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As energetic systems become more and more complex, it is necessary to develop strategies for analyzing
the inﬂuence of the parameters as well as their couplings. This approach is even unavoidable when the
optimization procedure is based on multi-criteria. In the present work, we propose an analysis strategy
for multi-criteria optimization applied to inter-seasonal solar heat storage for residential building energy
needs, including heating and domestic hot water. The modeling is based on simpliﬁed equations of the
components, while keeping the main physical and coupling phenomena. A sensitivity study is applied to
the corresponding energetic system in order to identify the most relevant parameters and couplings
interacting on the various output objectives. Several simulations are performed to investigate a multiobjective optimization and various ﬁgure representations are presented to reﬁne the analysis.
© 2019 Elsevier Ltd. All rights reserved.
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Nomenclature (main quantities)

Indexes and Acronyms

Quantities

Symbols

Units

Quantities

Symbols

Solar collectors surface

Scol ¼ S

m2

Inter-seasonal storage volume

Vs ¼ V

m3

Hot water tank volume

Vws ¼ W

m3

Solar heating system
Solar district heating
Domestic hot water

SHS
SDH
DHW

Upper hot water tank volume

Vwsu

m3

Bottom hot water tank volume

Vwsb

Inter-seasonal storage temperature
Solar collectors inlet temperature
Solar collectors outlet temperature
Difference between inlet and outlet
temperatures of solar collectors
Upper hot water tank temperature
Bottom hot water tank temperature
Water network temperature
Solar fraction
Solar collector efﬁciency
Levelized cost of energy

Ts
Tfe
Tfs

m3
K
K
K
K

DTcol ¼ D
Twsu
Twsb
Tr
Fs

K
K
K

LCOE

V=kWh

h
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1. Introduction
Since the oil crisis of 1973, the energy ﬂux management raised
more and more interest in our society. This topic becomes even
more attracting with the development of ﬂuctuating renewable
energies on the societal context of climate change. Among renewable energy sources, we can cite solar and wind energies that afford
a technological and economic maturity. However, their energy
production characteristics vary signiﬁcantly in time, either at a
hour, a day or a year. The variation and quality prediction of these
characteristics depend on a given location and the surface of the
concerned territory.
Precisely, the heat demand for space heating, whether for
housing or tertiary activity, are in turn mostly seasonal in opposition to the solar resource. The realizations of the ﬁrst projects with
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the aim to accumulate solar heat in the summer to return it in
winter have emerged from the 80's [1]. These projects were carried
out both at the scale of a collective housing (building Toulouse in
1981) and at the neighborhood level (Sweden project in 1981 [1]).
Major projects have been developed more speciﬁcally in the regions
of Northern Europe. Although these regions are not particularly
favorable toward a high density of solar energy, there are regions
whose heat needs are large and where heating networks are already
historically well developed. Adding to the district a solar collector
ﬁeld as a heat resource is not intended to fully cover the heating
needs, but to substitute part of the fossil fuel or to cover additional
energy requirements related to urban development. District heating and solar heating has got increased interest all over Europe in
recent years and more than 100 plants with more than 500m2 of
solar collectors have been put into operation since the mid 90's [2].
Monitoring the operation and performance of these facilities is
useful to gather practical knowledge on speciﬁc cases. The collection of these data leads to guidelines for the design and sizing of
future urban Solar District Heating (SDH) networks [3]. Because of
the diversity of SDH, combining local characteristics relating among
others to the resource and energy needs, the integration conditions
for the solar collectors and the heat storage in the territory, there is
no set of design rules. The works of [4] report some SDH of large
scale systems connected to a borehole inter-seasonal storage. The
ratio of the storage volume (Vs ) on the solar collector area (Sc) of the
demonstrators, Vs=Sc, is generally between 10 and 20 to provide a
solar fraction Fs covering between 50 and 70% of the heating
requirement. This ratio is in the range of 1e4 with a solar fraction
between 35 and 70% of the needs for SDH installations connected to
the water tank or gravel water inter-seasonal storage [5,6]. The
study of [5] also combines the storage volume to the living area (A)
heated by the SDH, with ratios Vs=A between 0.3 and 0.4 for some
demonstrators in Germany. The Danish Energy agency, quoted by
the paper [3], provides a ﬁrst rough estimation of the optimal ratio
between the storage volume and the solar collector area as function
of solar fraction as Vs=Scz5Fs  1.
Various studies of the literature validate their modeling work
based on the data measured on the demonstrators [7e12]. The
assumptions and modeled equations in these studies are not always clearly presented, and the control algorithm is rarely speciﬁed. The energy efﬁciency of the systems can combine the overall
efﬁciency of the solar energy recovery with the solar fraction
covering the heating needs. For [7], the overall efﬁciency of the
plant is close to 30% for a solar fraction close to 100% of the heating
requirements. In Refs. [7,8], the main energy losses are at the level
of the solar collector and the heat storage, with equivalent efﬁciencies of around 55% each. In Refs. [9,10], the insulation performance is particularly studied for different conﬁgurations in
climatically Turkey locations. The associated simulation results
showed that the highest solar fraction is obtained for systems with
storage buried into ground. The works of [11] showed that uncommonly large collector areas could increase the solar usability in
North European existing houses resulting in around 50% solar
contributions with small store sizes. In Ref. [12], a solar heating
system designed to cover the annual load of a Switzerland housing
area up to 95% has been optimized.
In fact, the overall system performance is due both to the
intrinsic quality of the components, the relative size of these
components involving more or less temperature variation during
the annual operation cycle, and the characteristics and instructions
for the SDH energy needs.
Performances of sensible heat inter-seasonal storage, either as
water tanks [13], boreholes [14e16], near surface grounds [17,18] or
aquifers [19], were analyzed by some heat transfer modeling

approaches with more or less reﬁnement. The inﬂuences of the
storage parameters such as the type, the shape, the insulation
quality, its implementation or integration under or out of the soil,
the soil physical characteristics, have been particularly studied. For
the storage of water tank type in Ref. [13], the management of the
stratiﬁcation phenomenon would improve the performance of the
storage between 5 and 38 %. The layout, the design of deep boreholes, and their connection to optimize the energy ﬂux management are highly dependent on the soil type as shown in
Refs. [14,15]. In particular, the conter-ﬂow heat exchange between
the pipes has been studied in Ref. [16] with the help of a multipole
method in order to predict axial temperature variations in boreholes. In Ref. [17], a literature review of ground-coupled heat
pumps is presented and associated control is achieved. The works
of [18] are aimed to investigate impact of surface boundary, climate
and materials. In particular the authors found that system heat
losses are strongly inﬂuenced by the performance of insulation
layers. A detailed numerical simulation has been achieved in
Ref. [19] to predict the performance of an aquifer thermal energy
storage conﬁned above and below by impermeable layers leading
to good agreements with experiments.
In addition various energy and/or economic analyzes at the SDH
scale are presented in the literature by setting and studying impacts
of the collector area and the storage volume [9], the shape and type
of the thermal storage [10,20] or the climate conditions [11]. In
connection with the economic criteria, the results of these studies
generally lead to an additional cost of energy produced compared
to the use of conventional gas. The study presented in Ref. [10]
exposes an investment payback of 19 years for the best scenario,
and the works of [11] recommend limiting the solar fraction of
about 40e50% for residential areas of Northern Europe for
acceptable costs.
Multi-objective optimization on solar thermal systems has
recently been applied by various authors [21e23]. The used optimization criteria include energy consumption, economic cost,
environmental impact, and user dissatisfaction. The study is usually
carried out on one or two criteria, which may be antagonistic. The
works of [21] introduced a systematic approach to optimize
simultaneously economic and environmental criteria for any climatic condition and heating demand proﬁle. In Ref. [22], the multiobjective optimization technique corresponds to the genetic algorithm aimed to select the optimal solar thermal energy systems.
The use of multi-objective optimization techniques presents all
possible optimal solutions in the form of Pareto front in order to
investigate the interaction of objectives. According to Ref. [23], the
ultimate optimum values of the multi-objective functions on the
Pareto front required a decision-making method with different
weights for criteria, named as TOPSIS (Technique for Order Preference by Similarity to Ideal Solution). This method could be
extended to three criteria [24,25] or more.
The quality of the optimization tools developed is due to the
complementarity of the criteria taken into account and the parameters involved in the simulations. The relevance of the
boundary conditions used in the calculations should also be added
to these speciﬁcations. For [26], taking into account the time proﬁles for heating and Domestic Hot Water (DHW) is crucial in the
sizing of energy systems. Without occupancy proﬁle, the resulting
demand proﬁle does not show sharp peaks and no demand period,
which is not realistic in a domestic house case. This raises questions
about the choice of the modeling used in optimization: 1/a detailed
modeling taking into account the physical characteristics of the
energy system, including non-linear behaviors; 2/a modeling with
a reduction of the complexities of the coupling mechanisms. The
choice of the modeling will have a direct consequence on the
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reliability of the result and the calculation time.
In this paper, we propose an analysis method to identify the
dominant parameters affecting the robustness of SDH system performance. The SDH system under study includes two thermal
storages, a long term and a short ones, to ensure heating and DHW
needs respectively. The modeling is based on simpliﬁed equations
of the components, while keeping the main physical and coupling
phenomena. Particular attention is being conducted on the control
and prioritization parameters of energy ﬂuxes. The parametric
study provides trends on the inﬂuence of parameters, but it is not
always easy to quantify their respective sensitivity on the system
behavior, especially when interactions between components can be
signiﬁcant.
2. Modeling description
The theoretical Hottel-Whillier equation is applied to design,
develop and test ﬂat-plate collectors in buildings [27]. The heating
system is modeled in order to deliver a minimum temperature to
the building, Tdemand , therefore the apartment building itself was
not analyzed in the assessment. The city of Marseille, in the south of
France, is chosen. The environmental resources as solar irradiation
and ambient temperature, among others were obtained from the
meteo database of the TRNSYS software. The study is particularly
focused upon the regulation and optimization of some crucial
variables such as: the volume of the inter-seasonal storage tank Vs ,
the surface of solar collectors Scol , the difference of temperature
between the inlet and the outlet of the solar collectors DTcol , the
volume of the hot water tank Vws .
A schematized view of the whole system is represented in Fig. 1.
In the following subsections the description of physical models is
presented for each component.
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ﬂuxes) from the sun and produces heat as output. The heat is
transported by the heat transfer ﬂuid (HTF), from the inlet to the
outlet of the collector. Not all the irradiation is converted in useful
heat, due to heating losses, optic efﬁciency of the glass and different
weather condition depending on the location [27]. According to
Ref. [27], the useful heat Qu can be expressed as follows,




Qu ¼ Scol Fr 4sa  Kamb Tfe  Tamb

(1)

where Scol , Fr , Tfe and Tamb correspond respectively to the surface of
the solar collectors, the collectors heat removal factor, the inlet ﬂuid
temperature in the solar collectors and the ambient temperature.
4sa corresponds to the absorbed solar ﬂux calculated according to
the various selective optic efﬁciency of the glass and the absorber,
as well as the orientation and angle of the solar collectors. In this
relation Kamb represents the global heat transfer coefﬁcient between the absorber plate and the ambient from the front and back
plates of the solar collectors (including convective, radiative and
conduction heat transfers).The collector heat removal factor Fr ,
which takes into account the non-uniform temperature distribution along the solar collectors ﬁeld, can be expressed as follows
[28],

Fr ¼




S F 0 Kamb
m_ rsn cw
1  exp  col
Scol Kamb
m_ rsn cw

(2)

where m_ rsn , cw and F 0 correspond respectively to the mass ﬂow rate,
the speciﬁc heat capacity of the ﬂuid and the modiﬁed efﬁciency
factor of the collectors.The useful heat Qu can also be deﬁned by the
energy balance equation,



Qu ¼ m_ rsn cw Tfs  Tfe

(3)

2.1. Solar collector
The solar collector receives a global ﬂux (direct and diffuse

where Tfs is the outlet ﬂuid temperature of the solar collectors. In
order to decrease the quantity of equation for the computational

Fig. 1. Scheme of the solar heating system with seasonal sensible heat thermal storage (SHS-SSHTS) and hot water storage.

422

S. Launay et al. / Energy 171 (2019) 419e434

model, the three preceding equations are mixed as follows,



DTcol ¼ Tstag  Tfe




1  exp 

Scol F 0 Kamb
m_ rsn cw


(4)

sa
where Tstag ¼ Tamb þ K4amb
is the stagnation temperature depending

on meteorological conditions and,

DTcol ¼ Tfs  Tfe

(5)

The only unknowns appearing in relation (4) are: Tfe , Tfs and
m_ rsn . Other values are either constant parameters or known inputs.
The solar collectors orientation and inclination are also taken into
account following [29].

at an homogeneous temperature Ts .
The temporal evolution of the storage temperature Ts obeys the
following equation,

rw cw Vs

dTs
¼ fent
dt

rs



 fdem  fsupply  Q_ losses

(10)

where rw and Vs correspond respectively to the liquid density and
the volume of the tank. The water is chosen as the storage material,
due to its high speciﬁc heat capacity cw and its good performance in
sensible storage systems [31]. In relation (10), fent rs is the heat
energy provided by the solar collector and stored in the interseasonal solar tank. This one is computed as follows,

fent

rs

¼ m_ rsn cw ðTrs  Ts Þ

(11)

2.2. Heat exchanger

In relation (10), fdem corresponds to the power necessary to
supply the heating demand of the building and reads,

A single heat exchanger is used to perform sensible heat storage
either in the inter-seasonal storage (ISS) or in the hot water storage
(HWS) alternately. The contribution of the heat exchanger is
modeled as the efﬁciency of the exchanger between the heat produced by the solar collector (SC) and the heat stored by the interseasonal storage (ISS) or the hot water storage (HWS). The equation can be expressed by,



fdem ¼ Ubu Sbu Tcomfort  T amb  fsources

ESC



m_ rsn cw Tfs  Tfe


¼
m_ rsn cw Tfs  Tmin

(6)

where Tmin corresponds to the outlet temperature of one of the heat
storage based on regulation conditions. Thus the value of Tmin
corresponds to the temperature of the inter-seasonal storage tank
or the outlet temperature from the hot water storage tank denoted
respectively by Ts and Twsb .After simpliﬁcations and use of relation
(5), the efﬁciency ESC of the exchanger can be computed as follows,


ESC ¼ 

Tfs  Tfe



Tfs  Tmin

¼

DTcol
Tfs  Tmin



(7)

In addition the thermal balance applied to the heat exchanger
leads to the following relation,



m_ rsn cw Tfs  Tfe ¼ m_ rsn cw ðTmax  Tmin Þ

(8)

where Ubu Sbu corresponds to the global thermal conductance of the
building. Tcomfort is the desired comfort temperature inside the
building and T amb is the outside mean temperature of the previous
24 h. Using T amb instead of instantaneous outside temperature is a
simple way to integrate the building thermal inertia whose quantity depends on time integration [29]. Finally fsources corresponds to
internal heat sources such as direct solar gain or human activities.
The study of the variability of internal sources is not the subject of
this paper and fsources is thus considered as a constant.In relation
(10), fsupply is the power (from a boiler) that needs to be added to
the solar contribution in order to complement the heating demand
of the building. This extra power can be computed as,

fsupply ¼ fdem  fstor
where fstor
tank,

fstor

av

av

av

 fent

(13)

rs

corresponds to the stored available heat inside the

¼ rw cw Vs

dðTs  Tdemand Þ
dt

(14)

In relation (10), Tdemand corresponds to the set-point temperature of the heating, which is sensitive to the heating mode of the
building (heating ﬂoor, radiator, etc.). Q_
corresponds to the
losses

where Tmax corresponds to the inlet temperature of one of the heat
storage. The value of Tmax corresponds to the inlet temperature of
the inter-seasonal storage tank or the hot water storage tank
denoted respectively by Trs and Tws .The relation (8) rewrites,

DTcol ¼ Tfs  Tfe ¼ Tmax  Tmin

(12)

(9)

The unknowns appearing in relations (7) and (9) are: Tfe , Tfs , Tmin
and Tmax .
2.3. Inter-seasonal storage tank
In Europe, around half of the total heating requirement of a
domestic building occurs during mid-winter when the solar radiation is not able to meet the demand itself [30]. Due to the scarcity
of solar radiation during almost two months of the year, several
solutions to store the energy produced in summer as inter-seasonal
thermal storage were proposed [13]. In this study a cylindrical
metal tank located inside the ground is used and ﬁlled with water

thermal losses associated to the inter-seasonal storage tank,



Q_ losses ¼ ht St Ts  Tg

(15)

where ht , St and Tg are respectively the global heat transfer coefﬁcient between the tank and the ground, the surface of the tank and
the ground temperature. The associated insulation corresponds to
glass wool which thermal conductivity is 0:03W=ðm:KÞ and its
thickness is 0:4m.The only unknowns appearing in relation (10)
are: Ts , Trs and m_ rsn . Other values are either constant parameters or
known inputs.
2.4. Hot water tank
In this study a cylindrical hot water tank is considered for hot
water needs. The thermal-hydraulic behavior of the hot water
storage tank is assumed to be stratiﬁed type. Then this tank is
divided into 2 sub-volumes separated by a thermocline. The hot
water tank model presented in this section has been
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experimentally validated in Ref. [32]. The temperature of upper and
lower parts are denoted respectively by Twsu and Twsb . The temperature of the upper part is assumed to be constant corresponding
to the needed hot water demand. The lower storage tank temperature Twsb is assumed to be uniform because of ﬂuid mixing process
caused by simultaneous solar heat charging and DHW draw off. The
time evolution of the lower storage tank temperature Twsb obeys
the following equation,

rw cw Vwsb ðtÞ

dTwsb
¼ fent
dt

ws

(16)

¼ m_ rsn cw ðTws  Twsb Þ

(17)

where Tws is the inlet temperature of the lower sub-volume water
tank.fent dem corresponds to the heat ﬂux necessary to supply hot
water needs and reads,

fent

dem

is at maximum (Tdem ¼ Twsb ). The hot water tank circulation from
the solar collector exchanger is enabled when the sub-volume Vwsb
becomes higher than a ﬁxed value Vlim considered as a parameter in
this work.
At least for the current study, a constant value of 0.8 is set for the
exchanger efﬁciency ESC corresponding to a common value for heat
plate exchangers.
2.6. Output objective criteria

_ rsw cw ðTwsb  Tr Þ
ws  m

where Vwsb ðtÞ corresponds to the lower sub-volume of the tank
depending on time, m_ rsw and Tr correspond respectively to the
liquid mass ﬂow rate according to the hot water demand fent dem
and the temperature of the inner cold water (from the water network).In relation (16) fent ws is the heat provided by the solar
collector and stored in the hot water tank. It is computed as follows,

fent

423

¼ m_ rsw cw ðTwsu  Tr Þ

(18)

The relation (16) is supplemented by the following evolution
equation of the sub-volume,

dV
rw wsb ¼ m_ rsw
dt

(19)

When the hot water tank energy is not sufﬁcient enough to
preserve the whole demand an extra boiler is taken into account to
complement this one and reads as follows,

fwsupply ¼ m_ rsw cw ðTdem  Twsb Þ

In order to quantify the performance of the inter-seasonal solar
system simulated in the present study, three objective criteria are
selected. The two ﬁrst ones are deduced from the energy analysis
while the third one is dedicated to economic analysis.
The ﬁrst output criterion is the “solar fraction” Fs . It corresponds
to the part of the solar thermal energy in the thermal energy used
to ensure DHW and the building thermal comfort. The solar fraction
is based on the supply energy and the useful energy calculated over
the year and reads:

Fs ¼ 1 

ESupply energy
EHeating þ EDHW

The second criterion is the “solar collector efﬁciency” h. It corresponds to the thermal solar productivity (kWh=m2 of solar collector) divided by the solar irradiation, which are calculated step by
step and integrated all over the year:

h¼

Ethermal solar collector
Esolar irradiation ,Sthermal collector

2.5. Regulation conditions and associated parameters
Regulations concerning ﬂuid circulation need to be added to the
preceding computational models. According to the focusing of this
study, the heat is stored as sensible heat. Thus the temperature of
the storage Ts cannot be higher than 373:15K. If this one reaches a
value close to the boiling temperature then the mass ﬂow rate m_ rsn
will be equal to zero and the ﬂuid circulation among the solar
collector is stopped.
It was also deﬁned a minimum value for the mass ﬂow rate m_ rsn
: m_ rsn min . If m_ rsn has values lower than m_ rsn min , then ﬂuid circulation is stopped and m_ rsn is set to zero.
Another regulation is linked to the temperature of stagnation
Tstag deﬁned in the solar collector device. Fluid circulation is
allowed if the difference between Tstag and Ts , or alternately Tsw, is
higher than a ﬁxed value DTon . The ﬁxed value DTon corresponds to
the minimum temperature difference in order to limit the cycles of
on/off circulation in the solar collector.
Priority has been chosen to perform the hot water tank ﬁlling
when dealing with solar energy. Then the heating storage circulation is only enabled when the energy available in the hot water tank

(22)

The third criterion is the “Levelized cost of energy” LCOE. It
corresponds to the sum of all the cost incurred during the lifetime
of the project divided by the units of the total heat energy demand
during the same period. The criterion is given by:

(20)

This boiler consists in heating the water from the tank to get the
expected set-point temperature of DHW Tdem ¼ Twsu. The only
unknowns appearing in relations (16e20) are: Twsb , Tws and m_ rsn .
Other values are either constant parameters or known inputs.

(21)

LCOEðV=kWhÞ ¼

Total Cost


Nyear , EAnnualHeat þ EAnnualDHW

(23)

where Nyear is the project lifetime. The total cost is calculated as:

Cost ¼ Costinvestment þ Costmaintenance þ Costoperation

(24)

The investment cost in the inter-seasonal storage is based on
data collected in the literature ([6,33]). It should be noted that, at
the difference of the energy criteria (Fs and h), the economic criterion may be largely dependent on the market price evolution,
which is sensitive to the industry investment for more intensive
production in this kind of energy system.
3. Results
The time-dependent preceding model is simulated using the
software Open Modelica [34]. Open Modelica is an open source
Modelica-based modeling and simulation environment used in
industrial and academic ﬁelds. The time step corresponds to 10 min
and available meteorologic data are linearly interpolated. This
corresponding time step corresponds to the characteristic time
scale of the hot water tank demand. Simulations with either lower
time steps or cubic weather data interpolation showed no more
signiﬁcant changes on results.
In order to get global energy results not dependent of the initial
conditions, speciﬁcally for the inter-seasonal storage conditions,
the analysis focused on the fourth year of the simulation, which
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Table 1
Main parameters for the reference case.
Vs

Scol

DTcol

Vws

Vlim

DTon

Tr

Twsu

Tcomfort

m3

m2

K

m3

m3

K

C

C

C

C

200

120

7

1.2

0.4

5

15

60

20

30

Tdemand

shows no signiﬁcant annual energy efﬁciency difference when
compared to the third year.
In the following subsections the dynamical results for the
reference case, sensitivity analysis and optimization will be
presented.
3.1. Reference case of study
Table 1 summarizes the values of the parameters used for the
reference case. The modeled system is a building of 8 houses,
inspired of one Switzerland building realization [35], but located in
the city of Marseille. The surface of solar collectors Scol has been
reduced to stay with similar solar resource as Swiss case. The value
of the internal heat sources fsources is assumed to be constant:
200W. The solar collectors are oriented south with an inclination of
55+ . The dwelling follows the standard of the French RT 2012 of
low-energy buildings, i.e., the energy needs for heating, air conditioning and DHW must not exceed 50kWh=ðm2 :yearÞ. The heating
temperature Tdemand is set to 30+ C, adapted to ﬂoor heating conditions, and the DHW is set to 60+ C at the DHW tank outlet in order
to respect the sanitary regulation. The DHW storage volume Vws ¼
1:2m3 corresponds to the daily DHW consumption of the building.
Tr and Tcomfort corresponds respectively to the water network and
building comfort temperatures.
For the annual balance, the total energy needs are equal to
43MWh for building heating and to 20MWh for DHW, which corresponds to  43kWh=ðm2 :yearÞ. Based on meteo data of the city of
Marseille and with an inclination of 55+ of the solar collector oriented South, 64MWh are collected from the solar thermal panels
along the year. 11% of the collected solar thermal energy is used to
cover the inter-seasonal storage heat losses. In order to cover the
global thermal energy needs, 5MWh (4MWh for heating and 1MWh
for DHW) of supply energy (gas, petrol, or electricity) are necessary.
For the reference case, based on a lifetime project of 30 years, “solar
fraction”, “levelized cost of energy” are equals to 0.91, 0.095 V=kWh,
respectively. The yearly efﬁciency of the solar thermal collectors
(“collector efﬁciency”) is equal to 0.39 with a mean operation time

corresponding to 59% of the day. The investment, maintenance and
operation costs during the lifetime are 83; 48 and 48 kV, respectively. Global costs of the principal system components, in Fig. 2,
shows that solar collector, the supply energy components and the
storages are responsible for 62%, 26% and 12% of the total cost,
respectively.
Fig. 3 (top) shows the monthly dynamics of the system
considered over a full year. Heating needs are not insured by the
inter-seasonal heat storage mainly in February. It is noted that from
February to September, the system is able to constitute the energy
storage, and the storage heat is gradually used during the season of
fall and the beginning of winter. The solar energy recovery is not
optimal in summer because the energy level in the inter-seasonal
storage is at its maximum level from July to October. During this
period, the solar collector main operation is used for daily DHW
needs and to cover thermal losses of the inter-seasonal storage.
Fig. 3 (bottom) shows the results obtained for an inclination of 35+
of the solar collector. The results behavior is very similar as for 55+
inclination. Heating needs are also not insured in February and the
use of supply energy is much more pronounced in January for an
inclination of 35+ . The system is also able to constitute the energy
storage from February to September. The differences are explained
by a better valuation of solar energy during winter and a worse
valuation during summer in the 55+ inclination case. This conﬁrms
the choice of 55+ inclination of solar collectors in Marseille since
the heating needs appears mainly during winter.
Auxiliary heat energy for DHW production may happen at
different days all along the year. It happens when solar irradiation
resource is very low during several consecutive days and which
takes place the most often at mid-season at Marseille. Fig. 4 (top)
shows the energy needs and consumptions, and the state of the
DHW tank during ﬁve consecutive days in the month of February
(11e16 th) and May (15e20 th). For this scenario, the DHW proﬁle is
similar for both periods with three peaks each days, corresponding
to the morning, noon and the evening. In Fig. 4 (bottom), it corresponds to the non-dimensional temperature and volume of the
water in the lower part of the DHW tank, below the thermocline
(eq. (16) and eq. (19)). When Vwsb =Vws is equal to one, that means
the thermocline is at the top of the tank. In consequence for
February, the DHW at 60+ C is no more available and extra energy is
consumed to insure DHW demand. As ðTwsb  Tr Þ=ðTwsu  Tr Þ reaches the value of one, that means the DHW tank is completely
charged at 60+ C due to solar energy contribution. The position of
the thermocline is then reset at level 0 (bottom of the DHW tank).
As we can see for February case, the solar energy contribution is not
sufﬁcient to entirely complete the DHW tank to the set point
temperature. Auxiliary heat energy is then consumed. Similar results are presented in Fig. 4 (right) for a period of May. As the solar
energy resource is quite high according to DHW demand, the DHW
tank is reﬁlled every day with repetitive behavior for these
boundary conditions.

3.2. Sensitivity analysis

Fig. 2. Global costs of the principal system components.

A sensitivity study is carried out to quantify the inﬂuence of
parameters and their interactions on a model response [36,37]. The
sensitivity analysis used is based on a 2N factorial plan of experiments [38], where N is the number of parameters xi . Each parameter takes two levels (minimum & maximum values) chosen from a
reference value (meanðxi Þ ¼ xref ). This method enables to quantify
the inﬂuence of the different parameters and their interactions for a
given output objective y. The main principle is to approximate the
system response as function of normalized input parameters or
factors Xi :
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Fig. 3. Reference case: monthly dynamics of energy needs and demands over a year. The inclination of the solar collector are 55+ (top) and 35+ (bottom).

y ¼ b0 þ

N
X
i1 ¼1

bi1 Xi1 þ

N X
N
X
i1 ¼1 i2 >i1

bi1 i2 Xi1 Xi2 þ

N X
N X
N
X

bi1 i2 i3 Xi1 Xi2 Xi3

i1 ¼1 i1 >i2 i3 >i2

þ…þ bi1 i2 …iN Xi1 Xi2 …XiN

(25)

Xi ¼

xi  xiref
ðmaxðxi Þ  minðxi ÞÞ=2

; i ¼ 1; N

(26)

where the subscript ref denotes the reference case. By solving the
linear system described in eq. (25), we obtain the different effects
b ¼ b0 ; bi1 ; bi1 i2 ; …; bi1 i2 …iN . We can note that b0 corresponds to the
mean of the output objective y calculated for all parameter sets.
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Fig. 4. Energy levels for demands and resources (top) and time evolution of temperature and volume of cold water in DHW storage (bottom) for 5 consecutive days in February (left)
and May (right). 12AM and 12PM refers to midnight and midday, respectively.

Table 2
Parameter levels for the sensitivity study with N ¼ 5 parameters.
xi
V ¼ Vs ðm3 Þ
ðm2 Þ

S ¼ Scol
D ¼ DTcol ðKÞ
W ¼ Vws ðm3 Þ
L ¼ Vlim =Vws ð%Þ

SSi ¼ 2N b2i ; i ¼ 1; 2N  1

Reference

Variation

min

max

200

±50%

100

300

120

±30%

84

156

7
1.20

±42:9%
±50%

4
0.60

10
1.80

1/3

±25%

0.25

0.42

We also introduce the sum of squares SS for different effects,
which measures the percentage contribution of each model term
relative to the total sum of squares SST.

SST ¼

N
1
2X

i¼1

SSi ¼

2N
X
i¼1

(27)
P

y2i 

2N
i¼1 yi

2

2N

(28)

where yi ; i ¼ 1; 2N are the different output quantities from 2N
simulations.
In our study, N ¼ 5 input parameters of the model are considered: V ¼ Vs , S ¼ Scol , D ¼ DTcapt , W ¼ Vws and L ¼ Vlim =Vws .
Table 2 summarizes the levels for the parameters considered by the

Fig. 5. Sensitivity on solar fraction: b coefﬁcients (left) and normalized sum of squares SS=SST (right).
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variations for the “solar fraction”.

sensitivity study.
3.2.1. Solar fraction objective
Fig. 5 illustrates the sensitivity of “solar fraction” to parameters
and combined parameters. The sense and the variability of the
different effects and of their interactions are shown in Fig. 5 (left)
and in Fig. 5 (right), respectively. The surface of the solar collectors
Scol and the volume of the inter-seasonal storage tank Vs dominate
the process accounting for  42% and  37% of the total variability,
respectively. Both effects are positive, this suggests so that
increasing Scol and Vs from their low levels to their high levels will
increase the “solar fraction”. This result is expected since increasing
the volume of the inter-seasonal storage tank or the surface of the
solar collectors will enhance more the capture of solar energy or its
storage. The effect due to the volume of DWH Vws still be signiﬁcant
with  12% and it is also positive. The interaction effect Vs Scol
( 7%) is also important for the system. However the effect of Vs Scol
(Fig. 5 (left)) is negative. This means that, comparing to the ﬁrst
orders (Scol and Vs ), the combination of these effects are attenuated
by their interaction. Finally, the regulation parameter DTcol, which
corresponds to the temperature difference between the solar collector inlet and outlet used in the mass ﬂow rate regulation, has a
very weak negative effect ( 2%) for the sizing of the present study.
The other factors and their interactions do not show strong

3.2.2. Levelized cost of energy objective
Fig. 6 shows the sensitivity of the objective LCOE which should
be minimized. The surface of the solar collectors Scol is responsible
for the major part of LCOE accounting for  51% of the total variability and its effect is positive. Indeed, increasing the surface of the
solar collectors will not value signiﬁcantly the solar energy and will
not involve thus a large decrease of the auxiliary energies, in
comparison with the additional costs. This shows that Scol is oversize concerning this system. The effects due to Vws ( 18%), Vs
( 16%) and the interaction effect Vs Scol ( 10%) are of lesser
importance but has to be taking into account. The effects of Vws and
Vs are negative since the gain due to a better energy storage
Table 3
Best conﬁguration for the three main objectives.
Objective

Max: solar fraction
Min: LCOE
Max: collector efﬁciency

Vs

Scol

DTcol

Vws

Vlim =Vws

m3

m2

K

m3

%

200
300
300

156
91.2
84

4
4
4

1.8
1.8
1.56

0.25
0.42
0.25

Fig. 6. Sensitivity on levelized cost of energy: b coefﬁcients in V=kWh (left) and normalized sum of squares SS=SST (right).

Fig. 7. Sensitivity on collector efﬁciency: b coefﬁcients (left) and normalized sum of squares SS=SST (right).
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Fig. 8. Solar fraction as function of the different parameters. The information given on the top of each plots corresponds to the values of the parameters keeping constant and to the
ensemble average 〈,〉 of the criterion for the corresponding plot.

compensate largely the extra costs for larger size of storage. At the
opposite, the effect of Scol is positive which means that the additional energy received for a larger surface of collectors does not
bring signiﬁcant gain in comparison of the additional costs

generated. The interaction effect Vs Scol will accentuate the economic loss obtained by increasing Scol and attenuate the gain by
increasing Vs . The other effects can be considered as negligible.
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3.2.3. Collector efﬁciency objective
The sensitivity of “collector efﬁciency” are plotted in Fig. 7. Its
behavior is almost the opposite of the one of LCOE. Indeed, the same
explanations as LCOE can be applied for “collector efﬁciency”. The
surface of the solar collectors Scol is also responsible for the major
part accounting for  74% of the total variability with a positive
effect. The notable differences concern the effect of Vs which is a
little more important with  19% and the effect of Vws ( 2%) which
is negligible. The difference with LCOE is due to the fact that the
investment and the maintenance are taken into account in this
objective. Consequently, the “collector efﬁciency” gain due to Vws is
negligible in front of one due to Vs while the extra-cost for
increasing Vs becomes less and less important. In other words, the
study of “collector efﬁciency” gives trend information to what
would be obtained for the LCOE: maximize the effectiveness of the
collector's should tend to minimize the LCOE. The latter assertion is
only true as long as the cost of make-up energy is cheaper than
solar energy.

3.3. Optimization
In order to investigate multi-objective optimization, several
simulations are performed by using a regular discretization of the
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N ¼ 5 parameters retained for sensitivity study (Table 2). Each
parameter vary thus from its minimum value to its maximum value
using Np ¼ 11 points. NN
p ¼ 161051 simulations are therefore carried out. Table 3 shows the values of the parameters to be chosen
for the different objective criteria. DTcol has to be minimum for
every objectives and Vws maximum for “solar fraction” and LCOE.
Scol is maximum for “solar fraction” and minimum for the two
another and Vs is maximum for LCOE and “collector efﬁciency” and
exhibits an intermediate value for “solar fraction”. In the following,
we will investigate if the solution is unique and how the combination between different objectives will impact the conﬁguration.
3.3.1. Objective plots
Fig. 8, (a) to (f), present the evolution of the “solar fraction” as
function of different parameter combinations. Fig. 8 (a) and (b)
show “solar fraction” as function of Vs and Scol for minðDTcol Þ,
minðVlim =Vws Þ, minðVws Þ and maxðVws Þ, respectively. Both ﬁgures
are very similar and exhibit a clear dependency to Vs and Scol .
Indeed, for increasing Scol and Vs , “solar fraction” increases up to a
plateau whose values are much important for maxðVws Þ. The inﬂuence from minðVws Þ to maxðVws Þ is so a positive shift of the
values of “solar fraction”. Moreover, optima could be deduced from
these ﬁgures by investigating the inﬂection line before the plateau.

Fig. 9. LCOE as function of the different parameters. The information given on the top of each plots corresponds to the values of the parameters keeping constant and to the
ensemble average 〈,〉 of the criterion for the corresponding plot.
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Fig. 8 (c) and (d) illustrate “solar fraction” as function of Vws and
Vs for minðDTcol Þ, minðVlim =Vws Þ, minðScol Þ and maxðScol Þ, respectively. For minðScol Þ, the inﬂuence of Vws and Vs is almost bi-linear
with an inﬂection line at Vws  1m3 . This indicates that the volume of DHW should insure the daily needs in minimum, and to be
efﬁcient Vws should be in capacity to a storage superior to one day.
We can note also the presence of the plateau when Scol is maximum
in Fig. 8 (d). “solar fraction” is almost also bi-linear with Scol and
DTcol for minðVs Þ with stronger values for low values of DTcol (Fig. 8
(e)). However when Vs is maximum, the inﬂuence of DTcol is weak
(Fig. 8 (f)) which means that Vs should reach a critical value where
the inﬂuence of DTcol is weak. In any case DTcol has to be minimum
to obtain maximum values of “solar fraction”.
Fig. 9, (a) to (d), present the results on LCOE as function of
different parameter combinations. Fig. 9 (a) shows a bowl in LCOE
as function of Vs and Scol for minðDTcol Þ, minðVlim =Vws Þ and
maxðVws Þ (a). Indeed, the minimum of LCOE is obtained here for
minðScol Þ and maxðVs Þ and the global tendency is a decreasing LCOE
for an increase Vs and a decrease Scol . The conﬁguration for the
minimum of LCOE (minðScol Þ and maxðVs Þ) is in adequation as the
one obtained in Ref. [21] for Barcelona which has also a Mediterranean climate.
In Fig. 9 (b), Vws  1m3 deﬁnes an inﬂection line and the

minimum values of LCOE are obtained only when Vws  1:2m3 . This
conﬁrms the explanation given for “solar fraction”. Indeed if the
DHW have a storage volume less than one day, two consecutive
days of bad sunshine will involve the use of supply energy to insure
the hot water needs, thus generating extra costs.
In one hand, the inﬂuence of DTcol seems to be weak in Fig. 9 (c)
and (d) since the slope in its direction is not pronounced for
minðVs Þ. In another hand, the slope in Scol -direction is signiﬁcant for
maxðVs Þ which is also representative to a strong correlation for
LCOE between Scol and Vs .
Fig. 10 (a), (b), (c) and (d) shows almost the opposite behavior for
“collector efﬁciency” in comparison of Fig. 9. The inﬂuence of Vs is
more important for “collector efﬁciency” since the slope in Vs -direction is more pronounced (Fig. 10 (a)). Tendencies on Fig. 10 (c)
and (d) conﬁrm the low sensitivity of the solar collector efﬁciency
to DTcol (Fig. 7). The other conﬁgurations for all the objective criteria
(not shown here) do not demonstrate an inﬂuence of Vlim =Vws .
These results are complementary to the ones obtained from the
sensitivity study. Indeed, the sensitivity study makes possible to
identify the most inﬂuential parameters on the criteria to be optimized and gives the tendencies of the inﬂuence of the different
parameters. The results of this section, targeted on the most
inﬂuential parameters, enables to reﬁne the analysis. They are no

Fig. 10. Collector efﬁciency as function of the different parameters. The information given on the top of each plots corresponds to the values of the parameters keeping constant and
to the ensemble average 〈,〉 of the criterion for the corresponding plot.
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longer limited on the minimum and maximum values of the study
range of the parameters, but also for intermediate values. This
representation is useful to reﬁne the choices with respect to a
certain number of constraints. For our study, the volume of DHW
should be superior to one day need in order to avoid the use of
supply energy. Moreover, the choice of solar collectors surface is
correlated to inter-seasonal storage volume to obtain the best “solar
fraction” and “collector efﬁciency” while LCOE decreases for larger
Vs and smaller Scol.
3.3.2. Objective combinations
If the analysis of the systems can be done independently on
various optimization criteria, the choices to be made in the ﬁnal
decision rely more and more on a combination of the criteria, with a
weighting that depends on the sensitivities of the ﬁnal decisionmakers. In this section, the different objective criteria combinations are so presented.
Fig. 11 shows the two objectives “solar fraction” and “collector
efﬁciency” colored by LCOE (a), Scol (b), Vs (c) and Vws (d). For each
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graph, each colored point in the 2D plots corresponds to one
simulation in order to magnify the possible correlations between
the different output objectives. The optimized system needs to
maximize “Solar fraction” and “Collector efﬁciency”, and to minimize LCOE. To reach this latter condition, the area of interest shown
in Fig. 11 (a), is delimited in the range ½0:9; 1 for “solar fraction” and
½0:4; 0:56 for “collector efﬁciency” which corresponds to low values
of LCOE ( < 0:1V=kWh). Moreover, the correlation between LCOE
and “collector efﬁciency” is conﬁrmed. Indeed, LCOE decreases for
increasing “collector efﬁciency” by following transverse lines. We
can note also that maximum values of “collector efﬁciency” is obtained for minimum values of LCOE. Fig. 11 (b) investigates the
dependency of the two objectives due to the surface collectors Scol .
For a given Scol surface, the “solar fraction” varies very substantially,
which conﬁrms the results of the sensitivity section, and this
variation is more signiﬁcant when the collector surface is small. In
fact, The different transverse lines correspond to one value of Scol
therefore we can almost ﬁnd the maximum value of “solar fraction”
for a given Scol . Based in the area of interest deduced of analysis on

Fig. 11. Solar fraction and collector efﬁciency
objectives
colored by LCOE, Scol , Vs and Vws . Each point in the 2D plots corresponds to one of 161051 simulations. Magenta circles


correspond to the simulations giving LCOE  0:1  105 .
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Fig. 11 (a), Scol < 125m2 should be favored.
Fig. 11 (c) demonstrates that a large value of Vs is needed to
reach the objective zone and the dependency of Vs is clearly shown,
that is to say, “collector efﬁciency” is getting better for increasing Vs .
Finally, there is no clear behavior for Vws in Fig. 11 (d) since all the
solutions are represented everywhere, however the maximum
values of “solar fraction” is obtained for maximum value of Vws . The
explanation is that a large Vws enables to constitute a larger storage
for DHW and it allows to get independent of several days of bad
weather. The ﬁgures for two objectives colored by DTcol and
Vlim =Vws do not give additional information since the points are
distributed over the whole range of the objectives.
To summarize the area of interest, which is the zone of
maximum “solar fraction”, maximum “collector efﬁciency” and
minimum LCOE, corresponds to minimum Scol , maximum Vs , and
Vws superior to 1:2m3 . The analysis is no longer evident, if we start
weighing the criteria for ﬁnal selection. This means that to privilege
the minimization of auxiliary energy and the minimization of costs
could be antagonistic. For this purpose, based on the Pareto solutions calculated via a weighted-sum method [21,39], which combines two different objectives (f1 and f2 ) using a linear weightedsum (WS):

maxðWSÞ ¼ ð1  lÞf 1 ðxÞ þ lf 2 ðxÞ

f i ðxÞ ¼

maxðfi ðxÞÞ  fi ðxÞ
if the objective is to minimize
jmaxðfi ðxÞÞ  minðfi ðxÞÞj
(31)

where i ¼ 1; 2. In other words, the input parameters (Scol , Vs , Vw s,
DTcol , Vlim =Vws ) of the simulations corresponding to maxðWSÞ are
quantiﬁed for increasing l.
Fig. 12 shows the results of weighted-sum method for “collector
efﬁciency” and LCOE. The best conﬁgurations for these two objectives are almost always obtained for maxðVs Þ, for minðScol Þ and for
maxðVws Þ. There is a weak inﬂuence of Vlim =Vws when “collector
efﬁciency” has no weight (l ¼ 1). The value of this parameter,
which indicates the position of the thermocline to trigger the
storage DWH, is then constant to the maximum value of Vlim =Vws .
These results demonstrates that the objective criteria “collector
efﬁciency” and LCOE give almost the same information and the
small differences occur when the weight of LCOE is important.
Fig. 13 exhibits the results of weighted-sum method for “collector efﬁciency” and “solar fraction”. When “solar fraction” is more

(29)

where x denotes the variables of the model, l is the positive weight,
f 1 ðxÞ and f 2 ðxÞ are the normalized objectives:

f i ðxÞ ¼

fi ðxÞ  minðfi ðxÞÞ
if the objective is to maximize
jmaxðfi ðxÞÞ  minðfi ðxÞÞj
(30)

Fig. 12. Weighted-sum method for “collector efﬁciency” and LCOE.

Fig. 13. Weighted-sum method for “collector efﬁciency” and “solar fraction”.

S. Launay et al. / Energy 171 (2019) 419e434

Fig. 14. Weighted-sum method for “solar fraction” and LCOE.

important (l > 0:5), on the one hand the impact of Scol is increasingly stronger and its value changes from minðScol Þ to maxðScol Þ. On
the other hand, Vs acts weakly only when there is no weight of
“collector efﬁciency”. DTcol and Vws has to be chosen constant to its
minimum and maximum value to obtain the best conﬁgurations,
respectively. This shows, as expected, that the most important
parameters when “collector efﬁciency” and “solar fraction” are
combined, is Scol while the other parameters are of less impact. In
other words, the best compromise is here obtained by varying the
solar collectors surface Scol .
Fig. 14 shows the results of weighted-sum method for “solar
fraction” and LCOE. Fig. 14 (top) is almost the mirror of Fig. 13, as
expected since “collector efﬁciency” is correlated with LCOE. Differences can be noted for Scol. Indeed the minimum of Scol is not
reached for small “solar fraction” weights. The objective criteria
“solar fraction” and LCOE follow the same dynamics concerning Vs
and Vlim =Vws . “Solar fraction” is dominant for one intermediate
value of Vs and the minimum value of Vlim =Vws . For increasing
weight of LCOE, Vs is maximum and Vlim =Vws presents a plateau at
Vlim =Vws  0:38. The other conﬁgurations do not give additional
information. As a consequence, in presence of a large inter-seasonal
storage volume, to vary solar collectors surface is the main
parameter in order to get a good “solar fraction” and small LCOE.
The choice of these parameters can also be deduced from the
combination between “collector efﬁciency” and “solar fraction”.
4. Conclusion
In the present work, we propose an analysis strategy for multicriteria optimization applied to inter-seasonal solar heat storage for
residential building energy needs. The inter-seasonal solar system
includes two thermal storages, in the short and long term, to ensure
the needs for Domestic Hot Water (DHW) and for heating. Particular attention is being conducted on the control and prioritization
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parameters of energy ﬂuxes. The energy monthly dynamics of the
system indicates that extra energy is needed during the months of
January and February to cover heating demand. In addition extraenergy is also necessary, at various periods along the year, to
cover DHW demand if the weather is very little sunny during for
more than two days.
The sensitivity analysis that has been applied enables to quantify the inﬂuence of the different parameters and their interactions
for three output objectives. For studied system, the increase of the
collector surface, Scol , the volumes of inter-season storage Vs and of
DHW Vws play very favorably for the increase of the solar fraction.
However, this increase is partially attenuated by the coupling effect
between Vs and Scol .
Based on the sensitivity analysis, several simulations are performed by using a regular discretization of ﬁve parameters in order
to investigate multi-objective optimization. This enables to reﬁne
the choices with respect to a certain number of constraints. The
development of inter-seasonal solar heat storage corresponds to
the region of maximum “solar fraction”, maximum “collector efﬁciency” and minimum LCOE. In the range of parameter variation,
the area of interest corresponds to minimum Scol , maximum Vs , and
Vws superior to 1:2m3 . If the analysis of the systems can be done
independently on various optimization criteria, the ﬁnal decision
on the system selection relies more and more on a combination of
criteria, with a weighting that depends on the sensitivities of the
ﬁnal decision-makers. For this purpose, Pareto solutions calculated
via a weighted-sum method, which combines two different objectives using a linear weighted-sum (WS), are implemented.
Future works will be extended to hybrid and multi-source energetic
systems by applying the same strategy.
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