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1 Introduction

In Europe, the heating and cooling demand in the residential sector is responsible for a share
of about 40% of the overall final energy usage [1]. However, the regulations introduced by the
European Commission on the energy performance of new buildings in 2010 [2] and on the
refurbishment of existing building stock in 2012 [3] could open new future scenarios.
According to a study of the RHC Technology Platform (2011), a reduction is expected in the
heating demand that will reach a value between -20% and -30% in 2050 compared with 2006.
On the contrary, they maintain that the cooling demand could follow a remarkably different
trend with a growth by a factor of 3 with respect to the current situation [1].

Researchers in this field acknowledge that district heating and cooling network (DHC) is a
promising technology that could have an important role in the reduction both of primary
energy consumptions and local pollution emission for space heating and cooling [4], [5].
Nevertheless, Connolly et al. (2013) claim that only 13% of the current heat market for the
residential and service sector in Europe is covered by district heating [6], while the DHC+
Technology Platform (2012) reports that district cooling systems supply only a share of 2% of
the overall cooling market [7]. The paradox is that district cooling systems are more
widespread in the North than in the South of Europe. This is because “Southern countries have
less experience with district energy systems and thus less courage to start a district cooling
system” according to the results of the European project RESCUE [8]. These remarks are
confirmed from the spatial distribution of the existent district heating and district cooling
networks in Europe shown in Figure 1.
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Figure 1: Maps showing European district heating and district cooling systems in 2011,
respectively. Source: The European DHC database at Halmstad University (Urban Persson).

The standard way of thinking about district heating is that a centralised power station feeds
hot water or steam into pipes that allow them to distribute thermal energy around a city.
Unfortunately, current systems suffer from significant heat losses and high installation costs.
These issues, together with the expected reduction in heating demand due to building stock
refurbishment, could compromise the economic profitability of the existent infrastructures [9].
The absence of District Heating systems in areas of the southern Europe characterized by a
Mediterranean climate could be due also on the shorter period of the winter season with
respect to the northern countries. The lower heating demand entails a lower quantity of heat
to sell and consequently a higher payback time of the investment, once fixed the same
conditions for what concern e.g. the number of customers and the length of the network.
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This fact has led to the adoption of individual heating and cooling systems like the ones shown
in Figure 2: an air conditioner unit and a gas boiler to cover the space heating, space cooling
and domestic hot water demands of the same building.

Figure 2: Typical individual heating and cooling systems in the southern Italy (Sven Werner)
[10].

Therefore a technology that is able to provide both heating and cooling to different buildings
simultaneously has a big potential in areas characterized by a Mediterranean climate. This is
the challenge of “neutral” district heating and cooling networks called also “cold district
heating” networks that are under investigation within the EU H2020 project “FLEXYNETS” [11].
This technology consists mainly in a network extended at a district level which is able to work
at a temperature between about 10°C and 30°C. The main advantage of this solution is to
minimize the thermal losses by working at a temperature level close to the ground. On the
other hand, this advantage is paid with the need of invertible water source heat pumps which
are already a mature technology. In this way it is possible to provide space heating, space
cooling and domestic hot water at a suitable temperature to the final customers. The concept
of such technology derives from Ground Source Heat Pump systems (GSHP) as well as Water
Loop Heat Pump systems (WLHP). These latter are mainly widespread in the USA and Japan for
commercial buildings where they are conveniently applicable when heating and cooling loads
simultaneously occur [12]. In this way different loads could themselves balance the network
for most part of the year.

Other strong points of this new technology are connected to the concept of sustainability: the
very low temperature of the network allow recovering all waste heat available at higher
temperature and also a better use of renewables (e.g. solar thermal). Moreover, this
technology is able to be integrated with pre-existing DHC networks and also with the grids of
different energy carriers. For instance, Fischer et al. (2014) emphasise how the utilization of
electric driven heat pumps (EDHP) with appropriate control rules can be consider an
opportunity for balancing fluctuations in the power grid due to renewable energy generation
like wind and photovoltaic (PV) [13].

Until now, the utilization of electric driven low temperature heat pumps in small DHC networks
is mainly related to individual big buildings or small residential neighbourhood where the
application of Borehole Thermal Energy Storages (BTES) and Aquifer Thermal Energy Storages
(ATES) is hydrogeological suitable or where deep lake water is available like in Geneva [14] and
Toronto [15]. For instance, a low temperature DHC network launched at the end of 2014 in
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Zirich provides heat and cool to about 400 households and a data centre through centralised
heat pumps coupled to large borehole fields [16].

2 Features of the building stock in Europe with a focus on the
Mediterranean climate

The total residential floor area in the EU-27 is approximately 17.6 billion m?. Of this 15.1 billion
m? is estimated to be heated. Almost three-quarters of this, 72%, lies in the ‘big six’ countries;
Spain, Italy, France, Germany, UK and Poland.

The total heated floor area in each of the climate regions that have been defined to sub-divide
the EU-27 countries is reported in Table 1. The age profile of the residential stock varies from
country to country, but across all EU-27 countries the age of both single family houses (SFHs)
and multi-family houses (MFHs) is broadly similar. The rate of new build has been slowing
since the 1970s, with the most dramatic reduction occurring since 2000.

However, the residential mix between SFHs and MFHs differs widely between the EU-27
countries. Denmark, Ireland, Netherlands and United Kingdom have the highest proportions of
SFHs (all above 70%) whereas Estonia, Italy, Latvia and Spain have the lowest proportions of
SFHs (all below 40%).

Table 1 - Climatic regions, countries and associated residential heated and cooled floor area m’

Region Countries (big six in bold) Total Heated Cooled
floor floor floor
area area area
Mm?2 Mm? Mm?

Southern Dry Portugal, Spain 1978 1504 965

Mediterranean Cyprus, Greece, Italy Malta 2952 1980 423

Southern Bulgaria, France, Slovenia 2738 1871 178

Continental

Oceanic Belgium, Ireland, United Kingdom 2488 2387 12

Continental Austria, Czech Republic, Germany, 4831 4783 74

Hungary, Luxembourg, Netherlands

Northern Denmark, Lithuania, Poland, Romania, 1933 1914 14

Continental Slovakia

Nordic Estonia, Finland, Latvia, Sweden 685 678 3

The yearly residential heating energy consumption across the EU-27 is 2299TWh (see Table 2),
which gives an average energy consumption of 152 kWh/(m?y) (heated area taken as a
reference). Around this average figure, yearly energy use in separate EU-27 countries varies
from 19kWh/(m?y) in Malta to 215kWh/(m?y) in Latvia (excluding Luxembourg).

The residential cooling energy consumption across the EU-27 is 26TWh/year. Due to the size
and climate Spain has the greatest total cooling consumption at 13TWh/year.

At EU-27 level, DHW consumption in residential buildings is approximately 20% of the space
heating, at 459TWh/year. Total energy consumption for hot water is much more closely linked
to the size of each country’s population, with Germany accounting for the largest proportion at
91 TWh/year.

Total EU-27 lighting consumption is approximately 97 TWh/year, averaging at about
5kWh/m?/year.
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Table 2 — Residential specific and total energy demand and consumption by end-use

End-use Specific demand | Specific Total Total
kWh/(m?y) consumption demand consumption
kWh/(m?y) TWh/y TWh/y
Heating 144 152 1898 2299
Cooling 50 16 - 26
DHW 21 26 - 459
Lighting 5 5 97 97

2.1  Size of the residential stock

The residential floor area for each country is summarised in Table 3. As this report is primarily
in support of energy-saving retrofit measures, then heated space is separately listed. Heated
floor area is also allocated to either single-family houses (SFH) or multi-family houses (MFH), to
show the split between these kinds of dwelling.

The total residential floor area in the EU-27 is approximately 17.6 billion m?. Of this 15.1 billion
m” is estimated to be heated. The majority of the residential floor area in Europe, 72%, lies in
the ‘big six’ countries; Spain, Italy, France, Germany, UK and Poland. This of course reflects the
size of the population in these respective countries. A map showing total residential floor area
by country is shown in Figure 3.

Table 3 — Summary of floor areas per country (million m?)

. . Heated Heated
Regions Countries Total res Heated res | Cooled res SFH MEH
Portugal 410.1 240.3 24.6 134.6 105.7
Spain 1568.0 1263.4 940.8 416.9 846.5
1503.7 965
Cyprus 38.9 23.3 29.2 14.9 8.4
Greece 322.6 310.6 274.2 160.3 150.3
Italy 2576.9 1638.4 109.2 491.5 1146.8
Malta 13.5 8.1 10.1 6.3 1.8
1980.4 423
Bulgaria 197.2 195.3 43.4 107.4 87.9
Southern
Continental France 2479.5 1615.8 124.0 1098.7 517.0
Slovenia 67.3 55.0 10.3 42.4 12.7
1866.0 178
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Figure 3 - Map of total residential floor area by country

Table 4 — Country breakdown of SFH and MFH construction by age band (Mm2)

g 5515 slslslsisls (8|8 8|28 |8
= S22 13 (3|8 |3 (9 |9 |5 |§ |§|&|] |8
S o2zl lglslRlglglglgls |8 |8 |8 |a
S =l Bl = R - T = = = I o I L L -
Portugal 38 (22 |60 24 |23 |47 |26 |20 |46 (27 |26 |53 |20 |14 |34
Spain 145|295 (440 (88 |179|267 |54 |110 (164 |67 |135|202 |63 |127 (190
Cyprus 27 112 |39 (21 (13 |34 |25 |1.7 (42 |2.7 |14 |41 (49 |29 |7.8
Greece 63 (59 |121 |40 |38 |78 |29 (27 |56 |19 |18 |37 |10 |9 19
Italy 305|711 (1016 |87 |203|290 |57 (132|188 |29 |69 |98 |15 (34 |49
Malta 25 (04 |3.0 14 (04 (1.8 [1.7 |05 |2.2 |0.7 |0.3 [1.0 [0.0 |0.2 |0.2
Bulgaria 71 (47 |117 |16 |18 |34 |13 (12 |25 |6 6 13 |1 5 6
Southern
e France 582 (326|908 [143|67 |210|132 (41 (173|143 |47 |189|99 (36 (135
|
Slovenia ég' 5.8 |25.3 [9.7 |2.9 %2' 7.2 (2.2 |94 |3.0 |09 |3.9 |3.0 {09 |39

2.2  Age of the residential stock

The majority of the residential stock within the EU-27 countries dates from before 1971. This
reflects the developed nature of the EU economies and also the post-war reconstruction of the
1950s and 1960s. The EU-wide percentages of floor area constructed in SFHs and MFHs are
shown country-by-country breakdown is shown in Table 4.
After 1945 there was an urgent need to rebuild quickly and cost effectively and this resulted in
construction of energy inefficient homes. Standardised building methods were introduced in
the 1950s. Industrially prefabricated constructions and composite construction methods were
used during the 1950s and 1960s to reduce construction costs.
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Table 4 shows the breakdown of SFH and MFH construction by age.

2.3 Building type and construction

To simplify the analysis of the residential stock across the EU-27 countries, two residential
building types have been defined:

e SFH (single family house) - a single dwelling unit within its own building, for
example a detached, semi-detached or terrace house.

e  MFH (multi-family house) - a dwelling in a multi-occupancy building, for example
a flat within a house that has been converted into separate flats, or a flat within a
purpose-built apartment block.

Across the EU-27 60% of residential floor space consists of single family houses and the
remaining 40% is multi-family houses. Figure 4 shows a map detailing the percentage of single
family houses by country based on floor area.

In the Mediterranean countries like Italy and Spain, the large majority of buildings are MFHs:
Italy 70% and Spain 67%. In the other Mediterranean countries a more balanced share of SFHs
and MFHs is assessed.

Key

[] >70% sFH

I:I 60-70% SFH
[l 50-60% SFH
Bl 20-50% SFH

I <40% seH

e, tamsma e
Figure 4 - Percentage of SFHs in each EU-27 country

2.4  Thermal performance and u-values

Table 5 and Table 6 show a summary of residential u-values for all countries, separated into
the standard age bands. The countries are grouped into their climate regions.

Thermal performance across all EU-27 countries has generally improved since 1945, as would
be expected. In many cases the improvement has been dramatic, such as in Austria, Denmark,
France, Germany, Netherlands, Slovenia and UK with roof, wall and floor u-values in these
countries reducing from greater than 1.0 down to 0.3 in many cases. In some countries, u-
values have improved a lot recently, as a result of much more stringent regulations driven in
part by EU-wide commitments to improve energy efficiency and reduce carbon emissions.
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Table 5 - Summary of residential u-values by country and climate region. Walls and windows.
Weighted averages over total floor area. Source: BPIE, ENTRANZE, ODYSSEE

RESIDENTIAL WEIGHTED AVERAGES - WALL ESIDENTIAL WEIGHTED AVERAGES - WINDOW
uvalues W/m?/K uvalues W/m?/K Calcu
Total
floor e 5|88 |8|8|¢ e 5|88 |8|8s
Climatic region space in |Country B 3 3 by N S 5 B 3 3 Y PN S 5
Ev Ela|a|8|8|&]< Ela|a|8|8|&]<
(Mm?2)
Southern dry
410[Portugal 20 15| 15| 14| 12| 0.8 14 43| 4.2 42| 42| 42] 3.2 .0
1,568|Spain 25 21 21 16 16| 0.8 18 57| 57| 57 33| 33| 31 45
WEIGHTED avg 17 4.4
Mediterranean |
39|Cyprus 2.1 14| 14| 14| 14| 15 5.8 5.8| 5.8 2.7 5.0
323|Greece 16| 16/ 16| 09 09 07 1.2 4.1 41| 4.1 32| 32| 31 36
2,577|Italy 18] 16/ 16| 10/ 09 09] 13 54| 54| 46| 4.1 40| 4.0 46
14|Malta 2.0 20 15| 15 15| 15 16 58| 58 58 58 58 58 5.8
Southern Continental
197|Bulgaria 16| 16/ 15 12| 10 05 1.2 2.7 27 27 27 18 2.5]
2,480|France 24| 24 10 0.7/ 05 04 12 42 42| 3.6/ 30 21 18 31
61|Slovenia 15| 15/ 14| 08 06/ 02| 1.0 24| 23| 21 19/ 1.7] 15 20
WEIGHTEDavg | 24 | 23 | 11 | 08 | 05| 04 | 1.2 40 (40|35 (29|20 18| 31
Oceanic
Table 6 - Summary of residential u-values by country and climate region. Floors and Roofs.
Weighted averages over total floor area. Source: BPIE, ENTRANZE, ODYSSEE
RESIDENTIAL WEIGHTED AVERAGES - FLOOR RESIDENTIAL WEIGHTED AVERAGES - ROOF
uvalues W/m?/K Calcu uvalues W/m?/K Calcu
Total
floor ¢ | 5188|888 ¢ s |5 |8(8|8(|8]¢
Climaticregion space in |Country a ; S ; S S % a ; ;‘ S S S g
d < = 155} > 7] > o < ~ @ I3 7] >
EU o 2 2 2 2 g < o 2 2 2 2 & N
(Mm2)
Southern dry
410|Portugal 2.1 21 21 211 20} 13] 19 3.1 3.0l 27| 26| 24| 13| 25
1,568|Spain 2.5 25 25| 08/ 08 0.7 16 1.8] 14| 14| 1.0 10 05
WEIGHTED avg 17 14
Mediterranean |
39(Cyprus 3.3] 3.3] 06| 0.6 19
323|Greece 24 24| 24| 24| 23] 07 21 25 25| 25 11 11 0.5 17
2,577|ltaly 19 18] 16/ 14| 14 13] 16 22 20 17 12| 10 09 15
14|Malta 3.00 3.0 30 20 20 20 25 19] 19| 19 19| 18 18] 1.9
Southern Continental
197|Bulgaria 1.00 10| 10/ 0.6| 0.5/ 0.5 0.8 1.3 1.3] 1.2 11 0.5/ 0.3] 0.9
2,480|France 19 19| 0.8 0.7 0.5 0.4 1.0 2.5 24| 11 0.7] 06| 0.2] 13
61|Slovenia 1.3] 12| 09| 08| 06/ 0.2 0.8 1.3] 12| 1.0 0.7 04| 0.2] 0.8
WEIGHTEDavg | 19 | 1.8 | 09 [ 07 | 05 | 04 | 1.0 24|23 |11]|08)06(|02] 12
[Oceanic T T T T

Countries with warm climates, such as Spain, Greece, Malta, Cyprus have improved but to a
much less extent. As these are countries where air conditioning in dwellings is more
widespread, then an improvement in thermal performance would still be valuable as it would
reduce the need for summertime cooling.

It is recognised that a proportion of the older residential (and office) stock has had some sort
of upgrades. This may range from boiler replacement, some sort of insulation improvements
(such as loft insulation and cavity wall insulation) or window replacements. The literature
review did not find sufficient data to categorise the amount of the EU-27 stock that has been
upgraded therefore no corrections have been applied to the u-values and energy given in the
database to take account of this. Therefore the u-values given in the tables relate to those at
time of construction.

10
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2.5  Energy consumption and demand by end use

Table 7 reports on the heating and cooling demands and consumptions for the countries
characterised by a Mediterranean climate.

There are statistical uncertainties due to the lack of data for some countries. The heated and
cooled areas, in a few cases, had to be estimated which therefore creates some uncertainties
over the averages and total figures reported.

The Southern Dry region has lowest specific heating consumption and Southern Continental
has the highest (at 180 kWh/m?*/year) due to the weighting from France, which covers many
climates.

Table 7 - Average demand and consumption for space heating and cooling in residential

buildings.
[ [ = 2 c c =
=N S & S |8 _=|® o> w0 2 _x|Be=| ~o
4 SE | QE | &E |2gf|25E| 28 |8¢g¢|ssf| 28
= =2 - = hag ce S| oeg=| G E ecsS|leegs| §¢€
2 55 | B5 | B |SES|S5S | E; |SES|E35| €3
3 55 | 58| 98 |8€3/822| 8¢ |gs3|g23|g¢
C s e oe® |& —|&8T S |& =|&8+= 8
Portugal 410 240 25 111 128 87% 37 14 2.6
Spain 1568 1263 941 124 80 155% 54 14 3.9

Average/Total

Cyprus 39 23 29 82 55 149% 53 12 4.4

Greece 323 31 274 91 129 71% 51 27 1.9
Italy 2577 1638 109 142 138 103% 47 14 34

Malta

Average/Total
Bulgaria 197 195 43 56 91 62% 46 7 6.6
South
outhern France 2479 | 1616 124 132 193 68% 35 18 1.9
Continental
Slovenia 61 60 10 142 0% 47 10 47
Average/Total 2738 | 1871 178 123 180 68% 38 15 25

With regards to average energy consumption for domestic hot water consumption, Bulgaria
has the lowest at 8 kWh/mz/year and although this was reported in a number of sources,
seems rather low when compared to other countries.

Spain has the greatest specific cooling energy consumption at 54 kWh/m?/year, followed by
Cyprus and Malta at 53 kWh/m?*/year.

When comparing the average heating demand and consumption with the exception of
Southern Dry and Continental, regional specific demand figure is greater suggesting boiler
efficiency ranging between 68% and 98%.
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3 Heating and cooling systems suitable for buildings in the
Mediterranean climate

The heating demand values reported in the previous chapter show that the large majority of
the buildings actually existing in the Mediterranean countries can only be properly warmed
with high temperature generation and distribution systems, e.g. gas boilers and radiators.

At the same time, cooling demand is relatively high, since generally shading strategies only
include closing the shutters during highest temperatures days of the year.

This kind of building cannot be connected effectively to a network that can deliver both
heating and cooling as it has been proven in a small number of demonstration cases. This is
because, sorption chillers installed in single buildings and driven by the thermal network suffer
of high capital and maintenance costs.

On the contrary, the utilisation of invertible-cycle compression heat pumps feature low capital
and maintenance costs, however with a limitation on the warm-cold fluid delivery and, with
respect to on-the-shelf split units, with relatively high electricity consumption levels.

This kind of systems can be also connected to a low temperature (10 to 25 °C) heating and
cooling network in order to increase the performance of the heat pump both in heating and
cooling operation.

The definition of effective heating and cooling systems is not an easy task. However it seems to
be a reasonable assumption to consider the utilisation of invertible-cycle compression heat
pump systems with regards to newly built and retrofitted buildings, and the use of
combinations of heat pump + gas boiler for systems driving elderly built constructions.

In the rest of this chapter, we identify possible heating and cooling systems with reference to
the most energy efficient cases.

3.1 Heating and cooling systems definition

A reference H&C configuration structure has been defined, from which other H&C
configuration variants can easily be derived, composed of a generation system, a distribution
system, a storage for DHW, a buffer storage for heating and cooling distribution and solar
thermal and photovoltaic systems.

Three generation units have been considered: air to water heat pumps (AWHP), water to
water source heat pumps (WWHP) and gas boilers (GAS, see Figure 5).

The solar thermal field supplies renewable energy into a thermal storage tank in parallel with
the main generation unit; depending on the size of the field, the solar energy is used only for
DHW preparation (smaller fields compared to the load) or for both heating and DHW
preparation (larger fields).

The PV field is used for both driving the generation/distribution systems — namely generation
units, pumps, valves and backup heater — and covering the building’s electric appliances. In
order to compare the effectiveness of the solar thermal solutions with the PV ones, the PV
electricity used to drive the H&C system is treated separately from the one used for the
appliances. The excess PV electricity is considered fed into the grid.

With respect to the distribution system, we considered the possible use of radiant ceilings, fan
coils and radiators. In the latter case, a split unit is foreseen in addition to the mentioned
generation units as the unique source of cooling.

12
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Figure 6 — Generation renovation packages with solar thermal field (above) and PV panels
(below)

Figure 7 shows the configuration of the reference H&C system considered. The PV field is not
represented for the sake of simplicity; again to better clarify the concept, the DHW thermal
storage is represented here separately from the solar thermal storage: in single family homes,
the two are integrated into one single volume, the solar storage being located at the bottom
part of the combi-storage.

In multifamily buildings, it is usually hard finding the needed space for a large combi-storage;
therefore, it is often necessary to separate different functionalities in multiple storages.

In any case, the solar storage can be considered as placed in series to the DHW tank and the
solar thermal field. In the solutions where no solar thermal field is considered, the solar
thermal storage volume is set to zero.

The generation unit delivers heat and cold to the distribution system, through a small buffer
tank: in case of heat pumps, this limits the number of on-off cycles and in winter it can be used
for AWHP de-icing by reversing the cycle. The size of the buffer tank strongly depends on the
generation technology.

“Solar heating” can be provided to the building by drawing warm water from the solar storage
tank when a specific set temperature is exceeded.

A pump + mixing valve unit delivers heat and cold to each thermal zone (floor or dwelling
depending on the building) with the needed set temperature and mass flow.
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Figure 7 — Reference H&C system used to simulated different Generation and Distribution
Renovation Packages

AIR TO WATER HEAT PUMP: the thermal capacity of an AWHP is strongly dependent on the
load’s and source’s temperatures. This said, this component has been sized to cover the
maximum heating load with an outside air temperature of -5 °C. Below this, a back-up electric
heater is switched on.

Since data are provided at standard rating conditions, a correction factor (1.65) for the size is
used to increase both rated thermal capacity and electric consumption to nominal design
conditions, being sure that performance at -5 °C are still sufficient to cover the maximum
thermal load.

GROUND SOURCE HEAT PUMP: instead of connecting a water to water heat pump to a
geothermal heat exchanger, this kind of a unit can be connected to a heating and cooling
network. In this way, it can profit of source temperatures allowing for very high COP and EER
values on the one hand. On the other, the size of the heat pump can be reduced to the
minimum required by the loads, since the source temperature is maintained within a narrow
range of temperatures around the rated condition.

GAS BOILERS AND SPLIT UNITS: only the case of condensing boilers is taken into consideration.
As already highlighted, in southern countries, a typical and inexpensive heating and cooling
solutions is based on the combination of gas boiler and split unit. Although this combination is
not suitable for the integration into heating and cooling networks, it has to be considered as a
reference case which the innovative solutions are compared to.

3.1.1 Solar systems

For the installation of the solar thermal and photovoltaic systems, two main variants are
considered, as illustrated in the Figure 8:
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e On the best-oriented roof

e On the best-oriented facade

With respect to residential buildings, because of the windows and chimneys, the surfaces
cannot be completely covered with photovoltaic (PV) modules / solar thermal (ST) collectors.
We assume therefore that only 60% of the facade and 80% of the roof surface can be covered.

Variant A

Variant B W+E
Figure 8 — The two solar systems orientation variants

PHOTOVOLTAIC MODULES: the manufacturing data of an average mono-crystalline PV module
have been considered for the parameterization and sizing of the PV panels, with an active area
of 1.31 m” per panel. Beside the inclination variants, different number of PV panels can be
considered:

SFH
e 1 series of 6 panels (total active area: 7.8 m? - around 1 kWp)

e 2 series of 6 panels (total active area: 15.6 m?- around 2 kWp)

e 3 series of 6 panels (total active area: 23.4 m?- around 3 kWp)

MFH =5 floors
e 3 series of 6 panels (total active area: 23.6 m? - around 3 kWp)

e 4 series of 6 panels (total active area: 31.4 m? - around 4 kWp)

e 5 series of 6 panels (total active area: 39.6 m? - around 5 kWp)

SOLAR THERMAL COLLECTORS: the manufacturing data of an average solar thermal collector
(etap = 0.82, a; = 3.8) with an active area of 2.3 m? have been considered for the
parameterization and sizing of the solar thermal field. Beside the inclination variants, different
number and configuration of solar thermal collectors can be considered:
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SFH
e 1 series of 2 collectors (total active area: 4.6 m? - only DHW preparation)

e 1 series of 4 collectors (total active area: 9.2 m? - DHW preparation and space
heating)

o 2 series of 3 collectors (total active area: 13.8 m? - DHW preparation and space
heating)

MFH
e 2 series of 4 collectors (total active area: 18.4 m?2 - only DHW preparation)

e 3 series of 4 collectors (total active area: 27.6 m? - DHW preparation and space
heating)

e 4 series of 4 collectors (total active area: 36.8 m? - DHW preparation and space
heating)

3.1.2 Thermal storages

The sizing of the thermal energy storage is based on both the requirements related to the
DHW load and to the volume needed to store solar thermal energy. In case solar thermal
collectors are not installed, a minimum storage volume is considered. In case solar thermal
collectors are actually installed, the maximum volume is selected among the DHW and the
solar thermal tank size, the latter being defined as:

e 50 l/m? (litres of the storage tank per surface of the collectors’ area)

e 100 l/m?

We selected this range based on the usual practice for solar thermal systems.

3.1.3 Buffer tank

For the air source heat pump, the buffer tank is sized to guarantee the minimum energy
required for a de-icing cycle by inverting the compression cycle. This phase is required to avoid
the HP performance decreasing due to ice formations on the surface of the evaporator. The
buffer tank is sized in order to store the required energy from the HP for the de-icing
procedure. The sizing is based on this balance:

Enppr = Epusfer

Where the left term is the energy required by the evaporator of the HP at nominal conditions
for the de-icing, while the right term is the energy that the buffer can store,
Enpp; = Pup,, * timep;

The right term can be written also as the evaporator power (PHp.,) for the de-icing duration:
atimep; = 30" has been considered in this study, as this is a timeframe not affecting the
indoor comfort (the heat pump does not deliver heating to the building during de-icing),
therefore many units adopting cycle inversion for de-icing purposes operate in this way.
Consequently, the buffer energy stored during the de-icing is:

EBuffer = Vbuffer * Pwater * prater * (tmax - tmin)
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Where t,,4, is the set point temperature held in the buffer, supplying the distribution system,
and t,;;, = 15°C, is the minimum temperature acceptable in the buffer.

The buffer tank volume so designed is also useful to reduce the on-off cycles of the heat pump
which thermal capacity is most of the times oversized compared to the space heating and
cooling thermal loads. Thus, the buffer tank is used also for systems with ground source heat
pump.

3.1.4 Energy distribution systems

For the parameterisation and sizing of the different energy distribution systems,
manufacturing data and self-made measurements have been considered for a range of units:

RADIANT CEILINGS: a nominal capacity for radiant ceilings of around 140 W/m?’ in heating
mode and about 100 W/m? in cooling mode (both at A8 of 10 °C) has been considered.

With an inlet temperature in the panel of 35 °C and a flow rate per panel of 50 kg/hr, the
radiant panel capacity is around 140 W/m?, while with a temperature of 30 °C the capacity
decrease to 93 W/m?2. In the cooling conditions the panel capacity is around 87 W/m? because
of a smaller (Af) between the average panel temperature and the ambient. Radiant panels do
not dehumidify the air.

FAN COILS: the manufacturing data of the vertical 2-tubes fan coil has been considered for the
sizing and parameterization of the fan coils model. Based on manufacturer data, the
performance of fan coils has been evaluated as a function of the inlet mass flow rate (water
side) and the temperature difference between the inlet water and air.

RADIATORS: The water mass flow rate is decided based on the model’s performance at specific
inlet water temperatures (35 or 45 °C in the cases considered for installation with heat pump
systems), in order to install a temperature difference between inlet and outlet of 5°C.

4 Performance figures for systems comparison

As part of the future work, three systems will be compared in order to asses and compare their

performance from the energy and economic point of view:

1. A water-to-water heat pump based system with the described architecture and
connected to a low-temperature DHC network

2. An air-to-water heat pump based system with the described architecture

3. A conventional system using a condensing boiler and split units.

Additionally to this, combinations of the heat pump systems with gas boilers will be talked, in
order to evaluate the operation with regards to buildings with low energy performance, which
cannot be fully served by means of low-enthalpy solutions.

In this chapter we define the performance figures that allow assessing the systems’ operation.

4.1 Performance indicators for heating and cooling generation units

The performance of the H&C generation units are reported in terms of:
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SCOP: The COP is defined as the ratio of the heat output of the heat pump unit to the effective
electricity input to the unit for a stationary operating condition. In this case, the ratio is
calculated based on the average seasonal values both thermal and electric.

SCOPDHW = QDHW/EDHW

SCOPSH = QSH/ESH

_ (Qpuw + QSH)/
SCOPior = (Epaw + Esy)

SEER: The EER is defined as the ratio of the cold output of the reversible heat pump unit to the
effective electricity input to the unit for a stationary operating condition. In this case, the ratio
is calculated based on the average seasonal values both thermal and electric.

SEERgc = QSC/ESC

THERMAL EFFICIENCY: in case boilers are considered, the thermal efficiency is the ratio of the
heat output to the building to the energy entailed in the fuel consumed, expressed by the
Higher Calorific Value (HCV).

Nomw = Qpuw /HCVDHW

Nsn = QSH/ HCVsy

Neor = (Qpuw + QSH)/

For non-condensing boilers, like biomass ones, this value ranges between 0.8 and 0.85. For
condensing boilers this value ranges between 0.9 and 0.95, while for gas driven sorption heat
pumps values up to 1.2 can be reached.

The boundaries for the assessment of the above energy fluxes are set just around the unit,
meaning that we consider the electricity needed to run the HP compressor, backup electric
heater and fan (the latter in case of AWHP), while the electricity used to drive any pumps is not
accounted for.

4.2 Performance indicators for heating and cooling (generation and
distribution) systems

The above performance figures can be used also when moving the study from the single unit
to the entire generation and distribution system.

In this case, the electricity consumption figures also account for the energy used by all the
pumps, valves and control unit (a constant 20 W consumption 24/7 is accounted for, in order
to consider this contribution), as well as the electricity used by the mechanical ventilation (0.4
Wh/m3 of fresh air exchanged).

In this case, SCOP and SEER are referred to as SPF: SEASONAL PERFORMANCE FACTOR.

In addition to the SPF and thermal efficiencies, the database reports also on systems’:
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FINAL ENERGY USE: for electricity driven systems, the FE equals the electricity used to drive
the HVAC systems, while for gas or biomass driven ones, the FE equals the HCV of the used
fuel by its mass consumption.

PRIMARY ENERGY USE: In order to compare systems and technologies in terms of their
environmental impact, the use of the Primary energy concept is recommended in this report.
The PE use gives information on the consumption of non-renewable energy sources for the
provision of useful energy output of the system. Note that this does not account for the
production, distribution, installation and end-of-life disposal of the HVAC system itself. It is a
figure which considers the depletion of limited energy resources contained in e.g. fossil fuels.
For the calculation of this figure, the CEDyze — Cumulative Energy Demand (CED), non-
renewable — is used: it quantifies the non-renewable primary energy used to provide the final
energy, including the energy used for construction of the electric grid and power plants. This
indicator accounts for the primary energy from fossil, nuclear and primary forest resources (i.e.
original forests that are destroyed and replaced by farmland) defined in terms of primary
energy to final energy - kWhpe/kWhge.
PE = FE * CEDygg

Since the provenance of the electrical energy at the plug varies widely from country to country
due to their power generation and import mixes, it is important to define reference values for
comparison purposes. For the electric energy, the corresponding European electricity supply
mix (ENTSO-E — European Network of Transmission System Operators for Electricity) on low
voltage level for these two indicators was chosen (Task 44, Deliverable B1).

The primary energy factor is for non-renewable energy and the value used is a European
average for the year 2012. As such it is larger than the relevant values for certain individual
countries and it will decrease with time as a consequence of the expected increasing RES
penetration in the electricity market.

For all other energy carriers, the values for each country are nearly identical and are taken
from the Ecoinvent database (Ecoinvent (2013)) that contains a large number of processes for
production of goods and provision of services with a focus on European production chains (see
Table 8).

PRIMARY ENERGY RATIO: the same calculation approach used for the SPF definition can be
used for the calculation of the PER. In this case, the PE is used instead of the FE at the
denominator. This allows to compute a performance figure that comprehends all the different
energy uses that cannot be summed up as is.

PERpyw = QDHW/PEDHW

PERgy = 91/, E,,
PERg = QSC/
s¢ PEgc

PER,,; = (Qpuw + Qsu

+ Qsc)/
(PEpuw + PEsy + PEsc)

Table 8 - CEDnre for different energy carriers (Malenkovic 1., 2012)
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CEDhrs
Energy carrier [R¥heeEWhre]

Electriciny 24878
Gas 1164
ot 1271
Waod
logs 0030
peliers 0187

chips 00335

SOLAR FRACTION, AEROTHERMAL/GEOTHERMAL FRACTION AND RENEWABLE ENERGY
FRACTION: solar fraction is defined as the percentage of DHW and/or heating demand that is
covered by solar thermal energy.

SFouw = Qst,pHw /Q

DHW

SFey = Qsr,sn / »

_ (QST,DHW + QST,SH)
SFtor = /(QDHW + Qsu)

Where Qg7 puw is the net solar thermal energy employed, detracted of thermal losses along
the pipelines and the thermal storage. The computation of this figure poses a challenge, since
all the solar thermal energy is conveyed to the solar storage tank, and then used both for DHW
preparation and for space heating; therefore, there is no formal way to split the total
renewable energy into the two contributions. As an approximation, the contribution of the
solar thermal energy to the different loads has been considered as proportional to the power
delivered during the DHW and solar space heating delivery.

The same strategy is used to calculate the net amount of aerothermal (respectively
geothermal) energy harvested by the heat pump that contributes to cover the heating and
DHW loads.

AFprw = QA’DHW/ Qpuw

Ao = o

_ (Qapuw + Qasu)
AFtor = / (Qorw + Qsw)

Finally, the renewable energy fraction is calculated as the total amount of loads to the total
renewable energy (solar thermal, aerothermal and geothermal) that contributes to cover such
loads. For sake of simplicity, the renewables contribution to the grid electricity used is
disregarded. As a main consequence, renewable energy sources do not contribute to cover
cooling loads.
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Q
RENFDHW — REN,DHW QDHW

RENFgy = QREN,sH /QSH

Qren,pHw + OREN SH)/
RENF,, . = ( ’ ’
tot (Qpaw + Qsu)

PENALISED FE AND SPF: we have defined penalty calculations to make sure that the same
thermal comfort is achieved by all systems (based on using the convective temperature). The
following conditions result in penalties being calculated for the system: Tpyy < 40°C, Tsy <
19.5°C, Tsc > 25.0°C).

To fairly compare different HVAC systems though, we must acknowledge that some of them do
not perform as wished and we must penalise their operation. To do that, we calculate the
penalised FE and SPF: whenever the investigated system is not able to fulfil the user demand
for the room temperature and DHW supply temperature, an additional energy demand, the
penalty, is calculated and interpreted as an auxiliary energy demand of the heating system.
The electric energy required is calculated accounting for an ideal electric system with COP (or
EER) equal to average computed for the system (Haller M. Y., 2014). For more information
refer to task 26 book “Solar heating systems for houses” (Weiss W., 2003).

If the temperature of the room is lower than the set point, the penalty is defined as the
product of (UA)piding (building heat loss rate) and the difference between required set
temperature and actual indoor air temperature.

The penalty function is calculated for every time step and then integrated on a yearly basis. In
the following, the two equations used for the heating and cooling penalties are reported:

QPENSH = UABUI * MAX (0’ MAX(O’ TsetH - Tzone) + (MAX(O, TsetH - Tzone) + 1)XSH - 1)
QPENSC - UABUI * MAX(O’ (MAX(O' Tzone - Tsetc) + 1)XSC - 1)

Where

UAgyr = 30.1 + QueaT,ye * 2-13 is the building heat loss rate related to the energy level
Xgy is the (punishment factor) introduced by the exponent: 2 (arbitrarily)

Tsety heating lower temperature limit is 19.5 °C (20.5 °C for offices)

Tset cooling upper temperature limit is 25.0 °C

The calculation of the penalty for the DHW simply calculates the missing energy to reach the
set point temperature. The “punishment factor” is defined (again arbitrarily) as 1.5:

QPENDHW = 1.5 xmppy * p,WATER * MAX(O, TsetDHW — Touw)

Although, the penalisation functions are purely subjective, as already stated, they allow to
objectively comparing systems that guarantee comfort conditions, to those that do not.

These three electric energies are added to the system Final Energy, and shown in the FEenaiised-
The penalised SPF (SPFenaiisea) is calculated using the FE enaiseq-

UTILITY ENERGY BILL: as for the PE figure, the total energy bill is another method to aggregate
the contributions of the different energy sources to covering the building’s energy uses:
UEB = (EDHW + ESH + Esc) ' COStE + (HCVDHW + HCVSH + HCV5c) . COStfuel
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All the above mentioned figures are calculated for:
e Space cooling loads only

e Space heating loads only

e DHW loads only

e Space heating and DHW loads

e Space heating, cooling and DHW loads

e Space heating, cooling and DHW loads + ventilation electricity consumption

This approach allows to highlight the weight of the different loads’ contributions to the total
energy consumption of the building related to the HVAC system.

4.3 Performance indicators for solar thermal field

SOLAR THERMAL SYSTEM EFFICIENCY: the efficiency of the solar thermal system is defined as
the ratio of the obtained useful heat divided by the irradiation (see e.g. VDI 6002-1 (2004)) on
the collector plane. Depending on how the useful heat is defined and where it is measured,
stagnation periods, pipe losses, actual weather conditions and interdependency to the
conventional heating system may be taken into account (Task 44, Deliverable B1).

In this report, the useful energy delivered to the solar thermal energy storage is considered,
accounting for all the irradiation incident on the collector plane when the solar pump is
running or during stagnation periods. Thus, the solar thermal system efficiency can be defined

as:
— QST,store /

Nst

coll

GROSS SOLAR YIELD: using the net solar energy delivered to the storage tank, we calculated
the solar field GSY:

_ QST,store
GSYST - Areacou

In addition, stagnation periods are accounted for.

4.4 Performance indicators for photovoltaic field

The FE and PE figures described account for the PV electricity produced and instantaneously
consumed by the H&C system: the PV electricity is subtracted by the electricity consumption if
it is produced when H&C system operates. In many cases, this is a small fraction of the total PV
production. Therefore, a dedicated section of the database shows the total PV electricity
consumption, how much of this electricity is self-consumed and how much is fed into the grid.
Note that the self-consumption is based on a time step of 1 hour (consumption as well as PV
electricity production). The energy bill accounts only for the electricity taken from the grid.
Incentives and renewable based funding in general are disregarded as they differ by country.

The computation of the PE utilization accounts only for the PV electricity used by the
HVAC systems. It is easy to recalculate the total PE consumption by subtracting the
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specific amount of PV electricity, dependent on the boundary considered (the entire
building or the grid as a whole).

4.5 Performance indicators for economic analysis

This section presents the economic analysis of the systemic Renovation Packages in terms of
total costs of ownership (investment + running) over a 30 years period. The latter have been
adopted to permit a direct comparison with the LCA study, and to provide a spendable figure
that final users and customers can easily understand.

Besides clear advantages from the environmental and technical point of view, investment
costs are a bottleneck for a widespread diffusion of systemic Renovation Packages. Thus, we
must “uncover” the best solutions from both the technical and economic point of view.

INVESTMENT COSTS: The up-front cost a customer pays when adopting a systemic Renovation
Package is defined as the total cost of ownership TCO [€/m?] calculated according to the Net
Present Value (NPV) method, which takes into account all costs during the period of analysis
and in particular:

¢ initial investment costs I;

e replacement costs C,.
e operation linked payments (maintenance costs, insurance, taxes) C,,;
e consumption linked payments (final energy costs) C¢,;

The advantage of adopting this approach is that the cost-effectiveness of a given system is not
defined in relative terms with respect to a reference system, on the contrary, it is evaluated in
terms of specific energy price that has been paid by a final user during the life time of the
building itself.

For sake of simplicity, the calculation approach adopted here assumes that the investment
costs and replacement costs can be born with own budget. Whenever this condition does not
occur, these costs are funded through a bank loan, and the interest rates must be accounted
for, together with inflation rates. For the same reasons, incentive schemes are disregarded.

In order to compare two investments representing two different energy system variants, a
common economic timeframe must be defined. We decided to use a timeframe of 30 years
since passive and active solutions are entailed in the Renovation Packages.

The Renovation Package lifespan T is in general shorter than the calculation period N (Figure
9). An estimation of 7 is not easy to derive and most of the times it can be based only on
personal experience. Annex IV reports on the assumptions adopted. In the database published,
the user is free to input such value for each of the subsystems individuated.

When a system completes its lifespan, a replacement occurs. From an economic perspective,
this reflects in a series n of replacements each of them resulting in a replacement cost C,..
Since replacement costs occur at different times than the initial investment cost, inflation
interest i has to be considered as follows:

CT(},) =1y (1+1)°7 , the initial investment
€A =l A+ )M if1-T<N

W =1- A+ )™ ,ifn-t<N

The total replacement cost C; o y is the sum of the single replacement costs that have been
faced during the period N:
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n

Cron = Z Cio =1o T+
Jj=0
During the lifespan t, it is assumed that the system has a linear depreciation of the investment
cost Iy or the replacement cost C,.. At the end of the economic analysis period N, a positive
residual value RV might occur. The actualized residual value RV, of a system can be calculated

as follows:
T n— 30)

RVO = 10(1 + i)T.n_l (1 -

V
T @+0N T
Hence, the net total replacement cost (. is the difference between the replacement cost
Cy o,nv and the actualized residual value RV, of the system.
Crnv = Cron — RV

Since little information from comparable subjects is available, the definition of maintenance
cost C,, is also not an easy task. For sake of simplicity, a benchmark yearly cost is here
established as a percentage c,, of the initial system investment cost, in the range of 1-
3%/year.

N
Cn = Zcm (1 +0)/
-

J

The yearly energy related cost Cr, can be calculated on the basis of the cost of the final energy
annualised by means of the rate of change of the energy costs with time:

N
Crew =) Cre (1 +1,)
j=1

Once the initial investment cost I, the total final energy cost Cr, y, the maintenance cost Gy, v
and the net replacement cost C, y related to the economic analysis period N have been
computed, the total cost of ownership TCO can be easily calculated as:

TCO =1y + Cren + Cpy + Cry

In the database, the TCO is also reported in terms of annual cost (€/y) and annual costs per
unit surface of living area (€/m2/y), over 30 years.

In addition, simple investment costs and annualised investment costs, are reported a basic way
to compare initial (“entrance”) costs to be born for the renovation process.
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Figure 9 - Graphical representation of the periodicity of disbursals and interest related costs
during an economic analysis period.

5 Energy sources and sinks for “neutral” DHC networks

A thermal network with a very low temperature fulfils completely the fundamental idea of
district heating:

“to use local fuel or heat resources that would otherwise be wasted”.
Because of the very low working temperature, it is able not only to recover that waste heat
with very low “quality” that is available around a city but it also minimize the heat losses to the

ground.
In order that a heat/cold market could arise, three elements are mandatory and must be

available locally:
e the heat/cold demand;
e cheap and adequate heat/cold sources;
e the infrastructure (the thermal network) used as market place that allows buyers and
sellers to exchange this kind of service.

According to Frederiksen and Werner [10] the main local resources that are generally used in
traditional district heating consist of:

e excess heat from thermal power plant (CHP);

e excess heat from industrial processes (e.g. fuel refineries);

e usable heat from waste incineration and biomass-fired plants;

e geothermal heat sources.

These traditional heat sources can be also used for “neutral” DHC networks with additional
benefits:
e improving of the efficiency of some thermal power plants. For instance with the
decreasing of the condenser temperature in systems based on the Rankine cycle;
e electricity production from sources available at a not very high temperature via
conversion units like ORC systems.
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Moreover, “neutra

|II

DHC networks allow also:

to recycle waste heat available at a temperature level that is not suitable for
traditional district heating (e.g. from data centers, bakeries, refrigeration plants, air
conditioning chillers);

to exploit renewables source through different technologies (e.g. with solar thermal
collectors, extraction of environmental heat via heat pumps).

The main Pros and Cons of “neutral” DHC networks for what concerns the distribution
technology are:

(+) low thermal and mechanical stress of the pipes due to the low temperature;

(+) utilization of pipes without insulation with the advantages linked to the avoid
deterioration of the polyurethane (PUR) foam and change of conductivity due to
infiltration and diffusion of gases;

(+) utilization of flexible pipes in plastic materials with several advantages due the
reduction of the number of joints, simplification in the joint installation, absence of
pipe corrosion due to the amount of oxygen in the water, easy adaption to various
geometries and reduction of the time for installation by rolling out the flexible pipes;
(-) higher pumping cost due to the fact that to deliver the same amount of
thermal power it is needed a higher mass flow rate; this because of the smaller AT
between the supply and return pipes compared to traditional DH systems;

(-) higher pumping cost compared to traditional DH systems because the water
viscosity increases at lower temperatures;

(-) more complicated substation due to the integration of a heat pump.

In the following paragraphs different potential sources and sinks that can be exploited
perfectly with a “neutral” DHC network are described.

—J____
: :
L__Communicatin M e >

DHC Network

Figure 10: Concept of the “neutral” DHC network.

5.1 Waste heat from industry

Waste heat is commonly rejected in air around a city contributing to the urban heat-island
effect. This source is very important because it is locally available and contribute in a greater
energy independence from other countries.

On one hand, according to the Table 9 a big amount of common industrial process require heat
at a temperature levels that does not exceed 100 + 150 °C. On the other hand, if we think at
the end of these processes, a big amount of heat is wasted at lower temperature. This because
of thermal losses, cooling of goods and equipment, washing and sterilizing of components.
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Moreover, if we consider the cold chain for the food preservation a big amount of waste heat
is available locally from refrigeration machines of supermarkets and storehouses.

Thanks to the connection to a “neutral” DHC network these companies could reach a low
temperature required in the cooling phase of the process and also can economically profit
from their waste heat provided to the network.

The other positive aspect is that factories that work with “low temperature” processes are
quite distributed in small and medium cities. Conversely, energy intensive industries with
waste heat available at high temperature are usually more concentrated in industrial parks
outside the main residential area of a city.

However, when heat is available at very high temperature, for instance from iron, steel,
cement and glass industries, ORC units based on a closed Rankine cycle can be installed as
cogeneration units to produce both electricity and heat. Within the EU FP7 project PITAGORAS
this concept is been demonstrated in Brescia (ltaly) where waste heat available at a
temperature higher than 1000 °C is recovered from the fumes of an Electric Arc Furnace of a
steel mill and an ORC unit (2,1 MWe) has been installed for power generation and for suppling
the local district heating network.

Table 9: Temperature ranges for different industrial processes [17]

INDUSTRIAL SECTOR PROCESS TEMPERATURE[°C]
Food and beverages Washing 80-150
Pasteurization 80-110
Sterilization 130-150
Drying 130-240
Cooking 80-100
Mining Hot water and steam 50-180
Chemical Heat treatment 150 -180
Boiling 95-105
Distillation 110-300
Drying 150-180
Paper Bleaching and drying 130-180
Textile Washing 80-100
Heat treatment 80-130
Bleaching 60— 100
Dyeing 100 - 160
Industrial cleaning Steam Washing 150
Commercial sector Air conditioning 180
All Electricity generation/Polygeneration 250-300

5.2 Wind and Solar Energy

For what concerns these kind of renewable energy sources, the following solutions can be
implemented:

e large electric boilers and heat pumps can use the surplus of wind power to generate
heat or cold. The profitability of this solution could come from the balancing services
of the electrical grids beyond the trade of heat and cold;

e central or distributed solar collector fields can feed a district heating network as it is
shown in Figure 11 and Figure 12. In this case, short-term or seasonal storages are
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crucial to cope with the deviating solar heat production during the course of one day,
several days or even of a year.

By using a “neutral” DHC network where there is not the need of high temperatures,
uncovered solar thermal collectors can be installed for this purpose with the reduction of
investment costs.

Figure 11: Central solar district heating system [18].

Figure 12: Distributed solar district heating system [18].

5.3 Environmental heat sources/sinks

The main types of environmental heat sources/sinks includes resources with a very low
“quality” of thermal energy (low exergy content). These can be easily exploit via a “neutral”
DHC network. The main technology solutions that are applied for this kind of heat
sources/sinks are heat pumps and heat exchangers for the "free cooling" concept. The main
types of environmental heat sources/sinks are:
e ambient air: on one hand this source is excellent in terms of availability, on the other
hand the main problems are linked to the daily and seasonal temperature variation;

e exhaust air and waste heat from air treatment units: big buildings like hospitals,
schools, offices and shopping mills are potential sources around a city.

e sea, lake or river water: this kind of source are generally available around a city. This
came also from the history. Civilizations tended to grow up mainly in river valleys for
the access to a reliable source of water for agriculture and human needs.

In Switzerland, for example the Lake Geneva is used for cooling and heating the Sécheron-
Nations district in the northern part of the Geneva since 2009. Water is collected from the
bottom of the lake at a depth of about 40 meters with a temperature that has a yearly
variation between 6 and 10 2C [14].

In Italy, the area “Complesso della Torre” in Savona with 1 hotel, 193 flats, 20 offices and 31
shops is supplied by sea water with a temperature that change between 14°C in winter and
24°C in summer. The water return to the source with a temperature difference of about 3° C
[19].
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e ground: closed loop heat exchangers can be used in large borehole fields to
extract/reject heat from/to the ground. It is important to design accurately these
systems to allow the source to be able to “restore” its initial conditions.

e groundwater: this source is generally available in many part of the world at a depth
less than 200 meters and with constant temperature throughout the year.

Two different technologies can be used: closed loop heat exchangers without extraction and
open loop systems with extraction. When there are available suitable conditions in the subsoil
this system can be also used as a thermal storage. The concept is called “Aquifer thermal
energy storage” (ATES) and its development started in the Netherlands in the early 1980s. The
groundwater is extracted in summertime from the “cold well” for space cooling and it is

injected in the “warm well” as it is shown in Figure 13. In winter, the flow direction is reversed.

III

Consequently, the heated groundwater is extracted from the “warm wel
the “cold” one [20].

and it is injected in

COLD
DEMAND

Figure 13: Aquifer Thermal Energy Storage concept [20].

In Italy, the company COGEME has started to use groundwater with an average temperature
between 12+13°C to feed some small DHC network. Two case studies are located in the small
towns of Berlingo and Torbole Casaglia in the province of Brescia [21].

e sewage: this source has a big potential in terms of replicability. The main advantage is
due to the limited daily and yearly variation of the temperature of this sources as it is
shown in Figure 14. Heat can be recovered from sewers in two different ways: with the
installation of gutter-shaped heat exchangers on the bed of the sewer or an external
heat exchanger with an upstream pump and filter installation [22].
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Figure 14: Time series of the hourly average temperature of the sewage and of the outside air

monitored in Bologna between 2006-2007 [23].
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6 Role of short-term and seasonal storages in “neutral” DHC
networks

The storage idea is to produce heat or cold while the production conditions are as effective
and favourable as possible, e.g. production of solar thermal during the day or production of
electricity while electricity prices are high in relation to CHP plants.

The storage helps detaching the production from the demand, which is useful in systems with
high fluctuations of energy production. The storage thereby increases the flexibility to utilize
other sources of energy that is not in sync with the demand.

The basic principle of separating the production and demand in time, can be either on a short-
term basis or on a seasonal time scale. While small-scale storages for very short periods (e.g.
only on hourly basis) may be useful on local level, the term “short-term storages” is used in
this report for storages from daily variations up to weekly storage capacity. “Long-term
storages” refer to storage capacities that can account for seasonal variations.

The capacity of short-term and long-term storages in this regard, depend on the system
properties (including production technologies and specific demand) to which the storage is
connected.

This document refers mainly of some case studies of Denmark where these technologies has
been successfully implemented in the last years.

6.1 Categorization of heat storages

The choice of a storage technology is highly dependent on the context in which the storage is
to be implemented.
Storages are in general divided according to three main categories:

e Temperature level

e Time length of storage

e Status of material

The main categories are described in the following paragraphs, dividing the categorization of
storages into several subcategories. An overview of the categories is seen in Figure 15.

State of the storage medium

As shown in Figure 15, the different storages can be divided into four physically different
technologies:

Sensible storage: use the heat capacity of the storage material. The storage material is mainly
water due to its favourable properties e.g. having a high specific heat content per volume, a
low cost and being a non-toxic media.

Latent storages: make use of the storage material’s latent heat during a solid/liquid phase
change at a constant temperature.

Chemical storages: utilize the heat stored in a reversible chemical reaction.

Sorption storages: use the heat of ad- or absorption of a pair of materials such as zeolite-water
(adsorption) or water-lithium bromide (absorption).
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Figure 15: Categorization of storages according to temperature level, time length of storage
and use of material.

Properties of selected storage types

The following large-scale storages are investigated:
e Steel tanks (centralised “daily” water storages)
e Water pit storages (centralised “daily” to “seasonal” storages)
e Borehole storages (centralised “daily” to “seasonal” storages)

A thing to consider in a given context will be whether it is more feasible to store at
a) low temperatures (because the investment in insulation can be reduced and/or more
excess heat may be available at low temperatures)

or
b) high temperatures (because this will mean higher energy density and thereby a smaller
storage volume for the same energy content).

This will of course depend on the available heat supply (i.e. high temperature directly available
or not).

Some large-scale storages occupy free space whereas others can be placed below recreational
areas. In case storages has to be located in the outskirts of (or outside) the city, transmission
pipes have to be included.

Principles of the investigated storage technologies

A Technology Catalogue from The Danish Energy Agency; “Technology Data for Energy Plants -
Generation of Electricity and District Heating, Energy Storage and Energy Carrier Generation
and Conversion” [25] from 2014 shows in a figure the principle of the three types of storage.
The figure is reproduced as Figure 16 for storage tanks, pit storages and borehole storages.

6.2 Storage tanks (TTES)

Cylindrical steel tanks are also known as TTES, which is an abbreviation of tank thermal energy
storage. This type of storage can be located above ground level, which is the most common
case, but it can also be located below ground level. This is for instance seen in Germany, where
steel tanks are sometimes used even as seasonal storages in connection to e.g. solar thermal,
supplying smaller residential areas.

The tank is typically made of stainless steel, concrete or glass-fibre reinforced plastic and
contains water as storage material. Insulation of the storages is determined according to
environment and application. For steel tanks, 30 — 45 cm of mineral wool is typically used to
keep heat losses low.
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The storage capacity depends on the temperature difference in the storage. In the steel tank is
seen a vertical temperature distribution, where the hot water is in the top. The temperature
supplied to the storage is typically the temperature produced from e.g. solar thermal, and is in
most installations capable of supplying the supply temperature in the DH network.

Tank thermal energy storage (TTES) Pit thermal energy storage (PTES)
(Bl 1o 80 kKWhim') (50 80 kKWWhm®)

AR e A A N S e

!

S

Borehole thermal energy storage (BTES)
{15 1o 30 KiWhim®)

Figure 16: Concepts of three different thermal energy storages.

The temperature distribution in the storage is managed by a pipe system, shown in Figure 16
by means of the blue pipes. This system serves to keep the efficiency of the storage as high as
possible.

If the storage is placed as steel tank above ground, it can be dominant in the landscape. If the
storage is below ground level, it is possible to use the area for other purposes.

It is possible for some tanks (with several outlets) to extract heat at different heights. In such
tanks water at the desired demand temperature level can be used (e.g. from the middle part of
the tank) while maintaining high temperature water in the top of the tank if the temperature
in the top of the tank is higher than what is needed. This is especially useful if you operate with
very large storages, where it is important to maintain a good thermal stratification, meaning a
high temperature difference in the tank from top to bottom in order to avoid having a large
volume of too low temperature to be utilised in the network.

Storage tanks economics of scale

Figure 17 shows the specific investment costs for cylindrical steel thermal storage tanks as a
function of their volume. This storage technology shows very good economics of scale for
tanks in the size of 0 — 5,000 m?, but for much larger tank sizes the cost curve is quite flat. The
data in the figure is for TTES in Denmark. No data is shown for TTES larger than 10,000 m?
since this is quite uncommon although tanks up to 60,000 m® exist in Germany.

The heat losses also depend on the volume and are estimated to be on the order of
2 % per week for 500 m? storages and 1 % per week for 5,000 m® storages (PlanEnergi, 2013).
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Figure 17: Economics of scale for a few TTES storages in Denmark. Data from (Danish Energy
Agency, 2014) [25] and (PlanEnergi, 2013) [26].

6.3 Pit Thermal Energy Storage (PTES)

There are different technical concepts for seasonal heat storage. One of the concepts is the pit
thermal energy storage (PTES), which has been developed since the 1980s at the Technical
University of Denmark where a test storage was built. The first pilot demonstration storage
was established in Ottrupgard, Denmark in 1995 (1,500 m’) and the second pilot
demonstration storage was constructed in Marstal, Denmark in 2003 (10,000 m>). The first full
scale storage was built in Marstal 2011-2012 (75,000 m?), and the second full scale storage in
Dronninglund, Denmark during 2013-2014 (60,000 m?) — both in connection to large solar
collector fields, covering up to around 50 % of the district heating demand.

Today the largest PTES is constructed in Vojens, with more than 200,000 m?® capacity in
connection to a 70,000 m” solar collector plant. The seasonal storage ensures that around 40 %
of the annual district heating demand can be covered by solar heat.

Pit thermal energy storage is a rather inexpensive storage form per m?® developed in
conjunction with solar heating. In Denmark 6 PTES are already in place and more are expected
to follow.

A pit thermal energy storage is a large pit dug in the ground fitted with a membrane, typically
of plastic on the bottom and walls of the pit to keep the storage from leaking. Like for the
TTES, the PTES also uses water as the storage medium. The pit is covered with an insulating lid
to reduce the energy losses from the storage, which can float on the surface of the water. The
side walls and bottom of the storage are often not insulated because the ground soil has an
insulating effect itself and the additional costs for improving the insulation are not feasible
considering the reduced energy losses.
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Figure 18: Principle of pit thermal energy storage (PTES).

Figure 18 shows a cross section of the PTES and details of the construction. Liners are applied
both as part of the lid and in the top of the PTES. The slope of the sides is relatively low, but
depends on the local soil conditions.

Similar to the TTES, PTES also has a vertical temperature distribution in the storage to increase
the total efficiency of the storage. The same kind of system to manage this temperature
distribution is also fitted here, and indicated in the blue pipes in Figure 19. In Figure 19 is seen
a picture of a PTES during the building process. Here it is also possible to see the pipes for the
temperature management system in the centre of the pit. The PTES requires a relatively large
amount of space.

The specific capacity of the storage is 60 - 80 kWh/m? similar to TTES. The efficiency depends
on the temperature level in the storage, the insulation of the lid and the volume/surface-ratio
and whether a heat pump is used to discharge the storage. Anyway, typical efficiency values
are between 80 % and 95 %.

Key points for pit thermal energy storage are choice of material and water chemistry. Water
treatment — removal of salts and calcium, raise of pH to 9.8 — is important to reduce/avoid
corrosion. In addition, choice of steel quality of the pipes is crucial to ensure long technical
lifetime.

The insulation material in the lid should be resistant to water in case of a leakage, so that the
insulation effect is not lost. Leakages can be found and repaired by divers.

A key component of the pit thermal energy storage is the liner. The technical lifetime of the
liner depends on the temperature of the water — the higher the temperature the shorter the
lifetime.
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Figure 19: Cross sectional drawing of a PTES and picture of a PTES construction in Marstal
(PlanEnergi 2012).

Pit Thermal Energy Storage (PTES) economics of scale

Pit thermal energy storages have significant economies of scale benefits as shown in Figure 20.
They are primarily suitable as large-scale facilities and the tendency has been that every new
PTES that is constructed is larger than those already existing. For large scale heat storage, PTES
has a considerably lower specific investment costs than TTES.

PTES specific investment costs
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Figure 20: Economics of scale for PTES systems. Data from (PlanEnergi, 2013) and (PlanEnergi,
2015).

6.4 Borehole Thermal Energy Storage (BTES)

A borehole thermal energy storage (BTES) consists of a number of boreholes dug in the ground
in which pipes are placed. The storage is charged by pumping hot water through the pipes in
the boreholes, which then transmits heat to the ground surrounding the boreholes. The
storage medium here is the soil surrounding the boreholes and not the water in the pipes
which is just a transfer medium. There is usually a layer of insulation on top of the boreholes to
reduce heat losses.
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Figure 21 shows a three-dimensional drawing illustrating how the BTES is located in the
ground. When discharging, cold water is pumped through the pipes in the boreholes and the
stored energy in the ground is absorbed in the water and can be used for heating.

BTES is not as common a technology as TTES and PTES. The first BTES in Denmark was
constructed in 2012 and put in operation in Breedstrup for district heating supply in
conjunction with a large solar thermal capacity. The facility consists of 48 boreholes of 45 m in
depth with a total storage volume of 19,000 m>. At the time of construction, this BTES was the
largest BTES facility for district heating in Europe.

The capacity of BTES can be anything between one borehole for the use of one single
household to large scale storages of several hundred boreholes. The specific capacity of the
systems is estimated to being 15-30 kWh/m? of storage material (DEA Technology Catalogue
2012). The efficiency depends on the size of the storage. For small systems the efficiency can
be as low as 60 % where for large systems of above 100,000 m? the efficiency can reach 85 -
90 %.

The charge and discharge effect is limited by the convection from or to the storage material in
the ground and the transferring medium in the ground pipes and this is why BTES mainly is
used for base load capacity. The investment costs are sensitive to the ground properties of the
location where the storage is to be constructed. Since it requires many boreholes for large
facilities, any difficulty in drilling the boreholes can increase the investment costs significantly.

Figure 21: Cross sectional drawing of a BTES and Three-dimensional drawing of BTES
(www.bbeatty.com/geothermal.php)
Borehole Thermal Energy Storage (BTES) economics of scale

The storage volume of borehole thermal energy storage is not as well defined as for TTES and
PTES. It is often assumed that 3 m® of soil volume BTES are equivalent to 1 m® of water storage
volume because the soil has a lower specific heat capacity than water [27]. After making this
conversion from soil volume to water equivalents, PTES storage volume can be compared
directly with the volumes of TTES and PTES.

As shown in Figure 22, BTES does not have as well-defined economics of scale as TTES and
PTES. The specific investment cost is around 40 €/m> water equivalent for four out of the five
systems in the examples used. An increased amount of data points would provide a more
reliable estimate of the economics of scale of BTES. The investment cost for such systems is
also location-specific, as it relies on the geological suitability of the soil for drilling the holes
and on the composition and permeability of the soil with regard to heat exchange and storage.
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In Table 10, the key parameters mentioned in the sections of the investigated storage
technologies are summarized to give an overview and comparison between the technologies.

For large scale TES, PTES has the advantage of lower specific investment costs compared to
TTES, which are similar in many other characteristics, they both use water as storage medium,
have relatively high efficiencies and high charge/discharge capacities. The area requirements
are the most significant disadvantage of PTES. BTES can be implemented almost independent
of the geological properties. The BTES has relatively high investment costs due to the number
of boreholes. Another issue with BTES is that it has a relatively low charge/discharge capacity,
which can be a problem depending on the specific application for it to be used in.

Table 10: a summary of the key properties for TTES, PTES and BTES. Reproduced from Solar

District Heating Guidelines, fact sheet 7.2 and the Danish report “Udredning vedrgrende
varmelagringsteknologier og store varmepumper til brug i fjernvarmesystemet”.

requirements

- preferably no
groundwater
-5-15m deep

- preferably no groundwater
-5-15m deep

Type TTES PTES BTES
Storage medium Water Water The soil
(Gravel-water*) surrounding  the
boreholes
Specific capacity | 60 - 80 60 -80 15-30
[kWh/m°] 30 - 50 for gravel-water
Geological - stable ground conditions | - stable ground conditions - drillable ground

favourable
- high
capacity

- high
conductivity

- groundwater
heat

thermal
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- low hydraulic
conductivity

(kf < 10™° m/s)

- natural ground-
water flow
<1m/a

-30-100 m deep

temperatures °C

Application Short time/diurnal | Long time/seasonal storage for | Long time for DH
storage, buffer storage production higher than 20.000 | plants with
MWh production above
Short time storage for large CHP | 20,000 MWh/year
(around 30,000 m3)
Storage 5-95 5-95 -5-90

Specific  investment
costs [DKK/m’] and
[EUR/m’]

800 — 1,500 DKK for TTES
above 2,000 m*
110 — 200 EUR/m*®

150 — 300 DKK for PTES above
50,000 m*
20— 40 EUR/m*

150 — 300 DKK for
PTES above 50,000
3

m water
equivalent incl.
buffer tank

20— 40 EUR/m*®

Advantages High charge/discharge | High charge/discharge capacity Most underground
capacity Low investment costs properties are
suitable
Disadvantages High investment costs Large area requirements Low

charge/discharge
capacity
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7 Classification of the thermal network distribution
configurations

Different kind of distribution configuration can be applied in district heating and cooling

systems. As a consequence the network topology could results with the following structures
that are shown in the following figures:

e branched: when generally developed for the connection of the generation plant is
connected with a big customer;

e ring: where each building can be potentially supplied from both direction of the
network;

e meshed: when a lot of buildings are connected in a high density context with a big
improvement of the reliability of the system.

Tox
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Figure 23: One line representation of a branched network supplied by one generation plant
(C.T.) [24].
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Figure 24: One line representation of a ring network supplied by one generation plant (C.T.)
[24].
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Figure 25: One line representation of a meshed network supplied by two generation plants
(C.T.) [24].
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7.1 Two pipes in counterflow

This kind of solution has been widely applied in traditional DHC networks. The network pump
must be sized to overcome the overall pressure drops of the farthest user. The main pros and
cons are:

(+) less length of the overall pipe installed with respect to inverse return distribution;

(+) the mass flow rate decrease after each user substation. Thus, it is possible to reduce
gradually the diameter of the main pipe and its cost;

(+) each user along the distribution is supplied at the same temperature;

(-) it is important to design accurately the circuit and to balance it by inserting balancing

valves to reproduce for each user the same pressure losses of the farthest user;
In Figure 26 it is shown a scheme of this kind of configuration where a heat/cold generation
system supply the network.

Legend

K —— Suppy pipe

------- Return Pipe

> 7
Gen @ @ @ @ @ Pumping station

@ Customer substation

@
A
AN

Figure 26: Simplified scheme of the two pipes in counterflow distribution configuration.

7.2 Two pipes in parallel flow (with inverse return)

The main feature of this configuration is that each user is connected to the network in a way to
have an equal pipe length with respected to the position of the production plant. In this way,
the circuit results naturally balanced without the installation of balancing valves.

On one hand, this kind of solution has not been widely applied in traditional DHC distribution.
Moreover, it is commonly applied in commercial buildings where heating and cooling demand
occur simultaneously. This solution, commonly called water loop heat pump systems (WLHP),
allow recycling waste heat and include both the heat source and the dissipation unit
connected in parallel with the main loop.

The main pros and cons are:

(+) the circuit results naturally balanced;

(+) each user along the distribution is supplied at the same temperature;

(+) the mass flow rate decrease after each user substation. Thus, it is possible to reduce
gradually the diameter of the main pipe and its cost;

(-) a greater length of the overall pipe installed with respect to the other solutions

presented in this document;
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Figure 27: Simplified scheme of the two pipes in parallel flow distribution configuration.

7.3 One pipe distribution

From a literature review seems that this kind of solution has not been applied in traditional
DHC yet. However, it is sometimes used in heating distribution system for the residential
sector. The main pros and cons of this solution are:

(+) less pipe installed but with higher diameter;

(-) each user along the distribution is not supplied at the same temperature and it is
affected by the behaviour of the previous users;

(-) it is important to design and to balance accurately the circuit by means of balancing

valve or pumps;
Legend

K —— Suppy pipe

------- Return Pipe

Pumping station
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Figure 28: Simplified scheme of the one pipe distribution configuration.
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8 Conclusions

In the present document we summarised the analysis made on the building stock typical of the
EU countries with Mediterranean climate.

The analysis shows that apart for Italy and Spain that are largely dominated by multifamily
houses, the other countries have a balanced share of single family homes and condominiums.
Therefore the solutions for heating and cooling developed should take into consideration such
diversity.

In general all countries feature an old building stock with low energy efficiency characteristics:
space heating demand higher than 100 kWh/m?y and space cooling demand easily higher than
30 kWh/m?y. This is due on the one hand to the scarce performance of the buildings’
envelope, on the other to the inadequate shading of the transparent surfaces at summertime.
Heating and cooling systems using heat pumps are clearly more effective than gas boiler based
ones in terms of primary energy consumption. Therefore, this solutions should be promoted.
However, their operation is not fully satisfactory during the coldest days of the year, with
respect to the vast majority of the building stock.

Additionally to these systems, combinations of the heat pump with gas boilers have to be
tackled, in order to evaluate the operation with regards to such buildings that cannot be fully
served by means of low-enthalpy solutions.

One system that is particularly interesting is the one employing a water-to water heat pump.
This is usually relatively expensive when connected to geothermal heat exchangers, due to the
initial costs associated to the setup of the geothermal probes.

However, the same solution can be effectively be connected to low temperature district
heating system, operating at temperatures close to the ground’s (10-25 °C). In this case, an
invertible cycle HP can be operated both in heating and cooling mode, at effectual and well
controlled source side temperatures. Therefore the network can operate both as a heating and
cooling one.

On the other hand, such low temperature district heating and cooling networks suffer of
reduced thermal losses, and can integrated waste and renewable heat even when available at
very low temperatures (> 30 °C).

Here we have reviewed shortly the DHC networks technology with a particular attention to the
integration of available thermal energy sources and to the thermal storages. Based on the
analysis of noteworthy case studies, we identified and rated three DHC network architectures
that can be used to deliver low temperature heat from the source to the user. A detailed study
must be carried out in order to understand what way of integrating and operating water-to-
water heat pumps is the most effective with respect to such networks.

In the continuation of this work, different combinations will be rated and compared to a
reference heating and cooling system based on a gas boiler and split units. Combinations of
both the innovative and the traditional systems with solar thermal and PV technologies will be
considered. In this document we have defined the performance figures that allow assessing
systems’ operation.
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