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This paper conducts an energy and economic assessment of District Heating (DH) integrated Solar
Thermal (ST) systems. An implementation with building-integrated ST collectors coupled to a Low
Temperature District Heating (LTDH) system is studied, with special focus on unglazed collectors. ST heat
is exploited in the building through direct use, while excess heat is delivered to the network. A novel
control strategy for heat ﬂows in the system is proposed.
A meta-analysis of several DH conﬁgurations, interconnection schemes and installed ST capacity is
performed in three different climates: Sevilla (Spain), Bordeaux (France) & Copenhagen (Denmark). Heat
loads corresponding to buildings with various insulation levels and domestic hot water loads are
assessed in hourly simulations.
The proposed interconnection concept provides a variety of connection modes to the DH network,
allowing up to a 50% increase in the provision of solar heat compared to an isolated ST system. Positive
Return of Investment (ROI) for such a setup is achieved in 22% of the studied cases. The DH network is
found to be a suitable heat sink in up to 25% of the buildings with ST systems installed.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
In the European Union (EU), 40% of the total energy consumption is performed in buildings [1]. European regulations ([2,3]) are
promoting an overall energy performance improvement of 20% in
buildings. For achieving this objective, the reduction in energy
demand and the increase of renewable energy production in
buildings ([4,5]) are the major routes.
In consolidated urban areas, most buildings are already constructed and the potential for reducing their heat loads and incorporating renewable energy sources (RES) is limited due to local
constraints. District Heating (DH) networks allow the integration of
buildings into greater energy systems, levelling various load proﬁles and optimizing use of renewable heat [6]. Existing buildings
with higher heat loads can take advantage of excess heat productions in Solar Thermal ﬁelds integrated in neighbouring
buildings.
DH is a highly efﬁcient heat supply technology, identiﬁed as a
key technology for the de-carbonisation of heat supply in Europe
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[7]. DH networks cover 13% of the heating energy to buildings in the
EU [8], but are still highly dependent on fossil fuels [9], which are
used for the production of 70% (Europe) to 90% (worldwide) of the
heat.
There is a trend for the reduction of supply temperature levels in
DHs towards the so-called 4th Generation of DH ([10e12]). Temperature reduction allows for a substantial increase in the use of
RES. When considering the use of local RES in DH, the main sources
are Solar Thermal (ST) systems and waste heat from industrial and
commercial buildings [13]. In Ref. [14] the possibility of using industrial waste heat in LTDH in China was studied and it was
concluded that LTDH increased both the waste heat production rate
in industrial facilities and their thermal energy efﬁciency. In
Ref. [15] the potential of Data Centres (DC) as waste heat streams
for DH is studied, estimating operational cost savings in the range
of 0.6e7.3% for a case study in Finland. In Sweden, so-called Open
District Heating™ systems [16] have been introduced, where third
parties are allowed to sell excess heat to the DH network. In
Ref. [17] the feasibility of Large Solar Thermal (LST) combined with
seasonal heat storage is validated for systems with collector surfaces in the range of 150 000 to 650 000 m2 connected to the DH.
Solar Energy is the largest available RES in Earth [18]. Considering this, building energy codes in developed countries (such as
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Acronyms
DH
LTDH
ST
ROI
dNPV
DHSC
EU
HVAC
WH
BOU
SEV
UNG
SUPP
nZEB
DHW
SH
CHP
DC
HDD

District Heating
Low Temperature District Heating
Solar Thermal
Return of Investment [%]
Discounted Net Present Value [V]
District Heating Sink Capacity
European Union
Heating, Ventilation & Air Conditioning
Waste Heat
Bordeaux (France)
Sevilla (Spain)
Unglazed collector
Supply line of the DH network
nearly Zero Energy Building
Domestic Hot Water
Space Heating [kWh]
Combined Heat & Power
Data Centres
Heating Degree Day

the Spanish CTE [19]) impose minimum threshold levels for the
solar contribution to Space Heating (SH) and Domestic Hot Water
(DHW). Recent studies ([20,21]) of Solar Thermal (ST) energy used
for SH and DHW purposes have proven the economic viability for
these systems.
ST production and heat load have daily and seasonal variations
due to weather conditions [22]. In typical systems, ST heat production exceeds heat load in summer, while in winter it does not
meet the full load. Techno-economic optimisation in traditional
engineering practice leads to designs where ST is sized to meet a
fraction of the yearly heat load, and complementary energy sources
are integrated, commonly based on fossil fuels (back-up systems).
Considering that south-faced slopes are the surfaces that receive
the greatest solar radiation in a yearly balance [23], most ST systems are integrated in roofs [24]. Also, installation in roofs has been
a traditional way of reducing the impact of these systems in
building aesthetics [25].
Considering the increasing requirements of ST share in buildings, larger surfaces need to be activated for the installation of ST
systems. In this work, the possibility to integrate ST into the south
façade of the building is considered, due to the large surface
available and good availability solar heat. As identiﬁed in Ref. [26]
south-exposed vertical surfaces are among the most irradiated
surfaces of buildings, with the exception of horizontal surfaces and
south-sloped roofs. Also, it should be considered that solar incidence over south-exposed façades is better in-line with heat consumption patterns in buildings. Although the yearly solar incidence
in south-oriented vertical surfaces is not as great as for optimally
inclined south-facing roofs, there is a greater incidence of solar
radiation in south façades during the winter and intermediate
season [27]. This effect of the solar geometry implies that a substantially greater utilization factor can be achieved in southexposed walls. Previous studies also highlight potential beneﬁts
in long-term resilience of ST installations for vertical systems as
they are less sensitive to unfavourable weather conditions, such as
rain or snow [28]. For all these reasons, the integration of ST in
south facing walls is assessed in this study.
Although a viable solution for many buildings, in the context of
high-density urban areas, shading-related inefﬁciencies should be
considered when selecting suitable façades for ST system

BISTS
LST
GHG
CPH
GL
ET
RET
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Building Integrated Solar Thermal System
Large Solar Thermal
Greenhouse Gas
Copenhagen (Denmark)
Glazed Collector
Evacuated Tube Collector
Return line of the DH network

Nomenclature
Collector efﬁciency [%]
GT
Incident Radiation [W/m2]
Tm
Collector average temperature [ C]
a1
Heat Loss Coefﬁcient 1 [W/m2$ C]
R2
R-squared value []
SSTOT
Total sum of squared Residuals []
h0
Optical efﬁciency [%]
Ta
Ambient Temperature [ C]
DT
Temperature difference [ C]
a2
Heat Loss Coefﬁcient 2 [W/m2$ C2]
SSRES
Sum of squared residuals []
SPi
Solar Production [kWh]

hc

integration [29].
Different collector technologies are available for integration in
building applications, such as vacuum tube collectors, glazed ﬂat
plate and unglazed collectors. Their selection for a particular
application depends on energy, cost and aesthetic aspects. Vacuum
tubes are used for high temperature applications, but they have a
signiﬁcant impact on the external image of buildings. Glazed ﬂat
plate systems are available for medium-level temperature applications, with aesthetically acceptable integrations. Unglazed collectors make use of the simplest technology among all collector
types, and are commonly used for low temperature applications.
The absorber is usually a low-emissivity metal layer with insulation
in the backside [23]. In Ref. [29], different applications of unglazed
collectors for façade integration are shown. A wide variety of
shapes, colours and materials of the absorber are enabled, making a
very ﬂexible and adaptable system for façade integration, with
minimal architectural constraints and without alteration of building aesthetics.
An increasing number of DH operators are studying the possibility to integrate ST to existing DH networks [29e32]. In most
cases, DH-connected large solar thermal (LST) collector ﬁelds
installed in open areas are considered. The connection of a large ST
to existing DH impacts directly in the reduction of fossil fuel consumption in heat production plants and associated operational
costs. By 2017 there were about 300 LST (>350 kWth) connected to
existing DH networks [29]. This connection mode of the ST system
to heating network is usually referred as centralized connection.
An alternative setup is the integration of ST in buildings for
connection to the DH. This is particularly interesting when LST is
not possible due to high urban density, leading to costly or scarce
land. These cases also present some advantages in relation to
capital needs, as they can be deployed building by building,
avoiding large initial investments. These ST systems are usually
referred as distributed.
An example of success of solar DH with high solar share is the
district of Drake Landing Solar Community [33], in Okotoks (Canada). This site is served by a small STDH system with a large interseasonal storage, reaching a solar fraction of more than 90%, in a
location with around 5200 Heating Degree Days (HDD) [34].
A recent study [35] reviews various DH connection schemes for
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building integrated ST systems and proposes a direct connection of
ST to DH and Heating, Ventilation & Air Conditioning (HVAC)
manifolds, allowing bi-directional heat transfer and avoiding local
storage. This connection scheme solves traditional inefﬁciencies of
the mismatch between solar production and energy use. Excess ST
production is delivered to the network while this same network can
deliver heat to the building as required. A substation allowing these
heat ﬂows is presented in Ref. [36].
This paper explores the energetic and economic feasibility of
decentralized systems integrated in south-facing building façades
and connected with LTDH network. Hourly energy ﬂows from the
interconnected subsystems are analysed, considering their effect on
the overall system performance when different conﬁgurations are
modelled. All the conﬁgurations prioritise local consumption of
solar heat, while allowing for injection of the excess heat into the
DH and the use of the DH network as secondary heat source.
The novelties of the paper lie in the selected methodology and
the conﬁguration of the proposed system. DH networks and façadeintegrated ST systems have been deeply studied as independent
systems. In this paper, a novel methodology is presented for
investigating the feasibility and viability of a combined system
integrating ST into DH networks, from an energy and economic
point of view. A new data-driven model is also presented for the
characterization of SH demand, improving prediction and reducing
the calculation cost of the heat ﬂows control system.
The effect of climatic variables in the performance of the system
is also assessed. Three different climates have been chosen according to their severity classiﬁcation deﬁned by Ref. [40], so that
the widest range of climates is assessed.
The heat production capacity of the solar system is matched
with a variety of heat demand proﬁles. The size of the building and
the solar ﬁeld highly inﬂuence the feasibility of the presented
system.
A sensitivity analysis is performed for possible price changes in
heat selling/purchasing. The analysis of different pricing schemes

results in the detection of key variables that determine the economic feasibility of the combined system.
To the authors’ knowledge, a coupled energy and economic
performance assessment of such setups has not been performed
before.
2. Methodology
An energy and economic assessment of the DH connection of
building-integrated ST systems is performed by means of several
inter-connected steps.
The initial step is the calculation of the heat loads in the
buildings. Heat loads are calculated for a set of buildings and climates as presented in sections 2.1 and 2.2. By doing so, the dependency of heat load upon construction age and climatic
conditions is considered. Synthetic climate data is generated with
Meteonorm [37] and introduced into a building energy model in
TRNSYS [38]. Section 2.3 presents a data-driven model that correlates climate and construction characteristics with the energy demand for SH.
Solar heat production is calculated for exposed south-facing
façades in each climate deﬁned in 2.1. Three collector technologies are deﬁned, and their performance is calculated based on
manufacturer data, by means of a self-developed code in R language [39]. The conﬁguration of the ST collector ﬁeld is optimized
considering the geometry of the façade, as further detailed in section 2.4.
Considering already calculated heat loads in buildings and ST
heat production, several connection schemes are proposed, and
associated energy ﬂows calculated with hourly resolution. Further
details on connection schemes and energy balances are presented
in section 2.5.
Finally, considering the aforementioned energy ﬂows, an economic assessment is performed for each of these. Different price
levels are assigned depending on the directionality of heat ﬂows.

Fig. 1. Methodology for the integration of ST systems into DH networks.
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Table 1
Summary of climate data for the 3 locations assessed.

Latitude
Annual irradiation over south façade irradiation [kWh/m2year]
Annual HDD ( C/year)

Considering all these criteria, operational costs and revenues of
each case are obtained. Investment costs for the setting-up of the ST
system and operational costs are incorporated into a 20-year economic assessment. The economic feasibility of the connection of ST
systems to DH is performed against a DH connection based on
Combined Heat and Power (CHP) without a ST system. The economic assessment process is presented in section 2.6.
All this process is conducted for individual scenarios in the case
study. The ﬁnal dataset is in the range of 106 values. This dataset is
explored for the identiﬁcation of subspaces where system proﬁtability is achieved. Outcomes of this exploration are presented in
section 3.
All in all, the development of the analysis is based on 2 working
tools: TRNSYS is used for the energetic modelling of the buildings
and R for calculations, data analysis and processing.
The detailed methodology is illustrated in Fig. 1.
2.1. Selected climates
Three European locations have been studied, each with different
climate severity according to Ref. [40]: Sevilla (SEV), Bordeaux
(BOU) and Copenhagen (CPH). Table 1 presents Heating Degree
Days (HDD) and solar irradiation over south-oriented façades for
these climates. It is known that the performance of the presented
system is depdendent on th external climate, and in consequence,
the selection of these three climates responds to the objective of
analysing the viability of the proposed scheme under various climatic conditions.
Fig. 2 shows the hourly temperature variation for the whole

SEV

BOU

CPH

N37 220 58.1900
1265
479

N44 500 25.5800
1005
1392

N55 400 33.3800
882
2729

year, whereas the yearly distribution of the solar radiation over the
south-oriented façade is presented in Fig. 3.
Efﬁciency and heat production capacity of the ST system integrated on the façade can be calculated from the variables shown in
Figs. 2 and 3 (solar radiation and external air temperature). Moreover, the heat load that has to be supplied is likewise a function of
the climatic variables (mainly the ambient temperature), as well as
the construction characteristics of the building stock. The implication of climate conditions in the energy ﬂows is discussed in
section 3.
2.2. Modelled building stock deﬁnition
A ﬁve-storey building with a surface of 1250 m2 per ﬂoor
(50  25 m, with the largest surfaces facing south and north) and a
window-to-wall ratio of 25% is selected for the study.
Various buildings characteristics have been assessed depending
on the age of construction. U-values, ventilation rates and interior
heat gains are deﬁned in each case. Construction characteristics of
the four different building types are presented in Table 2. These are
based on values deﬁned in the Spanish building code [19] as a
function of building age.
On the basis of different building types, building clusters or
districts are deﬁned. Since DH is used for heat provision at whole
district scale, three distinct district layouts are simulated, each
consisting of 160 residential buildings.
The composition of districts has been selected to reﬂect districts
of different construction ages. Group C1 is representative of
consolidated urban environments built before the introduction of

Fig. 2. Hourly temperature variation (in  C) for the three climates assessed.
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Fig. 3. Monthly distribution of daily maximum radiation (in W/m2) for the three climates assessed.

Table 2
Construction characteristics of considered different buildings.
Code Building Age/Type
B1
B2
B3
B4

Uwall (W/m2K) Uground (W/m2K) Uroof (W/m2K) Uframing (W/m2K) UWindow (W/m2K) Inﬁltration rate [1/h] Ventilation rate [1/h]

Pre-1980
1.99
Pre-1980, renewed windows 1.99
1980e2010
0.93
Post-2010
0.27

0.28
0.28
0.28
0.28

0.97
0.97
0.58
0.47

1.94
1.94
2.43
2.43

building regulations, while C3 embodies a fully new district
complying with modern building codes. C2 represents an intermediate situation with mixed old and new buildings. The distribution of the buildings in each district is shown in Table 3.
This way, both existing districts and possible new districts are
included in the study, so that the adaptation of the system to
different heat loads is also studied.
2.3. Heat load modelling & data interpretation
Heating load in residential buildings is split into the load for
Space Heating (SH) and for preparation of Domestic Hot Water
(DHW).
SH loads are obtained by means of building models developed in
TRNSYS, consistent with building deﬁnitions in Table 2. Heating
loads are calculated considering a set point of 20  C for indoor
temperature. Cooling loads have not been considered in this study.

Table 3
Summary of building and district characteristics.
Code

District Type

B1

B2

B3

B4

C1
C2
C3

Pre 1980s
Development 1980e2010
Post 2000s

50%
30%
—

—
40%
80%

—
—
20%

50%
30%
—

5.73
2.01
2.26
2.01

0.4
0.4
0.3
0.3

1.2
1.2
1
1

The numerical relationship between SH load and the local
climate has been studied. Using the data from the simulations in
TRNSYS, a simpliﬁed data-driven model has been used for such
purpose where the whole data set is divided into two sections.
Above a certain limit temperature (TLIM) no heating demand is
required in the building, and below that threshold the heating
demand follows a linear relationship with outdoor temperature
and solar radiation. Equation (1) used for the characterization of the
SH demand, where Ta is the outdoor temperature (in  C) and GT is
the incident global solar radiation in the surface (in W/m2).


QSH ¼

0
s0 þ s1 $Ta þ s2 $GT

Ta  TLIM
Ta < TLIM

(1)

The main challenge of this characterization process for the demand is ﬁnding the limit temperature that distinguishes the two
parts of the equation. This point is be different for each location and
type of building. An iterative process is developed which consists
on splitting the data from simulations according to a given temperature value and varying this value from a minimum to a
maximum with a step of 0.5  C. The absolute error is calculated for
each step, and the temperature that results in the minimum error is
considered to be the most adequate regression model for the SH
demand. The following images show some of the algorithm steps
that have been applied to the case of a B1 building in Sevilla (See
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Fig. 4). The same process has been performed for other building
types and locations.
DHW heat load has been calculated according to Ref. [19],
considering a total ﬂoor area of 5000 m2, distributed in 80 m2
apartments housing 3 people each. According to the calculation
procedure, 22 L of DHW (60  C) are consumed per day and person.
The distribution of DHW during the day is also considered,
considering peak and off-peak hours. The distribution assumed for
DHW consumption over a daily cycle is presented in Table 4.

1005

Table 4
Distribution of DHW consumption along a day.
Time Interval

% of the DHW

23pm-6am & 10am-11am & 16pm-17pm
7am-9am
12am-15pm
18pm-22pm

25
28.125
18.75
28.125

Fig. 4. Iterative process for the calculation of the limit temperature in B1 SEV.
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All the buildings that conform the districts deﬁned in Table 3 are
assumed to have residential use. In the absence of speciﬁc information about the occupational status and practices of the buildings,
the same DHW consumption proﬁle is assumed for all buildings.
Although this assumption will result in an overestimation of peak
requirements, the deﬁnition of the DHW demand is not a critical
point of the study and this assumption will allow the proposed
system to fulﬁl an eventual increase of the demand.
2.4. ST system
The calculations of the heat production by the Solar Thermal
system have been performed using R [38]. For these calculations,
three types of ST collectors have been considered. Evacuated tube
(ET), glazed ﬂat plate (GL) and unglazed (UNG) ST collectors. In all
cases water/brine systems have been considered. Special consideration is paid to UNG collectors, due to their design simplicity and
low impact on building aesthetics.
The thermal model applied in this study is presented in eq. (2).
This model is consistent with long-established calculation methods
as detailed in Ref. [41].

hc ¼ h0  a1 $

Tm  Ta
ðTm  Ta Þ2
 a2 $
GT
GT

(2)

The term Tm used in eq. (2) is referred to the mean temperature
inside the collector.
The coefﬁcients in eq. (2) are obtained from test procedures
deﬁned in technical regulations such as [42]. Table 5 presents these
parameters, extracted from the manufacturer data ([43e45]).
The hourly speciﬁc solar net gain is directly calculated from eq.
(2) by multiplying the efﬁciency and radiation in each time interval
considered. Individual ST collector in arrays of 6 serial-connected
units are considered. This conﬁguration was selected considering
a sensitivity analysis presented in Ref. [46] for the case of an unglazed collector [44]. The performance of the whole 6-collector
array is analysed considering a serial connection of models
compliant with eq. (2) and then calculating the performance of the
full array.
Connecting more than 6 collectors in the same array results in
higher output temperatures. However, heat losses derived from the
higher temperature gradient between absorber and ambient limit
the temperature rise. Economically, the extra energy produced by
addition of more collectors to the array does not compensate the
additional investment required for the installation [46] .
The layout of collectors considered for façades has been adopted
so that areas with windows and doors are avoided. Also, opaque
surfaces between adjacent windows have not been considered due
to potential difﬁculties to adapt collector ﬁelds to these areas.
Considering all this, a collector system consisting of 20 circuits has
been set, covering 240 m2 of the south-oriented façade. This system
covers 32% of the total surface area of the south façade. A prototype
scheme of the proposed system is shown in Fig. 5.
2.5. ST & DH connection schemes and heat ﬂow control strategy

that conform the proposed system is handled by the DH substation.
This study considers a novel design for the substation, in which
several connection schemes between ST ﬁeld, DH network and the
building are allowed. The design of the substation enables to
operate with a bidirectional heat ﬂow, from the solar ﬁeld/building
to the heating network and from the heating network to the
building [47]. The hydraulic scheme of the substation is shown in
Fig. 6.
The control algorithm for the entire system is based on the ﬁve
potential states:
 Case 1: There is no solar production and the building requires a
speciﬁc amount of heat. This energy is then supplied by the DH
network. The only heat ﬂow is from the ﬂow line of the DH up to
the building.
 Case 2: Energy is produced in the solar ﬁeld, but it is not sufﬁcient to meet building demand. The solar energy is directly
injected to the building and the rest of the energy is purchased
from the DH network.
 Case 3: There is no heating demand in the building. Even though
it is a low probability situation, in this case all the energy production in the solar ﬁeld (if any) will be injected to the DH
network. If the temperature of the solar heat exceeds the supply,
then the heat is injected to the supply. If not, the heat is injected
in the return line of the DH network.
 Case 4: Solar production exceeds heating demand in the
building and the output temperature of the solar ﬁeld exceeds
the temperature of the supply line. In this case, the whole demand of the building is met by the heat production in the solar
ﬁeld, and excess heat from the ST systems is injected to the
supply line of the DH network.
 Case 5: Solar production exceeds heating demand in the
building, but the output temperature does not reach the building’s requirements. In this case, all the solar heat is injected to
the return line of the network and the energy to the building is
completely purchased from the DH network.
All possible heat ﬂows allowed by the substation in order to
control the whole system are shown in the diagram of Fig. 7.
Although not common, these connection schemes are possible,
and substations such as the one presented in Ref. [36] allow for
such operation modes. When injecting in the ﬂow line, outlet
temperature is set by the DH network speciﬁcations, while when
injecting in the return line almost any output temperature would
be acceptable. In order to achieve outlet temperatures as required
for injection in the ﬂow line, ﬂow rates in the collector ﬁeld are
controlled. For injection in the return line, ﬂow rate is set as to limit
the DT of the collector ﬁeld to 10  C.
Considering that LTDH ﬂow temperatures are commonly in the
range of 50e60  C and return lines in the range of 20e30  C, there
is a considerable variation in the performance of the collector ﬁeld
efﬁciency depending of the connection scheme.
The DH network has limited capacity to absorb heat from
distributed sources, especially in the return line of the network.
While an ideal system would have no limitations to absorb heat, in
order to consider the most realistic scenario, this study considers

The physical connection between all the thermal subsystems

Table 5
Summary of collectors’ characteristics. Data retrieved from their corresponding factsheets.
Collector Type

Model

Type

Optical Efﬁciency [h0 

a1

a2

Ref.

Glazed collector
Unglazed collector
Evacuated Tube

VITOSOL® 200-F
KOLLEKTOR AS ®
ENERTECH ENERSOL HP 70-8 ®

GL
UNG
ET

0.813
0.897
0.608

3.416
10.91
1.14

0.0210
2.31
0.012

[43]
[44]
[45]
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Fig. 5. Solar collector conﬁguration in the envelope of the simulated building.

Fig. 6. Hydraulic scheme of the DH substation.

Fig. 7. Heat ﬂow distribution paths allowed by the substation for the combined system.

1007

1008

M. Lumbreras, R. Garay / Renewable Energy 159 (2020) 1000e1014

the heat capacity of the network itself as the limit to absorb heat.
For the calculations, a new variable is deﬁned, considering the DH
Sinking Capacity (DHSC), as limited by the amount of simultaneous
ST systems injecting heat into the network. This is calculated by
means of eq. (3), where the DHSC is the percentage of buildings that
integrate ST systems in their façade. DHSC values ranging from 0%
(no sinking limitations) up to 50% have been considered.

DHSC ¼

DEMANDBUILDING
DEMANDDH

(3)

For cases where ST heat production exceeds the sinking capacity
of the DH, the heat exported to the network is limited to the actual
sinking capacity, while the excess heat is evacuated to the
environment.

Table 7
Purchase & delivery prices for each DH price range.
DH heat purchase price (V/kWh)

DH heat
selling price
(V/kWh)

Low price (Barcelona)

0.042

Intermediate price (Paris)

0.0685

High price (Copenhagen)

0.089

60%
70%
80%
90%
60%
70%
80%
90%
60%
70%
80%
90%

0.0252
0.0294
0.0336
0.0378
0.0411
0.04795
0.0548
0.06165
0.0534
0.0623
0.0712
0.0801

2.6. Economic assessment
2.6.1. Investment cost calculation
Investment costs required for the construction of the ST system
have been obtained based on [48,49] and manufacturer data. In
Table 6, investment costs for ST systems containing the different
collector technologies considered in this work are presented, for a
whole-building installation (250 m2 surface area).
2.6.2. Economic value of heat
The economic study is made against a CHP based DH network
without distributed ST system integrated. Data for heat purchasing
and selling prices are obtained from Refs. [50,51]. Three different
heat prices are considered: the lowest DH heat price is taken from
Barcelona; an intermediate DH heat price is taken from Paris and
the highest price is taken from Copenhagen. However, the aim of
this study is to relocate DH price by considering 3 different price
ranges and to analyse the affection of the ﬂuctuations of this variable for the economic viability of the overall system.
For heat injection in the network, no ofﬁcial source has been
found for the offered price, as this value is commonly ﬁxed in private heat purchase agreements. For the purpose of this study, a
range of values has been considered, ranging from 60% to 90% of the
price of heat in the network. Table 7 presents all the aforementioned values.
For the purpose of this study, the only operational costs
considered are those associated to the cost of energy.
2.6.3. Economic & ﬁnancial metrics calculation
The economic assessment is based on general economic metrics
which are presented in many sources such as [52].
The metrics used in this study are the discounted Net Present
Value (dNPV) and the Return of Investment (ROI). Eqs. (4) and (5)
are used to calculate these metrics respectively.

dNPV ¼

T
X

Qi

i¼1

ð1 þ rÞi

 I0

(4)

ROI ¼

dNPV
I0

(5)

Positive dNPV and ROI values indicate that the returns are
greater than the investment. A ROI of 1 indicates that the dNPV is
equal to the investment, and thus the present value of operational
savings/revenues is twice as much as the investment.
For the calculation of these metrics, a service life of 20 years and
interest rates of 3% and 5% have been considered.
A third metric, the payback period, has also been used. This
period is deﬁned as the time where cumulated revenues meet
initial investments (the time at which dNPV > 0).

3. Results
3.1. Heat loads and their correlation with the climatic data-driven
model
Heat loads for four types of buildings have been simulated in
three different locations. A total of twelve different heating proﬁles
have been obtained.
SH loads are found to be dependent on climatic variables and
building insulation levels. A numeric data-driven model has been
proposed for the estimation of the statistical correlation between
climate and space heating demand. Fig. 8 reports the differences
between demands obtained by simulation and demands obtained
with the data-driven model. Only images for SEV are shown, but
the rest of the locations show similar results. Table 8 presents all
the regression coefﬁcients obtained for the three locations.
In order to evaluate the accuracy of the proposed data-driven
model, the coefﬁcient of determination or the R-squared (R2) has
been used. This statistical coefﬁcient measures the variance in the
dependent variable that is predictable (in this case, SH demand)
from the independent variables (climatic variables), ranging from
0 to 1. Values near 1 means that the proposed model ﬁts the data
and show linearity of the variables. This coefﬁcient is calculated in
the following way:

Table 6
Cost estimation for ST installation into a LTDH network.
Concept

Main components

UNG

GL

ET

Solar system (BISTS)
Primary circuit
Secondary circuit
Substation
Total (V/Building)

Solar collector, support assembly to the façade, security valves, etc.
Wilo HiMulti 3 water pumps, pipelines, etc.
DH pipeline, energy meters, etc.
Cost estimation for the substation detailed in Section 2.5

53 603.5 V
6695.9 V
1722.5 V
3660 V
65 682 V

81 461.5 V
6695.9 V
1722.5 V
3660 V
93 540 V

86 987.6 V
6695.9 V
1722.5 V
3660 V
99 066 V
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Fig. 8. SH demand in SEV from simulations (left) and results from prediction model (right).

Table 8
Regression coefﬁcients of heating load in function of climatic variables.
SEV

BOU

CPH

Coef.

S0

S1

S2

S0

S1

S2

S0

S1

S2

Un.
B1
B2
B3
B4

[kWh]
351.0
311.6
211.5
203.4

[kWh/K]
19.6
17.5
12.2
12.2

[kWh/(W/m2)]
0.06
0.06
0.02
0.02

[kWh]
357.9
319.1
214.7
199.8

[kWh/K]
19.8
17.7
12.3
11.6

[kWh/(W/m2)]
0.06
0.05
0.02
0.01

[kWh]
359.85
321.16
215.12
198.20

[kWh/K]
19.56
17.56
12.03
11.24

[kWh/(W/m2)]
0.04
0.03
0.01
0.00

R2 ¼ 1 

SSres
SStot

(6)

Where, y ¼ [y1, …, yn] is a vector for the real data and f ¼ [f1, …, fn] a
vector the predicted values.
 SSres is the sum of squares of residuals: SSres ¼
 SStot is the total sum of squares: SStot ¼

P

P

ðyi  fi Þ2

i

3.2. Solar system performance, energy production and efﬁciency
levels

ðyi  yÞ2

i

The R2 values obtained with the proposed system are reported
in Table 9.
The other part that conforms the whole heating proﬁle of a
building is the DHW consumption. DHW loads are not dependent
on outside temperature but mainly on occupation schedules. The
graphic of Fig. 9 shows the variation of DHW load over one day.

Table 9
Coefﬁcient of determination R2 for data-driven models.

B1
B2
B3
B4

The total district consumption is obtained by multiplying the
presented results by the number of buildings. Hereinafter, the SH
demands used for the rest of the study are the ones obtained from
the data-driven model. This model will optimize the calculation
process if the study needs to be extended in the future.
Table 10 presents the total yearly heat load of all building types
in the studied climates.

SEV

BOU

CPH

0.9616
0.9578
0.9490
0.9543

0.9809
0.9787
0.9748
0.9778

0.9924
0.9917
0.9912
0.9934

In sections 2.4 and 2.5, possible conﬁgurations for the connection of the ST system have been explained. The connection scheme
and the temperature requirement in each of the schemes determine the total energy production and in consequence the efﬁciency
range in which the ST ﬁeld will operate. This study has been carried
out for the three types of collectors presented in Table 5.
In order to analyse how the solar production varies along the
operation modes, Fig. 10 shows the annual heat production when
the solar ﬁeld is obliged to operate in a single operation mode.
Three main connection modes are distinguished:
 ST ﬁeld connected to supply line of DH network. In the following
lines, this operation mode will be abbreviated as SUPP.
 ST ﬁeld connected to return line of DH network. In the following
lines, this operation mode will be abbreviated as RET.
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Fig. 9. DHW load proﬁle for one day. Base load and peak loads.

Table 10
Annual heating demand in [kWh/m2] for all cases assessed.

Sevilla
Bordeaux
Copenhagen

B1 [kWh/m2 year]

B2 [kWh/m2 year]

B3 [kWh/m2 year]

B4[kWh/m2 year]

111.3
225.6
369.1

60.9
127.7
215.2

54.2
115.0
195.5

97.4
198.7
328.3

P

Table 11
Annual efﬁciency, hYEAR in % for all the case studies.
SEV

SUPP
RET
LIM

BOU

SPi
$100 ½%
G
i Ti

hYEAR ¼ P i

CPH

UNG

GL

ET

UNG

GL

ET

UNG

GL

ET

4
35
62

11
44
67

31
65
69

1
20
53

4
32
60

22
57
66

0
14
44

1
20
53

4
32
60

 ST ﬁeld connected to supply line of DH network. Moreover, the
output temperature from the solar ﬁeld is limited just above the
return line temperature, as described in the Methodology. In the
following lines, this operation mode will be abbreviated as LIM.
The output temperature and the efﬁciency level of a ST system
are opposing variables. If high output temperatures are required,
the efﬁciency level of the solar ﬁeld has to drop and in consequence
the total heat production is also reduced. This is why, apart from
showing the energy production in Fig. 10, efﬁciency levels of all the
connections schemes are reported in the following table. For the
calculation of the annual efﬁciency eq. (7) is used, where SPi refers
to the solar energy obtained from the collectors in the time interval
i and GTi represents solar radiation incident in the collector in the
same time interval.

(7)

3.3. Economic assessment and multi-case analysis
The economic assessment presented is a multi-case analysis
containing over 23 000 different scenarios of varying building
types, connections schemes, collector types and heat prices. This
study is made for a 20-year time span and the results are compared
against a CHP-based DH network (without distributed ST systems).
In this context, a positive dNPV indicates that the system would be
more proﬁtable than a CHP-based DH. From the over 23 000 cases
analysed, 5216 cases have shown a positive dNPV.
The following ﬁgures (Fig. 11 - Fig. 13)present the results against
the three main external dependencies:
1. Type of collector & connection mode to the DH: feasibility of the
three different collectors connected to SUPP, RET & LIM.
The sinking capacity of the DH has also been considered.
Table 12 presents the amount of cases with positive ROI against the
DHSC and the mean value for this metric in each case.
Table 13 summarizes the range of ROI of the case studies.
Maximum ROI values of 0.41 in CPH, 0.89 in BOU and 1.79 in SEV are
obtained.
As seen in Table 13, all cases with ROI >1 are located in Sevilla. In
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Fig. 10. Annual total solar heat production in kWh/(m2year), by collector type and connection scheme.

Fig. 11. Analysis of cases with positive dNPV by collector type and connection mode.
2. Climate & construction characteristics: effect in the feasibility of the system.
Whole districts are evaluated instead of individual buildings.

all such cases, the solar system is connected to the DH by the return
pipe and have limited temperature rise. Also, in all these cases the
heat price is intermediate or high.
Table 14 presents payback periods in ranges for those cases
where positive dNPV is obtained.
4. Discussion
This paper performs a simulation study for the viability of the
integration of distributed solar thermal energy systems integrated
in south façades and connected to District Heating systems. A
coupled assessment is performed for energy and economic
performance.

An integration scheme is studied where ST systems are connected in such a way where ST energy ﬂows into both the building
and district are facilitated, and where typical imbalances between
solar production and building heat loads are solved by means of the
sinking capacity of the district.
This study is performed for a variety of climates, district layouts,
proportions of ST systems in the network, types of solar collectors
and prices of heat.
Aiming to facilitate the interpretation of the results, this section
will follow the same order as section 3. This way, all the ﬁgures and
tables shown in the previous chapter are analysed in the following
lines.
Firstly, a numeric relation between climatic variables and SH
demand has been found. For this purpose, a data-driven model
based on the regression in eq. (1) is proposed, carrying out an
iterative process to obtain the coefﬁcients.
Table 8 reports the regression coefﬁcients that the have been
obtained. As it can be observed in Fig. 8, where the case of Sevilla is

Table 13
ROI in the case-studies with economic positive return.
City

ROI Range

0e0.25

0.25-0.5

0.5e1

1-MAX

SEV

Net amount of cases
Percentage
Net amount of cases
Percentage
Net amount of cases
Percentage

928
30.9%
795
51.7%
576
85.7%

872
29.0%
432
28.1%
96
14.3%

849
28.2%
311
20.2%
0
0%

357
11.9%
0
0%
0
0%

BOU
CPH

Table 12
DHSC effect on the economic metric of the system.
DHSC %

0%

5%

10%

15%

20%

25%

35%

50%

100%

Net Amount of cases
ROI []

657
0.395

657
0.395

657
0.395

657
0.395

657
0.395

657
0.394

652
0.387

622
0.368

0
0
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Table 14
Payback period range (in years) for all the satisfactory case studies.
City

Payback period

1e5 years

5e10 years

10e15 years

15e20 years

SEV

Net amount of cases
Percentage
Net amount of cases
Percentage
Net amount of cases
Percentage

287
9.5%
0
0%
0
0%

1582
52.6%
624
40.6%
88
13.1%

871
29.0%
737
47..9%
320
47.6%

266
8.9%
177
11.5%
264
39.3%

BOU
CPH

illustrated, the heating demand obtained from the data-driven
model closely matches the data from the simulations in TRNSYS.
This statement conﬁrms the correlation between climatic variables
and SH demand.
Moreover, R2 values for all the regression models are presented.
As it can be observed, R2 values over 0.949 are obtained, all of them
very near to 1 and in consequence, very accurate values. If eq. (1) is
not divided into a combined equation, R2 values are reduced down
to ~0.7. Thus, the separation based on a preliminary data analysis
signiﬁcantly increases the precision of the regression model.
Regression models in SEV result in the lowest R2 values and, on
the contrary, the regression models for CPH are the highest (all of
them near 1). In the case of warm climates such as SEV, the TLIM,
that divides the two parts of the equation is quite high. In consequence, below that temperature, there are moments in which the
SH demand is zero and does not correspond to the descendent
curve. However, in cold climates TLIM is lower and the partition is
more clearly emphasized. In spite of this, all results obtained are
considered satisfactory.
In Fig. 9 and Table 10, DHW load for one day (the same proﬁle for
all the cases) and the total yearly heating demand are shown,
respectively. As expected, the coldest climates are the ones with
highest heating demands. It has been found that although old
buildings present substantially larger loads (>80%) than renewed or
new buildings, the actual difference between renewed or new
buildings is not so large (±14%).
Secondly, climatic conditions affect ST system performance
greatly. Considering substantially lower ambient temperatures in
CPH when compared to SEV, ST collector performance is substantially better in SEV. ST ﬁeld performance mainly depends on the
required output temperature and heat losses in the absorber.
When evaluating the performance of a ST system, it is necessary
to present at least two variables: energy/heat production and efﬁciency level. In Fig. 10 the yearly cumulated heat production for
each collector type and connection scheme is shown, whereas
Table 11 reports the annual efﬁciency level of the collector ﬁeld.
When considering collector type and connection scheme, Fig. 10
shows that unglazed collectors have a substantially poorer performance than other systems when connected to the DH supply line.
Connection to the DH return substantially improves the performance of ST systems, which is improved even further when DT is
limited. Although under these conditions glazed and evacuated
tube collectors are still better performing than unglazed systems,
all three collector types perform in a similar range.
On the other hand, when unglazed collector ﬁelds are connected
to the supply line of the DH network, requiring the ST system to
reach that temperature, the total yearly performance level is in the
range of 1e4%. Under this connection scheme glazed (1e11%) and
evacuated tube (4e31%) collectors perform better than unglazed
collectors. When connected to return lines with limited DT, average
performance levels of 52% (unglazed) to 66% (Evacuated tube) are
achieved. Under this connection scheme, unglazed collectors can be
considered as an alternative to other ST systems, where their poorer
performance can be compensated with lower cost and better

architectural integration.
In cold climates where convection heat losses are more relevant
(especially in winter), it is difﬁcult for the ST ﬁeld to achieve the
supply temperature of the network. The relatively low temperature
of the solar heat limits its usage to direct use in the building (unless
terminal elements are suitable for low temperature, such as radiant
ﬂoor heating), connection to the return line of the DH or use of a
back-up system (such as heat pumps).
As a ﬁnal discussion point, economic metrics are presented.
Considering the investment needs in different ST installations,
unglazed ST system costs are found to be in the range of 30% lower
than other technologies. This cost reduction is mainly attributed to
the solar collectors. This has a signiﬁcant impact in economic
metrics, as it not only reduces upfront costs, but also compensates
for the poorer performance of this technology, improving returns
on investment and payback periods.
In relation to economic metrics, 22% of the cases assessed obtain
positive economic savings (dNPV > 0) over a 20-year operation
period. Considering the large number of combinations studied, it
can be concluded that a suitable system with positive dNPV can
likely be found for a given building/district.
Figs. 11 and 12 and Fig. 13 aim to present the impact of different
parameters over the more than 23 000 case studies, so that clear
conclusions for the economic feasibility of the combined system
can be drawn. The most critical factors in the economic assessment
are found to be the DH heat price and the type of connection of the
solar ﬁeld and the DH itself. A high DH heat price is a favourable
factor due to the highest return coming from the sale of solar heat
to the grid. Around 70% of all cases with a positive dNPV correspond
to high DH prices.
ST connection schemes are found to be a key limiting factor.
None of the cases with a connection to the supply line resulted in
positive economic metrics. Connection schemes to return lines
present positive ROI ﬁgures, which are even increased for cases
with limited DT. The largest share of positive cases and greater
maximum ROI values are achieved in Sevilla. Maximum ROI values

Fig. 12. Analysis of cases with positive dNPV by climate and construction
characteristics.
3. Valuation of heat: feasibility of the positive cases by the different pricing
structures considered.
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Fig. 13. Analysis of cases with positive dNPV by different pricing structure.

obtained for each location are 1.79 (Sevilla), 0.88 (Bordeaux) and
0.41 (Copenhagen).
In relation to payback periods, most cases with positive dNPV
payback in 5e10 years’ time are located in Sevilla, while payback
periods of 10e15 years are more common in Copenhagen.
The sensitivity study against DHSC shows that LTDH networks
can act as an almost perfect heat sink with DHSC below 20%,
although a DHSC of 30e35% results in acceptable performance.
Considering real-life limitations for the integration of ST systems in
buildings (e.g. local shading, architectural limitations, etc.), it might
be challenging to achieve such high levels of ST system integration
into DH network. Thus, it can be concluded that DH networks could
make excellent heat sinks in most cases.
On the whole, the proposed combination of ST & DH network
results to be a viable system both in thermal and economic terms,
although it is necessary to perform an individual study for each
speciﬁc case.
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 22% of all cases analysed yield positive economic metrics.
 Connection to the return line with limited temperature (LIM),
climates with high radiations levels and high DH prices are the
most suitable conditions for the proposed combined system.
 Maximum ROI levels vary from 0.41 in Copenhagen up to 1.79 in
Sevilla. In the same way, 5 to 10-year payback periods are obtained in Sevilla, while 10e15 years are required in Copenhagen.
 DH networks result to be perfect heat sinks when DHSC is below
30%. Technical limitations and reduction of performance are
found for DHSC values above 35%. Under real conditions, it
would be difﬁcult to ﬁnd DHSC values above 20%, so it is
concluded that DH networks are ideal heat sinks for ST systems.
To the authors’ belief, the present conclusions show the potentialities of DH-connected ST systems. In order to achieve a better
understanding of the interactions between the solar system, the
building and the district, further work is necessary. Such work
should particularly address the impact of load complementarity
between different buildings, and expand the sensitivity analysis to
consider a higher range of DH price schemes in the economic
assessment.
Load complementarity may provide additional returns to the
system, due a more synergetic coupling, leading to greater and
more efﬁcient use of ST heat. Heat loads in residential buildings
such as those used in this study present maximum heating loads
along the morning period, while other energy intensive buildings
such as sport facilities, ofﬁces, etc. have smoother heat consumption patterns, thus providing better DHSC metrics and increasing
the heat production by BISTS systems.
Also, when deployed at full scale, ST systems may impact the
generation mix of the DH, requiring speciﬁc studies for their impact
on economic dynamics.

5. Conclusions
CRediT authorship contribution statement
The performance of façade-integrated solar thermal systems in
combination with ultra-low temperature DH networks has been
assessed. Feasibility studies, both from an energy and economic
point of view, have been carried out by analysing the economic
metrics of more than 23 000 cases, comprising three different climatic conditions, four different building types with different
heating demand ranges, three different solar collectors, different
connection modes between solar system, building and DH network
and different pricing structures.
The combined energy system has been simulated with heat
ﬂows of the different subsystems coupled in a bi-directional way,
with hourly time intervals. Subsequently, an economic assessment
has been performed.
As a result of the above-mentioned process, the following conclusions are drawn:
 All solar systems proposed increase efﬁciency levels when
connected to a DH network. This performance increase is even
more remarkable when the connection is made to the return
line of the network and with limited temperature rise.
 Unglazed collectors are the ones that beneﬁt the most from the
aforementioned performance rise, reaching performance levels
comparable to other ST technologies. Efﬁciency levels from 44%
to 62% are achieved when connected to the return line with
limited output temperature.
 From all the collector types, only evacuated tube collectors
perform adequately when connected to the supply line of the
network, with efﬁciency levels up to 31% in the best case.
 Solar energy reduces the use of conventional energy sources
through direct use of the solar heat in the buildings, as well as by
the injection of the heat in the supply line and/or the return line.
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