarios of two Japanese buildings with their own
cogeneration system for heat and electricity generation. The goal was to study
the effect of excess energy sharing on the combined total primary energy use of
the buildings. Hourly energy demand profiles generated from Japanese measured
values were used as input for dynamic TRNSYS simulations. Any excess energy
was shared between the office building and the residential building, but both were
controlled independently, trying to fulfill only their own need. Simple constant-
efficiency cogeneration plant (CHP) models were used to calculate surplus and
deficit of heat and electricity for two building types. Absorption cooling was con-
sidered to increase the use of shared heat. No economic calculations were per-
formed. The effect of both biogas and natural gas were compared in the study.
Several simple control algorithms were tried to see which has the greatest effect on
sharing potential.
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Figures 4.2a and 4.2b show the energy demand profiles of the Japanese build-
ings, one day for each month. While the original demand data for the residential
building was formed from data of 425 apartments, only one winter and summer
day were available. Since the data was not connected to any specific weather pro-
file, the residential thermal demand profile was normalized according to the office
building, so that each month contained a similar fraction of annual space heating
and cooling demand as in the office building. Due to DHW demands, the residen-
tial building also had heating need in summertime. Due to the age of the dataset,
the total thermal demand was normalized to more current Japanese standards and
the distribution between space heating, space cooling, DHW and electricity were
adjusted to match recent information. The office building had no heating demand
during nights, but it had electricity consumption that was 10% of the peak elec-
tricity demand. Every morning it had a heating peak during opening. The office
building was assumed to be closed on weekends, when it operated as if it was
night.

(a) Residential building energy demand.

(b) Office building energy demand.
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Both buildings (office and residential) were set up with their own CHP plant that
produced electricity at 28% efficiency and heat at 45% efficiency. For different cases,
CHP capacities were chosen to meet 20, 40 or 60% of peak electricity demand. Ab-
sorption chillers with a COP of 1.2 were also included, to better utilize the heat
generated by the CHP plants. For simplification, the plant efficiency was assumed
to be constant and adjusting part-load ratio was immediate. The main idea was to
test the potential of energy sharing in cases where the CHP plants are totally inde-
pendent, to simulate ownership by separate entities. Both CHP plants were con-
trolled only by the demands in the same building, but whenever there was excess
heat or electricity, it was exported to the other building, if there was any demand.
5 different control schemes were used, to see in which cases energy sharing has the
most benefit. The control schemes are shown in Table 4.1.

Table 4.1. CHP operation modes.

Mode # Mode name Description

1 Constant CHP always on full power.

2 Peak elec
CHP operates on full power, but only when
electricity demand exceeds 40% of annual peak power.

3 Elec track CHP output follows electric demand.
4 Thermal track CHP output follows heating and cooling demand.
5 Hybrid track CHP follows the larger of thermal or electric demand.

Primary energy consumption in the two building cluster was examined for three
different CHP capacities and the five control algorithms. Figure 4.3 shows the to-
tal primary energy consumption in the reference case (electricity from the grid, all
heating for a gas boiler) and different CHP configurations. The CHP configura-
tions had lower PE consumption than the reference in all situations except when
medium and large capacity CHP were operated on full power all the time. Low-
est PE consumption were found in medium and high capacity cases with thermal
tracking (R100-4-O100-4, R140-4-O140-4). The goal was that energy sharing would
minimize excess heat and exported electricity by increasing the portion of shared
heat and electricity. As expected, the amount of excess was greatest, when the CHP
systems were always on full power. Greatest benefit from heat sharing was found
with the constantly on case R100-1-O100-1 and the mixed control with different
CHP sizes case R50-5-O140-5. Having one system larger than the other increased
the chances for sharing without excessively increasing the excess heat generation.
There was also a small benefit to electricity sharing and only a minimal amount of
exported electricity.

The actual effect of energy sharing is better visualized in Figure 4.4. The fig-
ure shows the relative amount of primary energy saved when comparing identical
cases with and without energy sharing enabled. Again, sharing effect was greatest
in the cases with control system 1, but those were also very wasteful, producing a
lot of excess energy. However, in case R50-5-O140-5 the sharing benefit was also
at the same level, but as is shown in Figure 4.3, the amount of excess generation
was lower. Thus, it seems that the two differently sized systems were better able
to support each other without creating waste and energy sharing reduced primary
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Figure 4.3. Energy systems and boundaries for the building cluster.

energy consumption by 6% compared to the same setup without any sharing of
excess energy. Now, in the case with the smallest PE consumption, R100-4-O100-4,
there was almost no benefit to energy sharing. In this case, the demand in each
building coincided with generation so well, that very little extra energy was left for
sharing.

Figure 4.4. Effect of energy sharing on saved fuel and electricity (Publication I).

The best performance was attained by using thermal tracking in both buildings,
but this also provided the least amount of energy sharing. Thus, the true benefit
of energy sharing was minimal, when compared to just minimizing excess energy
generation in the first place. In independent situations minimizing all excess would
be desirable, but with energy sharing enabled, it can be beneficial to the combined
system to produce some excess in a part of the system. The limitation in this study
was that the power plants were assumed to always operate at peak efficiency. Thus,
both buildings could readily adjust their generation to their individual needs. In
practice, running a plant at low power would reduce efficiency, making it possible
to improve total efficiency by using shared energy instead. This also highlights
the benefit of differently sized generators, as a low-capacity CHP plant could be
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Figure 4.5. Unit prices for PV systems, inverters and thermal storage tanks of different capacities
(Publication III).

efficiently operated during low demand hours, while a larger plant could supply
power at other times. However, this kind of operation would require significant
coordination, which steers the design away from independent controls towards
shared controls.

Economics were not taken into account, but energy sharing could allow cost sav-
ings in the local area. If power exported into the main grid has no value or the
value is lower than for imported energy, then selling excess energy to the neigh-
bour would benefit both parties, as long as the price is between the low grid export
price and the high grid import price. A price difference between heat and electricity
might serve as a motivation to produce an excess amount of either type of energy
to be sold to the neighbour.

4.3 Community economics

In communities, larger generation capacities are needed than in single building
cases. This is a benefit due to economies of scale: buying things in bulk usu-
ally lowers the unit cost compared to small amounts. Figure 4.5 shows prices for
PV systems and water tanks. The relative price of PV systems drops from over
4000e/kW to 2200e/kW. An installation in a single building cannot fully benefit
from the lower unit prices of large systems, due to the increasing mismatch be-
tween demand and generation as capacity increases. However, if all buildings in
a cluster purchase solar panels in bulk, each installer can benefit from the lowered
prices while still using the amount that optimizes self-consumption.

In Publication III, LCOE calculations were made for a community 10 identical
buildings. Each building was fitted with rooftop solar panels, but the panels were
assumed to be purchased in a joint order so that the unit cost of the solar panels was
close to the minimum PV price curve in Figure 4.5. Figure 4.6 shows a comparison
between the LCOE of a single building solar electricity system and a community
system using different heating systems (explained in section 5.2) and interest rates.
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The difference is very clear. While the LCOE for different system configurations
in the single building case never went below the price of grid electricity, in the
community case this happened for all systems (though only using the lower interest
rate). This means that even if the technology in two cases is exactly the same,
cooperation within even a small community can turn the economicality of a system
from infeasible to profitable. Thus, a campaign to inform individuals about the
economical benefits of cooperative energy solutions might increase solar energy
deployment. Even individual nearly zero energy buildings should be designed
with the community view in mind. Making people aware of the lower cost might
awaken the interest of those who normally would not care to install a solar energy
system.

Figure 4.6. LCOE for single building and community, using low and high real interest rates and a 25
year lifetime. Thermal storage sizes were 300 L for the single building and 3 m3for the
community. Electricity price escalation was 4%. (Publication III)

A community can install a large amount of thermal storage, taking advantage of
the lower unit cost. Larger storages generally have lower losses, which translates to
lower operation costs as well. This is especially important for long term or seasonal
energy storage, for which heat losses are much higher than for short-term storage.
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5. Role of thermal storage

5.1 Background

Energy storage allows improved utilization of non-dispatchable energy sources.
However, electricity storage in building applications is generally not economically
competitive (Thygesen and Karlsson, 2014) and this thesis only focuses on thermal
storage systems. Research question 3 is answered by Publications III and IV. These
articles examine the storage of solar electricity through heat conversion as well as
seasonal storage of solar heat into the ground.

There are three basic forms of thermal storage: sensible, latent and chemical ther-
mal storage (Aneke and Wang, 2016). Sensible energy storage is based on tempera-
ture changes of a storage material, such as water or rock, and is the most common
thermal storage type (Dincer and Rosen, 2011). Typical use is in hot water storage
tanks that are found in many households. Thermal losses to the environment make
it difficult to store heat for long time periods. Latent heat storage works by chang-
ing the state of the storage material between the solid, liquid and gaseous states.
Each state change absorbs or releases a large amount of energy, which can reduce
the mass or volume of the storage, compared to sensible storage (Pomianowski
et al., 2013). Chemical heat storage is different from the other types, because it
doesn’t work through temperature differences. Instead, heat is stored or discharged
by reversible exothermic or endothermic chemical reactions of two different chem-
icals (Pardo et al., 2014). While chemical storage has virtually no thermal losses, it
requires more development to be commercially viable.

5.1.1 Seasonal storage

Short term thermal storage can typically help cover about 20% of annual heating
needs of residential bulidings through solar energy. With seasonal storage this can
be increased to 50% and above (Bauer et al., 2010). In this thesis, seasonal thermal
storage based on sensible heat has been considered. Two well known technologies
are pit thermal energy storage (PTES) and borehole thermal energy storage (BTES,
also known as duct storage) (Xu et al., 2014; Hesaraki et al., 2015). In PTES, a large
pit is dug into the ground and filled with water. In principle this is similar to con-
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ventional hot water storage tanks, but due to much larger volume, the thermal
losses can be low enough to allow seasonal storage.

In BTES, heat is stored directly into the ground, using heat transfer pipes installed
in boreholes that are drilled into the rock or soil. Pumping hot fluid through the
pipes will transfer the heat to the surrounding ground and pumping cold fluid will
absorb heat from the ground. A successful example of BTES is the Drake Landing
Solar Community in Canada, which was able to meet 97% of annual space heating
demand by solar energy (Sibbitt et al., 2011). This was used as the starting point
for the energy system in Publication IV because the rocky Finnish ground is well
suited for borehole systems.

The performance of the storage is affected by the properties of the ground, the
shape of the storage volume, the number of boreholes and their interconnectiv-
ity as well as the energy demand. Because of differences in solar insolation and
ground properties, each BTES system needs to be specially designed to meet local
conditions. For example, the heat conductivity in average rocky ground in Finland
is 3.5W/(mK), while in Drake Landing it is 1.37W/(mK) (Flynn and Sirén, 2015).
This translates to higher heat losses to the environment, though it also improves
the charging and discharging rate. The volumetric heat capacity of Finnish ground
is 2240 kJ/(m3K) while in Drake Landing it is 3200 kJ/(m3K). This means that less
thermal energy can be stored in the same volume.

Figure 5.1. Cross-section of a cylindrical BTES system, with 48 boreholes connected in series of 3.

If the boreholes of the BTES are connected in series, that is, the output flow from
one borehole is the input for another, the heat transfer can be arranged so that it
goes from the center to the sides (Figure 5.1). To charge the storage, hot fluid can be
injected to the center and taken out at the edges, after it has transfered most of its
heat to the ground and cooled down. Discharging the storage would then happen
by injecting cold fluid to the edges and taking out hot fluid from the center. This
creates a radial temperature distribution, where the storage temperature is highest
in the center and lowest at the edge.

The size of the storage affects the seasonal temperature development. The tem-
perature of a small storage will fluctuate significantly as the storage is charged or
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discharged. The larger the storage, the smaller the seasonal temperature changes.
If heat consumption and losses are not enough to remove all stored heat by the end
of the year, the base temperature of the storage will rise, allowing the system to
reach higher temperatures with additional heating cycles. However, losses are pro-
portional to the temperature of the storage, so eventually a maximum temperature
will be reached where any additional temperature gains are offset by increasingly
larger losses. Increasing the width of the storage increases the distance between the
hot core and the colder edge, which reduces heat losses. The efficiency of a seasonal
storage can be defined as the ratio of energy taken out of the storage to the energy
injected into the storage

ηBTES =
Edischarge

Echarge
. (5.1)

The equation treats retained heat as a loss, which translates to a lower storage
efficiency during the first years when the storage system has not reached steady-
state conditions.

5.2 Water tank as electricity storage

In Publication III, the same solar electricity generation and appliance electricity de-
mand profiles were used as in Publication II. However, a space heating profile
generated by IDA-ICE simulations to represent Finnish building stock was also in-
cluded (Tuominen et al., 2013), as well as a domestic hot water profile generated by
the IEA (Ulrike and Klaus, 2001). A thermal storage tank model was implemented
in MATLAB so that any excess energy from the PV system could be converted to
heat. The tank was split into a large lower section and a small top section, which
were separated with a horizontal plate to prevent mixing of high and low temper-
ature water.

In Publication II the importance of solar energy self-consumption became evi-
dent. Thus, means of increasing self-consumption should be found. Electric heat-
ing is very common in Finland and these systems are usually combined with a hot
water tank. Publication III examined the economics of rooftop PV systems using
three different heating systems: district heating (DH), heat pump heating (HP) and
direct electric heating (EH). In the DH system, solar electricity was only used to run
electric appliances, with any excess being exported to the grid. With HP and EH
systems, a hot water tank was used to store solar electricity. Solar electricity from
PV panels was first used to meet the electric load of any appliances. Then, if there
still was some solar electricity remaining, it was used to run electric heating and
charge the tank. The tank was used to meet both space heating (SH) and domestic
hot water (DHW) loads. The energy demand for each case was shown in Tables 3.1
and 3.2.

The benefit of using excess solar electricity for heating is shown in Figure 5.2,
which shows the monthly OEM and OEF of a 3 kW solar electric system. With the
DH system, about 50% of PV energy was used on-site in summer, but with HP it
was 60 to 70% and with EH as as high as 90 to 100%. Converting the electricity to
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heat significantly increased the actual utilization of solar energy.

Figure 5.2. Monthly OEM and OEF for each heating system when a 300 l thermal storage was utilized
(Publication III).

The effect of storage tank size is shown in Figure 5.3. For both HP and EH, OEM
was lowest in July, because it included a vacation period with no DHW demand.
With HP (Figure 5.3a), addition of thermal storage improved the OEM by 5 to 10

percentage points. It can be seen that the benefit of the large 1000 l tank was great-
est in spring and autumn (months 3, 4, 5 and 9). In these months the cold weather
caused a space heating need, which increased the utilization of any generated hot
water. At the same time, these times had significant amount of solar energy avail-
able, which made it possible to have excess for heating. In summertime, there was
more solar insolation, but not as much demand, so the increased storage size had
less effect. Conversely, in winter, the solar insolation was so small that no excess
was available for heating the tanks.

Using direct electric heating we can see a very significant increase in OEM with
the 300 l tank compared to having no thermal storage (Figure 5.3b). Further in-
creasing the size to 1000 l had a much smaller effect. This is because direct electric
heating requires much more power than using a heat pump. Despite the larger PV
capacity of 5 kW, the excess solar energy was not enough to fully charge the larger
tank. Thus, with EH it was easy to use the solar energy, but harder to meet the
heating load, while with HP the tank often became fully charged, forcing exports
of excess energy.

On the energy side, the benefit of electricity-to-heat conversion seems clear, but
the economics are also important. LCOE represents the average cost to produce
useful energy during the lifetime of the energy system. Figure 5.4 shows the LCOE
of rooftop PV system combined with different heating systems and thermal storage
sizes. From the single building curves we can see that LCOE was highest for DH,
lower for the HP and lowest for EH. In other words, the more electricity needed
for heating, the cheaper the PV generation became. Adding more storage capacity
lowered the LCOE for both electric heating systems. Using electricity for heating
increases the optimal (least cost) PV capacity. For DH, the least cost capacity was
2 to 3 kW, for HP it was 3 to 5 kW and for EH it was 5 kW. These results give
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(a) HP, 3 kW PV. (b) EH, 5 kW PV.

Figure 5.3. Monthly OEM and OEF for variable thermal storage sizes (Publication III).

more insight to those shown in Figure 5.3. Looking at the HP curves, we see that
having a 300 l was more economical than having a smaller storage capacity, but
increasing the size to 1000 l provided only a slight additional benefit, even when
improvement to OEM was higher for the latter volume increase. This means that all
self-consumption is not actually useful, as fully charging the tank may just increase
losses during low demand periods. Additionally, having to charge the large tank
with grid energy can cause unnecessary expenses. In the case of EH, the 1000 l tank
was a liability for PV capacities below 5 kW, but beneficial above that capacity.
Above 10 kW the PV system price was assumed constant, which reduced the unit
cost benefit of large systems and subsequently reduced the optimal PV capacity of
all cases.

Figure 5.4. LCOE for single building and community, with different storage sizes, using a 25 year
lifetime. Mean electricity export price was 4 c/kWh, with 4% annual price increase. No
incentives were utilized. Real interest rate was 3%. (Publication III)

The problem with short-term thermal storage is that the seasonal peak generation
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does not coincide with peak demand. Even if the extra energy is stored, it cannot
be utilized fast enough and will eventually be lost. That is why seasonal storage is
very important for maximizing the benefits of solar energy.

5.3 Seasonal storage for solar heat utilization

In Publication IV, a Finnish solar community was modeled and optimized. The
main idea of the solar community was to design a solar-based heating system that
supplies over 90% of all heating need. The community itself was formed out of
100 identical residential houses, each with a heated area of 100 m2. Several build-
ings designs with varying insulation and heat recovery levels were used, with a
space heating demand of 25 to 50 kWh/m2. DHW demand was based on the same
profile as in Publication III, but copies of the profile were shifted by up to 2 hours
and up to 5 weeks to generate an aggregated DHW profile where daily profiles
are similar, but the peak demands don’t perfectly match. This reduced the peak
demand by The annual DHW demand was 35 kWh/m2. Appliance electricity de-
mand was based on a set of measured profiles provided by Fortum and normalized
to 40 kWh/m2 level.

Energy generation in the community was located on the roof of each house, in
the form of solar thermal collectors and solar electric panels. All energy generation
and demand went through the centralized energy hub, which contained two short-
term thermal storage tanks and seasonal thermal storage in the form of a borehole
thermal energy storage system (BTES, see Chapter 5.1.1). The system design is
shown in Figure 5.5. It was based on the Drake Landing Solar Community (Sibbitt
et al., 2011) and was first introduced in (Rehman et al., 2016).

Two water tanks served as a storage hub, by being a heat source for the build-
ings, a heat sink for the solar thermal collectors (ST) and a thermal buffer for the
seasonal storage system. One tank was a low temperature tank, designed to be
heated to 40 ◦C so that it could provide energy to the space heating circuit at a tem-
perature of 35 to 40 ◦C and preheat the domestic hot water (DHW) flow. The other
tank was high temperature tank, designed to remain above 60 ◦C temperature, so
that it could superheat the DHW flow to the required 55 ◦C temperature. Solar col-
lectors were connected to the two buffer tanks either in parallel or in series. When
connected in series, the heated flow from the collectors entered the top of the hot
tank, while a corresponding flow exited the bottom of the hot tank and entered the
top of the warm tank. Thus, in practice the two tanks worked as a single larger
tank. In parallel mode, the two tanks could be charged separately, depending on
the temperature level and charging need in either tank. Since ST efficiency is depen-
dent on the output temperature, charging the warm tank with lower temperature
flow increases energy efficiency compared to charging it with unnecessarily high
temperatures due to the series connection.

The tanks were used for short-term storage and were connected to the long-term
BTES system. Whenever the temperature in either tank exceeded a specific setpoint
(50 ◦C for the warm tank and 70 ◦C for the hot tank), the tanks were discharged
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Figure 5.5. The heating system consists of solar thermal collectors, two buffer tanks, a borehole sea-
sonal energy storage and a heat pump. Parallel connection allows solar collectors to
charge either tank separately, while series connection treats them as a single tank. (Publi-
cation IV)

into the BTES until the tank temperature reached another, lower setpoint. If the
temperature in the tanks dropped too low, the tanks were charged by solar energy
(if available), by direct heat transfer from the BTES or by the ground source heat
pump (GSHP). Direct charging from BTES was only possible if the temperature of
the ground was high enough, otherwise the BTES flow was used as the heat source
for the GSHP. The flowrate in the ground loop was 800 kg/h for each circuit. The
coefficient of performance (COP) of the heat pump is shown in Figure 5.6. When
the source (ground) temperature increases, so does HP efficiency. When the desired
output temperature increases, the efficiency drops. In the low temperature heating
grid presented in the paper, the COP of the HP in question could be as high as 8.
Using the HP, a benefit was gained from the BTES even when its temperature was
not enough to directly fulfill demand. When the BTES could be directly utilized,
electricity consumption of the HP was completely avoided, further increasing heat-
ing efficiency.

To reach a high solar fraction at low cost, the system configuration was optimized
(Section 6) with the aim to minimize both life cycle cost (LCC) and annual primary
energy (PE) consumption. The decision variables included the capacity of solar
thermal and solar electric collectors, the volumes of both short-term and seasonal
energy storage, the shape of BTES and the number of boreholes as well as heat
pump capacity, solar collector control algorithms and building energy efficiency
improvements. The point of the study was to gain understanding of the interde-
pencies of the different components, to minimize cost for maximal performance
and to find energy system configurations which allow over 90% of heating needs
to be generated by solar energy. As it takes several years for the BTES to reach
steady-state conditions, the system was simulated for 4 years. The performance
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Figure 5.6. The COP of the heat pump increases until the source temperature reaches 30 ◦C. Above
that point the inlet flow will be mixed with cooled output fluid and COP remains constant.
(Publication IV)

during the last year was then used as the basis for cost calculations for the rest of
the 25 year calculation period. Discounting was done with an interest rate of 3%
and electricity price escalation of 1%.

Figure 5.7 shows an example of development of the average temperature in the
borehole storage, using different amounts of solar collectors. The temperature was
gradually increased by injected solar heat and lowered by undesired heat losses
and discharging to meet heating demand. The size of the storage relates to heat
retention ability as well as the seasonal temperature change. The larger the storage,
the more energy is needed to adjust the temperature. In practice, a BTES storage
will also heat its surroundings as heat is lost to the environment. This will grad-
ually decrease the loss rate, which is linearly dependent on the temperature dif-
ference between the storage and its environment. From Figure 5.7 we see that if
there is not enough solar heat injected to the ground, the heat pumps can drain all
the useful heat out of the ground, rendering further use of heat pumps impossible.
Again, if the amount of collectors is large enough, the temperature of the ground
will get higher every year, as the annual loads are not enough to use all the stored
energy, despite the losses.

Figure 5.8 shows the distribution of cost components for solar community con-
figurations obtained from the optimization. As more storage and solar generation
capacity was added to the system, the need for external energy dropped, while in-
vestment costs increased. The life cycle cost of the lowest performance case (#1)
was 2.3Me while its annual primary energy demand was 85 kWh/m2. In the high-
est performance case (#63), the LCC was 4.9Me and the PE demand 46 kWh/m2.
In the low performance cases, PV panels made up the biggest single cost, but im-
proved performance came by the addition of solar thermal collectors, which ended
up being the largest cost contributor in the high performance cases.

The first 21 cases had the minimum amount of 5m2 of ST collectors. Improve-
ments to the system performance came from varying the BTES configuration (vol-
ume, borehole density and connectivity, shape) and collector tilt angles as well as
from improving building efficiency. Due to the low ST area, the BTES functioned
more like a conventional ground source heat pump system, as there was very little
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Figure 5.7. Temperature development in a 35 000m3 BTES with a heat pump during three years of
operation. Each curve represents the average temperature of the storage area in a sce-
nario of 100 houses, where each house has the given amount of solar thermal collectors
installed.

Figure 5.8. Component-wise investment cost and lifetime operation cost along with annual primary
energy consumption. The cost is given per house floor area.
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Figure 5.9. Electricity consumption of heating by different components in the energy system.

excess solar heat that could be injected to the ground. In these cases, the optimal
BTES shape was deep and narrow, which helped in natural regeneration of the
BTES by heat gains from the surrounding ground.

For the other cases, performance was improved by increasing the amount of solar
collectors and the volume of the warm water storage tank. The amount of electricity
consumed by the heating system in the community is shown in Figure 5.9. With a
small amount of solar collectors, direct electric backup heating had a significant
contribution to the total heating load. While the addition of larger amounts of
ST increased the pumping energy consumption, the total demand of heating was
reduced by both direct and indirect use of solar energy. Heat pump energy demand
was reduced by improved COP due to higher temperature in the seasonal storage,
as well as by totally bypassing HP need through high enough temperatures in the
BTES.

Specific features were identified in each section of optimal solutions. In the cases
with minimum ST capacity, the BTES volumes were large, between 100 000 and
180 000m3. The height-to-width ratios in these solutions were between 2.5 and 3,
which means the BTES shape was deep and narrow. The borehole density was
also at the minimum of 0.05 boreholes/m2. When there was little solar energy
available to charge the BTES, using GSHP for heating drained the ground of en-
ergy. A large volume meant that the ground could handle a larger energy drain
before cooling down to unusable temperatures. Additionally, the low density max-
imized the volume available for each borehole while the narrow shape increased
heat flow through the edges, allowing faster natural recharging from the surround-
ing ground. The tank storage also had a very low volume in both tanks.

In the middle section with 15 to 28m2 of ST (cases 30 to 48), the BTES was at
the minimum volume of 10 000m3. This translates to significant annual tempera-
ture fluctuations. Here the hot buffer tank was at the minimum volume of 0.5m3
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per house, but the warm tank was much larger, varying between 2 and 5m3. The
BTES height-to-width ratio was 0.5, meaning that the storage was as wide as possi-
ble, minimizing thermal losses through the sides. The borehole density was 0.1 to
0.2 boreholes/m2.

Finally, in the highest performing cases with over 30m2 ST capacity, the BTES
size was between 20 000 to 50 000m3 and the borehole density between 0.15 and
0.2 boreholes/m2. The heigh-to-width ratio varied between 0.5 and 1.2, taking the
system size closer to the mathematical optimum of 1. In these cases the hot tanks
were close to the warm tanks in size, both having values between 2 and 5m3.

For the cases with less than 50 kWh primary energy consumption the BTES effi-
ciency was 40 to 60%. A very significant amount of stored energy was thus lost in
the seasonal storage. Optimal tilt angle for the solar collectors was over 50 ◦, more
than what is needed to maximize annual solar energy output (40 ◦). The higher
angle reduced total annual solar intake, but increased solar utilization in fall and
spring. This avoids some of the losses that would happen in the BTES if more
energy was generated in the summer instead.

Even with the minimal ST area of 5 m2, the heating solar fraction (or renewable
fraction) of the community could be as high as 65%. Maximal utilization of the
seasonal storage increased the solar fraction to 95%, but this required a large in-
vestment to solar collectors.
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6. Optimization of energy systems

6.1 Optimization

Optimization can used to improve the performance of a process or product. In
parametric analysis we have to choose a large set of different parameter combina-
tions to go through all aspects of the problem, but in optimization we are guided
towards the best combinations through various algorithms. A full parametric anal-
ysis with all possible combinations might require billions of function evaluations
or simulations, but by utilizing optimization we might find the best solutions with
only a thousand simulations (Hamdy et al., 2016).

If we have multiple objectives, the objectives may be conflicting, in that improv-
ing one (e.g. decreasing cost) may make another worse (reducing performance).
If it is impossible to improve the value of one objective without making another
worse, the solution is called Pareto optimal (PO) or non-dominated (Miettinen,
1999). All Pareto optimal points are optimal in different ways and it cannot be said
that one is better than another. All PO solutions together form the Pareto frontier
or Pareto front, which might be a continous curve or a collection of discrete points
on a plane.

With multiple objectives, classical methods typically give weights to each objec-
tive and perform scalarization to find a single final solution. Depending on the
method, this may not be ideal, because we might miss solutions that significantly
improve some objectives with only a small tradeoff in others. To get a better un-
derstanding of the solutions, it is useful to find solutions in many different parts
of the Pareto front. Research question 4 is answered by Publication IV. This article
introduced a novel optimization method based on artificial neural networks and
compared that to a genetic algorithm.

6.1.1 Genetic algorithm

Classical optimization methods work well for problems which are clearly defined
by exact equations, especially those for which gradient information is available.
However, in problems involving complex blackbox models, an analytical formula-
tion is not available and classical methods cannot be used (Capitanescu et al., 2015).

49



Optimization of energy systems

In these problems, it makes sense to use meta-heuristic methods, such as genetic al-
gorithms. A genetic algorithm is an optimization method based on the principles of
evolution. After a set of solutions has been found, they are compared and the best
ones are combined by way of exchanging some of their variable values. Then the
function is evaluated with these new parameters and another, hopefully better, set
of solutions is generated. NSGA-II is a widely used genetic algorithm, that utilizes
solution sorting based on function values and the crowding distance of solutions
(Deb et al., 2002), which help to find solutions along different parts of the Pareto
front.

6.1.2 Hypervolume

The speed of convergence of an optimization method can be determined by using
the hypervolume indicator, which desribes the area or volume enclosed by the cur-
rent non-dominated front and some reference point. The distribution of points on
the Pareto front has an effect on hypervolume. If the points on the generated front
are sparsely distributed, the enclosed area will not match that of the real PO front,
even if all the points are on the Pareto front. This is demonstrated in Figure 6.1.

Figure 6.1. Principle of hypervolume. Area enclosed by the obtained solution set (in grey) is less than
that of the real Pareto front and reference point.

6.1.3 Optimization with artificial neural networks

Artificial neural networks (ANN) are a metamodelling tool for creating computa-
tionally simple models from more complex models or experimental data. Using
a training dataset, the ANN learns the relationships between inputs and outputs
and generates a linear model, which is very fast to utilize, regardless of how com-
plex or computationally intensive the original model or phenomenon was. A more
detailed introduction to ANN can be found in (Kalogirou, 2000). Using an ANN
metamodel, optimizing a complex system could be done in a very short time com-
pared to using the original model, as each function evalution takes a fraction of a
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second instead of minutes or hours. The problem with ANN is the required train-
ing set. For example, to replace a complex simulation model with neural networks
requires many simulations with the original model to generate an extensive dataset,
from which the neural network can learn to predict new results. In addition, part
of the dataset needs to be excluded from the training set, to form a test set. The
test set is used to make sure that the trained model is not overfitted and that it can
also predict results from values not included in the training set. Generating the
dataset through simulations may take just as long as - or even longer than - con-
ventional optimization using the original model (Asadi et al., 2014). A new hybrid
optimization method was designed in Publication IV, which tried to improve ANN
utilization with the following two steps:

1. Instead of a single general neural network for the whole data set, several local
neural networks were used. The idea was that neural network accuracy is im-
proved by having to model a smaller range of variables and dealing less with
outliers.

2. Instead of generating a complete training set before optimization, the optimiza-
tion was started with a very small sample set and an inaccurate neural network
model, which was updated as optimization progressed. After every iteration, the
sample set grew and an updated neural network was generated.

A flowchart of the method progression is shown in Figure 6.2. The initial set is
generated by running a detailed simulation model several times with different set-
tings. At every optimization iteration, a reference point and a search line are chosen
from the objective space (Figure 6.3). The reference point should be more optimal
than the existing samples in the training set, but it need not be a feasible point, so
the selection is mostly arbitrary. The search line is defined by giving weights to
each objective and determines the area where a new solution should be found. If
the ANN is accurate, a solution will be found where the line intersects the Pareto
front. Different solutions can be found by changing the objective weights and thus
the direction of the search line. After this setup, 50% of the current sample set in
the objective space were chosen in order of the smallest distance from the search
line, using normalized euclidian distance as the metric. These points were used
for training the neural network, with 60% selected for the training set, 20% for the
validation set and 20% for the test set. Once the ANN was trained, optimization
was performed.

For the actual optimization, the method took advantage of the Achievement Scalar-
izing Function (ASF) (Wierzbicki, 1980), which can be used to turn the multi-objective
optimization problem into a local single-objective problem. The ASF is defined as

ASF (x,z,w) = maxMi

(
fi(x)− zi

wi

)
, (6.1)

where x is the vector of decision variables, z is the reference point located in the
direction of optimization and w is the direction of the search line (Figure 6.3). Ad-
ditionally, M is the total number of objectives, i is the objective index and f is the
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Figure 6.2. Flowchart of the optimization process (Publication IV).

vector of objective function values, generated by the ANN. ASF compares the dis-
tance of the chosen point from the reference point along each axis, weighed by the
search direction w. Once the original multiobjective problem has been scalarized
with the ASF, it can solved with many single-objective optimization tools, since the
new ANN-based problem is linear. In this thesis, the optimization was performed
with MATLAB’s fmincon function. Other options, such as genetic algorithms could
also be used. Now, minimizing the ASF will give a solution that is close to the
line and the reference point. Ideally this will be at the intersection of the PO front
and the search line, but this is dependent on the accuracy of the neural network
model. Initially, when the dataset used for training is small, the ANN will be very
inaccurate and new solutions are likely to be far away from the PO front. However,
after every iteration, all new solutions are used as inputs for the original simulation
model to see if the results match with those of the metamodel. The results obtained
from the detailed simulations are then added to the sample database and the neural
network is trained again. Since the search along one search line is independent of
other searches, the optimization can be run in parallel. However, the results from
different runs should be aggregated before the next iteration and retraining of the
ANN.

Eventually solutions should be generated closer to the PO front, increasing the
ANN accuracy and allowing the optimization results to improve further. It should
be noted that even if the ANN prediction is very inaccurate, the actual simulated
solution may still be a good one, because the predictions can be overly optimistic
while still potentially choosing the decision variables in a sensible manner.

One issue with the new optimization method was the selection of search lines.
Once some solutions are known, where should we search for new solutions? A
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Figure 6.3. The search line extends from the reference point towards the known samples, intersecting
the Pareto-optimal front (Publication IV). The PO front is not known in practice, but
it is enough to choose a reference point that is more optimal than the currently known
samples, such as the ideal point.

simple selection method is to take the current non-dominated front and evenly
distribute search lines between the extreme points. This is the even distribution
method. If the current samples do not cover enough of the objective space, the
algorithm may get stuck on a small subsection of the objective space, unable to find
the complete Pareto front. To reduce the chance of this happening, five ranks of
non-dominated solutions were used and the most extreme points from all sets were
chosen as the outer search lines, with the other lines evenly distributed between
them (Figure 6.4a). This way, the search space is likely to expand in the beginning,
but not at the later stages, when all solution ranks start to crowd near the Pareto
front.

Another method for line selection is to choose the lines based on gaps between
the current best solutions. At every iteration, the normalized distances between ad-
jacent non-dominated points are calculated and the optimization lines are placed
between the points with the largest distances (Figure 6.4b). This is called the dy-
namic distribution method. Ideally, the search will focus on the sections with the
least amount of solutions and form a well distributed PO front. Like in the even
distribution method, lower ranks of non-dominated points were used to extend the
search space, to reduce the chance of the algorithm getting stuck in a small region.

6.2 Performance of the new optimization method

The solar community was optimized using the genetic algorithm NSGA-II as well
as the novel method based on artificial neural networks (ANN), described in 6.1.3.
To simplify the model of the solar community, the building model was not directly
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(a) Even distribution method. (b) Dynamic distribution method.

Figure 6.4. Distribution of search lines along the current sample set. Dot colors indicate different
ranks of non-dominated solutions.

Table 6.1. Value ranges of the decision variables for optimization in Publication IV.

Decision Lower Upper Unit Variable Description
variable bound bound type

AST 5 40 m2/building Continuous Solar thermal collector area
Vhot 0.5 5.0 m3/building Continuous Hot buffer tank size
Vwarm 0.5 5.0 m3/building Continuous Warm buffer tank size
APV 0 60 m2/building Continuous Solar electric panel area
Rh 0.5 1.5 - Continuous BTES height vs. width ratio
VBTES 100 1000 m3/building Continuous Volume of seasonal borehole storage
dinsulation 0 2 m Continuous Thickness of BTES top insulation
α 30 70 ◦ Continuous Tilt angle of solar collectors
Cflow 0 2 - Discrete ST flow rate control algorithm
Cseries 0 2 - Discrete ST series mode control algorithm
Ebuilding 25 50 kWh/m2/a Discrete Space heating demand in buildings
PHP 180 360 kW Discrete Heat pump capacity
Nboreholes 0.05 0.2 boreholes/m2 Continuous Borehole density
Nseries 1 9 - Discrete Number of boreholes in series

included, but instead multistage optimization was used and the building model
was optimized separately. Pareto optimal building configurations of different cost
and performance were found and their energy demand curves used as input for
the final optimization model. Decision variables of the optimization are shown in
Table 6.1.

Figure 6.5 shows the non-dominated fronts obtained by the two different meth-
ods in two phases of optimization. In the early phase (Figure 6.5a), the genetic
algorithm provided a stable distribution and better solutions in the middle of the
non-dominated front, while the ANN solutions were more spread out. At the end
of the optimization (Figure 6.5b), the ANN method dominated the midrange and
also the bottom right section. We can see some clustering, which indicates solutions
that are somehow similar, such as having the same BTES volume.

The speed of convergence of the optimization methods is visualized in Figure
6.6, using the hypervolume indicator. Up until 500 function evaluations, NSGA-II
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(a) Non-dominated points after 320 function
evaluations.

(b) Non-dominated points after 1280 func-
tion evaluations.

Figure 6.5. Non-dominated fronts achieved with the genetic algorithm and the neural network
method with dynamically distributed lines (Publication IV). The LCC is the combined
total of investment and operation costs for a 100 building solar community.

and the ANN method had very similar values, but then the ANN method started
improving with respect to the GA. With more function evaluations, the training
sample size for the ANN method had increased, improving the prediction accu-
racy of the metamodel. A genetic algorithm is not guaranteed to find the true op-
timum, unlike classical optimization methods. The hybrid optimization method
combines the linear ANN with a classical optimization method, which is thus able
to find the optimum of the metamodel. However, if the metamodel is not perfectly
accurate, this may not match with the optimum of the original problem. With a
perfectly accurate ANN, the real problem could be perfectly optimized as well, but
there is always some inaccuracy when presenting a non-linear problem (TRNSYS
simulation) as linear (ANN). However, even with the especially high inaccuracy in
the beginning, the ANN method was able to find reasonably good solutions in the
early phase. This happens because underlying changes in the variables are to the
correct direction. For example, the hybrid method might recognize that increasing
solar thermal capacity improves energy efficiency, but it fails to evaluate the ac-
tual value of the improvement, thus overestimating the real objective value, while
still choosing new values on the correct principles and improving on the previous
solutions.

There was a noticeable difference between the solutions obtained by the two
methods. Figure 6.7 shows the difference between the properties of optimal BTES
systems obtained by the two methods. In the NSGA-II solution set, the maxi-
mum BTES volume was 600m3/house, but in the ANN set, the maximum exceeded
2000m3/house. The lower limit was about 200m3/house for NSGA-II, but it was
100m3/house (the lowest allowed value) for the ANN method. It seems that using
GA, the solutions had somewhat average values, which is natural, as new solutions
were based on previous solutions. The ANN method, on the other hand, was able
to find solutions with extreme variations. In many ANN solutions, the decision
parameters got values from the upper or lower bounds. More importantly, nearby
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Figure 6.6. Hypervolume comparison of NSGA-II and ANN method (Publication IV).

solutions could have drastically different values for some inputs, even though the
objective values were very close to each other. This is evident near Case #30 in
Figure 6.7a. With NSGA-II, these extreme values and large changes were rare. The
extreme variations are a weakness in the ANN method, as it is harder to choose a
compromise solution if the changes between nearby solutions are very large.

(a) ANN method. (b) NSGA-II.

Figure 6.7. Optimal system properties in the non-dominated front obtained by the dynamic ANN
method and NSGA-II (Publication IV). The leftmost points in this figure refer to the right-
most points in Figure 6.5b and vice versa.
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7. Discussion and conclusions

7.1 Practical implications

For individual buildings it is very difficult to achieve significant energy indepen-
dence with undispatchable energy forms, such as wind and solar energy, due to
diurnal and seasonal mismatch between generation and demand. Thermal storage
can be used to better utilize both on-site heat and electricity, but due to heat losses
to environment, single-building seasonal storage is not feasible using current ma-
ture technologies. However, heat losses in sensible heat storage are inversely cor-
related with physical system size, which gives large-scale community solutions a
chance. Very high solar fractions seem to be possible in Finland, but practical ex-
perience is needed to bring down costs and close the gap between simulation and
reality. Therefore, companies should more actively market shared energy solutions
for neighborhoods, as the lower unit prices might attract customers who otherwise
would not be interested. If buildings in a cluster have distributed energy gener-
ation, but no shared controls, the communal benefit may be small. Communal
energy system should be designed with centralized controls to maximize benefit
from the shared system.

Renewable energy support systems such as feed-in tariffs work well for increas-
ing deployment of renewable energy systems, but they do not guarantee efficient
use of the generated energy. If there is a guaranteed selling price, it rewards energy
generation even in times when energy is not actually needed. On the other hand,
self-consumption incentives may reward inefficient energy consumption or even
purposeful waste. Some method would be needed to prevent abuse of the scheme.
The key to economical use of renewable energy is maximizing self-consumption.
Increasing national renewable energy deployment is not beneficial if much of the
generated energy has to be sold at low price or completely wasted. There needs to
be a strong focus on ways to store energy and shift demand. Using a system like
Zero Energy Level would allow rewarding any means of reducing primary energy
use, such as installing a well-utilized solar energy system or energy storage system
or improving energy efficiency. If compensation of consumption by exporting clean
energy is allowed, a different value (in sense of support payments) can be given for
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self-consumed and exported energy, to still encourage local utilization. ZEL could
be used on an individual building basis by comparing local demand and generation
or by simply comparing the realized energy demand to a reference building with
similar size and system. ZEL-based support system would benefit if the primary
energy factors of energy generation were defined hourly, like electricity prices.

Large shares of renewables in the energy market can cause price volatility, such
as low electricity prices during peak renewable generation hours or high prices
during peak demand (Winkler et al., 2016). Thermal storage allows leveling out
solar energy generation so that there is less contribution during the solar peak and
more after the peak. This might lower price volatility by reducing the difference
between demand and generation. However, due to the lower heat demand during
the sunny seasons, the potential of short term thermal storage is limited. During
summer, Finnish electricity generation has relatively low emissions, due to use of
nuclear power (Statistics Finland, 2017). Fossil fuels are mostly used in winter, thus
making district heating of buildings one of the greatest contributors to Finnish CO2
emissions (Statistics Finland, 2016). This reduces the usefulness of solar energy for
summertime emission reduction. However, using seasonal thermal storage with
solar thermal generation and heat pumps for heating buildings would reduce the
base energy demand in winter, which would reduce emissions during the time
when emissions are the greatest. Seasonal thermal storage for building heating
should be considered an important tool for meeting Finnish climate targets.

The neural network optimization method was able to find better solutions than
NSGA-II at the end of the optimization, but the quality of the final solutions was
very different. The solutions of the ANN method were often located at the deci-
sion boundary and there could be major changes between nearby solutions, while
NSGA-II solutions were more average and nearby solutions were similar. This
quality of ANN solutions might be caused by training the ANN with local sam-
ples, skewing the metamodel to produce more of similar solutions and preventing
it from moving away from the boundary.

7.2 Reliability and validity

As in all research, background assumptions can have a major effect on final results.
Increasing interest rates makes long-term investments less profitable, while rising
energy prices make renewable energy systems more profitable. The current lower-
ing trend of electricity prices has made it difficult to choose an escalation rate. A
higher escalation rate (4%) was used in Publications II and III, which can make the
results somewhat optimistic compared to those in Publication IV made with a low
escalation rate (1%).

Investment costs for community-size energy system components were difficult to
come by. Economies of scale are a known phenomenon, but companies do not read-
ily release economical data on large projects due to business reasons. When such
data is available, it is often given as totals where the cost of individual components
cannot be separated. Thus, there is naturally some uncertainty in all investment
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scenarios. It was the author’s intention to prefer conservative cost estimations to
overly optimistic ones, which means that real systems might be less costly than
estimated. However, some issues, such as maintenance costs, have been ignored,
which pushes the estimation error to the opposite direction.

The energy demand profiles used in the calculations may not be representative of
typical buildings of similar type, even though the annual energy demands match
the average. In the energy system models, no switching or ramping behaviour of
components was modeled. All changes in power levels could happen instantly
and for the controllable generation in Publication I, no part-load efficiency loss was
assumed. This likely makes such estimates optimistic with respect to practice.

The optimization problem used in the case study of Publication IV was a sim-
ple one, with no discontinuities. The only constraint was a direct function of the
input values that could be solved before running the model. More complicated con-
straints could hamper the effectiveness of the new optimization method. Another
weakness in the new method is that the search is controlled by the predefined line
selection algorithm. This may cause difficulties in highly discontinuous optimiza-
tion problems as the algorithm may keep trying to find solutions in an area where
no solutions exist. Furthermore, to be able to use linear optimization methods for
solving the scalarized problem, discrete variables were converted to continuous
ones and rounded to the nearest integer value after a solution was found. This may
cause the optimum to shift.

7.3 Recommendations for further research

Community approach to Zero Energy Buildings was shown to be more economical
than the single building view, while also allowing solutions not possible in single
buildings. More work should be dedicated to developing seasonal thermal storage
technologies. Studies should be made about different solar energy system configu-
rations, such as varying heat pump connection with respect to seasonal and short-
term storage. It is especially important to get practical experiences with seasonal
storage systems, to find out how well the models really work and to get a sense of
the real expenses. Experiments can open the markets for solar technologies. Larger
markets for solar thermal systems could lower collector prices, making solar com-
munity systems more feasible. The main task of renewable energy research should
be to maximize utilization and minimize cost. These are both aided by the commu-
nity viewpoint. However, the large-scale view is unapproachable to the average
individual. Research should also be done on business models and how to get peo-
ple to invest in shared projects. This might mean focusing on service models rather
than individual ownership.

Since the largest component in the solar community was the collector system, it
might make sense to consider alternative methods for charging the seasonal stor-
age. Connecting seasonal storage into a conventional district heating grid or a a
local small-scale CHP system could enhance storage utilization even if solar in-
vestments are small, especially so if otherwise wasted heat is utilized. Due to the
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lower cost and better maturity of thermal storage compared to electricity storage,
new ways should be developed to utilize thermal energy. Heat-based refrigeration
and cooling or washing machines that use district heating might improve the use of
both solar energy and conventional CHP plants. Furthermore, interaction between
thermal and electric energy should be examined closely. Does it make sense to con-
vert renewable electricity into heat if there is also renewable heat generation in the
system? As district cooling is on the rise in Finland (Finnish Energy, 2015), useful-
ness of solar-based cooling technologies in the Finnish context should be examined.
Research should be done on how to best integrate seasonal storage systems in exist-
ing communities and whether even short-term storage could be enough for densely
populated areas. Effect of scaling up seasonal storage systems should be examined
closely, as very large systems might significantly increase techno-economic perfor-
mance.

On the policy side, there is need for sustainable support schemes that achieve
the intended final outcomes. Instead of policies that maximize renewable energy
capacity, we should strive for reducing greenhouse gas emissions. Therefore, re-
search focus should be on technology neutral support schemes that minimize net
primary energy demand, through maximal utilization of existing resources. Also,
the difference between zero energy communities and individual nZEB is of some
interest policy-wise. For example, if support is given to a community, how should
the benefits be distributed among the residents, if everybody is part of a shared
system while having different contributions to the whole?

In the early phase of optimization, the distribution of NSGA-II solutions was bet-
ter than those of the ANN method, while at the end ANN method kept improv-
ing the Pareto front as NSGA-II stagnated. This hints that a hybrid optimization
method should perhaps utilize both methods in stages. First, the optimization
would be started with GA and continued until a convergence slows down or the
ANN accuracy exceeds some threshold. Then the optimization is switched to the
ANN method. With the ANN method, some crossover stages might be skipped and
a new set of better genetic material be given to the GA. This might help in faster
convergence to better values than either method could achieve by itself. Bench-
marking with standard test problems should be done for both the current and the
suggested methods.

7.4 Conclusions

In this thesis, solar energy was considered as means to reduce net energy demand
in Finnish residential buildings. It was seen that there exists a significant mismatch
between solar energy generation and energy use in residential buildings in Fin-
land. This mismatch makes most such solar energy systems uneconomical. A
production-based support system like a feed-in tariff could be used to make them
economical, but such a system does not encourage total energy efficiency and may
become costly for the government. Self-consumption incentives were seen as a
more effective solution as it also encourages active energy management on the side
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of the user, but there exists a risk of abuse of the system. Zero Energy Level was
introduced as a technology-neutral, flexible building energy performance indica-
tor and policy tool, that could help in deciding on support payments. ZEL can be
modified to account for exported clean energy generation or focus more strongly
on self-consumption and realized efficiency gains, which gives it great potential as
a policy instrument.

Some of the economical issues and need for tax payer support of on-site renew-
able energy systems can be mitigated by community energy systems. Due to eco-
nomies of scale, cost of the energy system per building can be reduced and en-
ergy matching improved by reducing oversizing of energy systems. However, in
a community with energy sharing and controllable generation, all systems should
be controlled in a centralized manner to maximize their benefits, otherwise the
sharing benefit will remain suboptimal. Community systems benefit from lower
relative peak loads, compared to individual buildings. Communal energy systems
also allow the use of seasonal thermal storage, which is necessary to obtain really
high renewable energy fractions from solar energy.

Utilizing water tanks to store excess electricity as heat can reduce the LCOE of
building-integrated solar electricity by 20 to 40% due to improved on-site energy
matching. Implementing seasonal thermal storage systems can allow a significant
fraction of annual heating to be provided by solar energy. Seasonal borehole stor-
age together with heat pumps can allow over 90% solar fraction for heating, even in
Finland, but cost reductions of relevant technologies are needed to be competitive.
Seasonal storage without a heat pump was not considered feasible due to the high
temperature demand of domestic hot water.

A new optimization method based on artificial neural networks was developed
to be used with time-consuming blackbox simulations. The method was able to
find better solutions than a genetic algorithm with an equal amount of function
evaluations, which shows that, in principle, the ANN method can speed up opti-
mization of computationally heavy systems. However, optimal solutions that were
close to each other in the objective space might have very different values in the
decision space. This means that the method can find a wide range of solutions, but
also that it is missing some compromise solutions between the extremes. Further
development is needed to improve the reliability and performance of the method.
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