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Abstract

An experimental domestic hot water (DHW) production system, composed of a heat pump, a

heat storage and a heat exchanger is considered for this study. The IUSTI laboratory test bench

recovers heat from the air extracted from a collective dwelling using a heat pump. The heat is

then transferred through a heat exchanger towards a thermal storage for DHW needs. A simplified

model, validated experimentally, is used to simulate the energy system. Then, a multi-criteria

optimization is applied with genetic algorithms to optimize regulation and design parameters and

more particularly the influence of the DHW demand profile. The objectives are to maximize the

coefficient of performance and to minimize the auxiliary electrical energy. The solutions obtained

must take into account constraints of the test bench and the optimization problem. Finally, a

sensitivity study, based on factorial plans, is achieved to determine the set of parameters that

has the strongest degradation on the objectives from the optimized solution. The optimization

methodology is validated and leads to a significant improvement of the system effectiveness. Indeed,

the optimal solution from the test has a gain on the coefficient of performance of 6.9 % and on the

auxiliary energy of 25.2 % compared to the reference solution.
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Nomenclature10

Latin Symbols Units

A surface m2

c specific heat J.kg−1.K−1

E energy J15

f∗ dimensionless factor −

H height m

ṁ mass flow rate kg.s−1

q̇v volume flow rate m3.s−1

Q thermal power W20

S solution −

T temperature ◦C

t time s

u uncertainty −

V volume m3
25

W electrical power W

X parameter −

Y objective −

Z position m

Greek symbols30

α relative deviation %

∆h activation delay h

ϵ effectiveness −

ϕ flux W

ρ density kg.m−3
35

σ variation factor %

Subscripts and superscripts

aux auxiliary

circ circulator

comp compressor40

cond condenser

cons consumed

desired desired water

ent enthalpy

evap evaporator45

exp experimental

in input

max maximum

min minimum

num numerical50

opt optimum

out output

ref reference

thermo thermocline

tot total55

Abbreviations

AHU Air Handling Unit

COP Coefficient Of Performance

DHW Domestic Hot Water

DHWPS Domestic Hot Water Production Sys-60

tem

EACS Extracted Air Conditioning System

HP Heat Pump

HX Heat Exchanger

NSGA Non Dominated Sorting Genetic Algo-65

rithm

NWCS Network Water Conditioning System

PV Photovoltaic

TOPSIS Technique for Order of Preference by
Similarity to Ideal70

WWHX Water-Water Heat Exchanger
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1. Introduction

The energy consumption is increasing rapidly, particularly in the residential sector where it rep-

resents 21 % of total energy consumption of the world [1]. Domestic Hot Water (DHW) accounts

for about 20 % of energy consumption in the building sector [2] and this value will become more75

important with the highly insulated passive buildings. It is therefore required to increase the per-

formance of the DHW heaters and reduces the DHW consumption while preserving constraints

imposed by the rules. For example, the thermal treatment to prevent legionella appearance is

carried out by heating the storage and the pipes of the distribution network [3]. Moreover, the

circulation of the hot water in the distribution network allows to improve user comfort by reducing80

the hot water arrival time [4]. The DHW requirements can be very different for each user during

a day, so the variation of the DHW demand profile has a great influence in DHW production

systems. Indeed, Ulrike and al. [5] have demonstrated that the influence of the DHW demand

profile should not be neglected, as the energy fraction can vary up to 3 %. Furthermore, Araya

and al. [6] have considered six different DHW profiles, the results show a maximum deviation85

of 9.96 % on their cost function. Therefore, it is of interest to have relevant tools to advise the

user on his DHW consumption in order to improve the performance of the system, i.e. from a

user’s point of view to reduce the energy consumption and thus the overall operating costs. For

example, in electricity, the consumer can use the power during off-peak hours to pay less [7]. In

order to meet the DHW requirements, it is necessary to improve the systems dedicated to DHW90

production. One possible solution is the use of a production system based on a Heat Pump (HP)

[8]. To compensate the higher initial investment, the energy effectiveness and reliability of such

systems must be more competitive than conventional DHW systems.

In the case of a domestic hot water production system for a building, the traditional electric water

heater has a coefficient of performance (COP ) very small of about 0.7 [9], that’s why the Agency95

for Ecological Transition ADEME in 2015 [10] has realized a call for projects to develop innovative

solutions to have COP close to 4. Moreover, a solar water heater based on solar thermal collectors

3



can also produce domestic hot water for a building. Indeed, Launay and al. [11] have studied the

optimization of such system and they have showed that the solar fraction is high with values in

the range [0.9; 1]. Furthermore, the thermodynamic water heater is another system that allows to100

satisfy the needs of heating and DHW thanks to a heat pump and a heat storage. It recovers the

heat from the air to heat the water in the tank. Then electrical energy is consumed to produce

a larger amount of thermal energy. Its effectiveness is expressed by the COP which is the ratio

between the heat supplied and the power consumed. Hepbasli and al. [8] have done a review of

thermodynamic water heaters and shows that the COP values are typically in the range of 2.0105

and 3.5. By coupling the HP with a solar thermal collector, Lu and al. [12] have shown that

COP between 2 and 6 can be reached depending on the climate conditions. Indeed, when the

temperature difference between source and sink ∆T increases, the COP decreases. By powering

the HP with photovoltaic (PV), Aguilar and al. [13] showed that the system is able to produce

130 litters of DHW at 55 ◦C, which represents 6.2 kWh in one day. The average annual COP of110

the whole system is close to 9 with a solar energy contribution of 60 %. Indeed, the PV collectors

reduce the electricity consumption from the grid which allows to have much larger COP values.

A multi-criteria optimization and decision-making procedure is used to identify the best compro-

mise between the objectives [14]. The sizing or the regulation parameters that can control the heat

pump are the volume of the DHW storage [11] or a temperature difference [15]. The influence of115

the DHW demand profile is also an important input variable [16]. The objectives that quantify

the performance of the energy systems, are for example the COP [8], the cost of the system [17]

or the solar fraction [13]. The optimization procedure can be carried out using genetic algorithms

[18] or particle swarm algorithms [19]. Moreover, a sensitivity study is applied experimentally to

determine the impact of parameter degradation on the objectives. For example, the sensitivity120

process can either use a method that varies one parameter at a time [15] or a factorial plan that

takes into account the interactions between the parameters [11]. In addition, Atasoy and al. [20]

have applied an optimization procedure to an experimental system based on heat pump integrated

4



water heater for household appliances. The system allows to heat 4 litters of hot water at 50 ◦C.

The optimization procedure results in an average coefficient of performance between 3 and 7.5125

and leads to a 17 % decrease in energy consumption. In our study, the first difference with the

literature is that the heat pump uses the energy of the air extracted from a collective building

to produce domestic hot water. The second difference is the application of a multi-objective op-

timization procedure to determine the best regulation of the HP and the DHW demand profile.

The third difference is the use of an experimental plan to verify the results of the procedure.130

In this study, a multi-objective optimization is performed on a domestic hot water production

system composed of a heat pump and a heat storage. First of all, section 2 presents the description

of the experimental bench developed in the IUSTI laboratory and the experimental protocol. Then,

a simplified model that has been previously validated with the test bench is applied to dynamically

simulate the system. The modeling is described in section 3. Then, a multi-criteria optimization135

procedure is used to select the best compromise. In addition, the system’s experimental bench

validates the optimization procedure by carrying out tests for the reference and optimized case.

This optimization methodology is presented in section 4. Finally, a sensitivity study with the

factorial plan, determines the set of parameters that allows to have the strongest degradation of

the objectives from optimum solution. The experimental solutions of the factorial plan are also140

compared by computing the relative deviations from the model. The sensitivity study is described

in section 5.

2. Description of the experimental set-up

2.1. Presentation of the test bench

The test bench of the IUSTI laboratory, illustrated in figure 1, has been developed in [15]. This145

experimental system allows to stock and to supply DHW using a heat pump and a thermal storage,

but in this case, the system is based on the extracted air of a collective building. The set-up is

composed of a recovery of extracted air, an Extracted Air Conditioning System (EACS) which
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allows to regulate the temperature and the flow rate of the extracted air, and a Network Water

Conditioning System (NWCS) which controls the temperature of the network water. The set-up150

also includes a Domestic Hot Water Production System (DHWPS), which is the main part of the

experimental bench that allows to produce DHW respecting an imposed DHW demand profile.

The test bench is not sensitive to the weather conditions because the boundary conditions (tem-

perature, flow rate) are controlled with EACS and NWCS and set constant. The objective of the

experimental procedure will be to validate the optimization procedure by performing the tests for155

the same boundary conditions.

Figure 1: Picture of the DHW production test bench.

Firstly, the EACS group is used to control the temperature and the flow rate of the extracted air.
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It is composed of a two-stage Air Handling Unit (AHU) in which the air is aspirated in the lower

part and is rejected in the upper part (see the direction of the arrows in figure 2). The air handling160

unit consists of a cooling air-water heat exchanger (HX) 1○, two electric resistances 2○, a recovery

air-water heat exchanger 3○ and a fan 4○. The tank 5○ supplying the cold water is cooled using

an air-water heat pump 6○ which is connected to the AHU’s cooling air-water HX. In this case,

the outside air is first cooled with the HX 1○ and then reheated with the electric resistances 2○ to

set the inlet temperature of the HX 3○.165

Figure 2: Scheme of the complete DHW production system [15].

Then, the NWCS group regulates the temperature of the network water, by cooling or heating
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it with a reversible air/water HP and a buffer tank. Indeed, the cold water tank 10○ is cooled

using an air-water heat pump 13○. Two water tanks 11○ are used as a buffer zones, and a water

compressor 12○ pressurizes the water circuit and allows its circulation to the storage. A solenoid

valve mixes the water in the cold water tank 10○ with the water in the buffer tank 11○ to set the170

inlet temperature of the storage tank 9○.

Finally, the DHWPS group supplies the hot water in order to satisfy DHW demand. In fact, the

air-water HX 3○ recovers energy from the air in the AHU and transfers it to the water-water heat

pump 7○. This HP heats the hot water tank 9○ through a water-water plate heat exchanger 8○

(which role is to protect the user from potential contamination of the water by the working fluid175

of the HP). A solenoid valve is used to impose the drawing flow rate and therefore to extract the

hot water with a typical profile.

The system also contains fan, solenoid valves, circulators, illustrated by the complete system dia-

gram shown in figure 2. The fan is controlled with a PID module to obtain the air flow rate, the180

same procedure is applied with solenoid valves for the drawing flow rate. The set-up is composed

of flowmeters, temperature sensors and a wattmeter. In fact, Pt100 temperature sensors are used

to measure the air temperature in the AHU and ten thermocouples are used to supervise the tem-

perature evolution within the hot water tank. A wattmeter measures the power of the heat pump

compressor.185

In addition, table 1 presents a summary of the dimensions of the experimental set-up. The charging

and discharging positions correspond to the connection of the heat pump. They are also imposed

by the test bench and the associated values are 0 m and Zdischarging = 0.995 m. The injection

position of the water from the network and the extraction position of the DHW demand are fixed190

at 0 m and Htank.
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Names Abbreviations Values Units
Volume flow rate of the fan q̇vair 0-3000 m3/h
Temperature of the extracted air T in

air 10-30 ◦C
Volume flow rate of water circulators q̇vwater 0-3 m3/h
Temperature of the network cold water Tdrawing 10-30 ◦C
Desired temperature Tdesired 50-53 ◦C
Power of the electrical heaters Wresistance 7.8 kW
Cold water volume tank Vcoldwater 0.5 m3

Buffer volume tank Vbuffer 1 m3

Effectiveness of the air-water exchanger ϵair/water 0.7 −
Effectiveness of the water-water exchanger ϵwater/water 0.83 −
Charging position Zcharging 0 m
Discharging position Zdischarging 0.995 m
Position of insertion of the cold water Zinsertion 0 m
Position of domestic hot water extraction Zextraction 1.94 m
Internal radius of the tank Rtank 0.4961 m
Internal height of the tank Htank 1.940 m
Volume of the tank Vtank 1.5 m3

Table 1: Summary of the dimensions of the experimental apparatus.

2.2. Experimental test procedure

In the following, the experimental procedure will focus on the DHWPS group, as the other groups

are used to impose boundary conditions of the DHWPS. A preliminary step is to heat the hot water

tank in order to have a homogeneous temperature of Tdesired = 53 ◦C. Moreover, the cold water195

tanks must be cooled to a value of Tdrawing = 13 ◦C for the network water and T in
air = 20 ◦C for

the extracted air. The experimental tests are performed over a full day. The DHW demand profile

can be started at any time of the day, but it corresponds to a simulated time t = 5 h. Moreover,

at a simulated time t = 21 h, the HP is turned on in all cases in order to completely recharge

the DHW tank for the next day. At the end, the experimental test is stopped at t = 24 h by200

deactivating all components and the experimental data are retrieved using an automate memory

which is connected to a computer. The experimental data generated have a time step of 10 seconds,

which allows to perform energy balances to compute the objective functions that are defined in

section 3.2.
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2.3. Uncertainty analysis of the experimental data205

The uncertainty allows to quantify the imprecision on the measurement of a quantity and it also

characterizes the dispersion of the values. It gives a reliability of the results [21].

Table 2 combines the uncertainty values of the different quantities measured. The variables c and

ρ are assumed to be constant with uncertainties of 6 J.kg−1.K−1 and 12 kg.m−3. The values

related to temperature and flow sensors are given by the manufacturers. Indeed, Pt100 have a210

lower uncertainty than thermocouples and the uncertainty on the flow rate is equal to 0.5 % of the

value.

Quantity Uncertainty Unit
u(c) 6 J.kg−1.K−1

u(ρ) 12 kg.m−3

u(Pt100) 0.54 ◦C
u(Tthermocouple) 0.71 ◦C
u(q̇v) 0.005 ∗ q̇v m3.h−1

Table 2: Summary of uncertainty values [15]

The uncertainties on the thermal power, the coefficient of performance and on the auxiliary energy

were estimated from measurements ones and with propagation of uncertainty. Consider Y is a

function that depends on several variables X such that Y (X1, X2, ..., Xn).

u2(Y ) =
n∑

i=1

(
∂Y

∂Xi

)2

u2(Xi) (1)

The uncertainties will be estimated to determine the reliability of the objective functions and for

the graphical representation with the error bars.215

3. Description of the model

3.1. System modeling

The modeling of the energy system is based on the works of [15]. The model simulates the main

components of the system, i.e. the air-water HX, the HP, the water-water HX and the hot water
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tank, illustrated by figure 3. The main differences between the model and the experimental bench220

are the following:

1. pipes are not taken into account in the model;

2. the thermocline tank is modeled with a "two-volume" assumption;

3. a speculative PV panel is powering the HP in the model.

Figure 3: Scheme of the DHW production system.

3.1.1. Air-water heat exchanger225

In the air-water HX, the inlet air temperature T in
air and the mass flow rate ṁair are supposed to be

known. The inlet temperature of the evaporator T in
evap is determined from the outlet temperature

of the evaporator, the inlet temperature of the air and the effectiveness of the heat exchanger

ϵair/water.

T in
evap = T out

evap − ϵair/water ·
ṁair cair

ṁevap cwater

·
(
T out
evap − T in

air

)
(2)
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with ṁevap the mass flow rates of water. cair and cwater correspond to the specific heat of air and

water, respectively.

3.1.2. Water-to-water exchanger

The modeling of the water-water HX is similar to the air-water HX. Indeed, the calculation of

the exchanger effectiveness ϵwater/water allows to determine the inlet temperature of the condenser

T in
cond from the temperature of the DHW storage.

T in
cond = T out

cond − ϵwater/water ·
ṁhx cwater

ṁcond cwater

·
(
T out
cond − Tstock

)
(3)

3.1.3. Water-to-water heat pump

The power consumed by the compressor Wcomp and the power produced by the condenser Qcond of

the HP have been linked to the source and sink temperatures thanks to various experiments from

the test bench that ended in robust correlations. Qcond = f1
(
T in
evap, T

in
cond

)
Wcomp = f2

(
T in
evap, T

in
cond

) (4)

A heat balance on the HP determines the evaporation power, assuming no heat losses to the

environment:

Qevap = Qcond −Wcomp (5)

The expression of functions f1 and f2 was obtained by ordinary least squares regression using a

third-order polynomial with two variables, based on experimental results:

Q = C1 + C2 Tevap + C3 Tcond + C4 T
2
evap + C5 Tevap Tcond + C6 T

2
cond

+ C7 T
3
evap + C8 Tcond T

2
evap + C9 Tevap T

2
cond + C10 T

3
cond

(6)

with C1, ..., C10 the values of the coefficients which are different for the functions f1 and f2, as
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indicated in table 3. The outlet fluid temperatures of the evaporator and the condenser are then

obtained from the following equations:


T out
evap = T in

evap −
Qevap

ṁevap cwater

T out
cond = T in

cond +
Qcond

ṁcond cwater

(7)

The water outlet of the evaporator correspond to the inlet of the air/water HX and the water230

outlet of the condenser is the inlet of the water/water HX.

Coefficient Wcomp Qcond

C1 6.303 ∗ 10−1 5.301 ∗ 100
C2 2.696 ∗ 10−2 3.738 ∗ 10−1

C3 7.586 ∗ 10−3 −4.368 ∗ 10−2

C4 −1.919 ∗ 10−3 −1.013 ∗ 10−2

C5 2.874 ∗ 10−4 1.136 ∗ 10−3

C6 3.153 ∗ 10−4 2.429 ∗ 10−4

C7 3.536 ∗ 10−5 1.825 ∗ 10−4

C8 7.849 ∗ 10−6 −1.202 ∗ 10−5

C9 −8.923 ∗ 10−6 −2.053 ∗ 10−5

C10 1.688 ∗ 10−6 −1.335 ∗ 10−6

Table 3: Summary of the different coefficients for the HP modeling.

3.1.4. Domestic hot water tank

The tank is modeled, assuming an infinitely thin thermocline separating the volume into two

parts. Indeed, the upper part assumed to contain water at the desired temperature Tdesired. The

lower part has a variable temperature Tstock which is calculated for each time step from an energy

balance. This equation is composed of a time variation that expresses the energy storage in the

tank, an enthalpic term which increases the temperature of the storage when the heat pump is

working and a DHW demand term which decreases this temperature. The evolution of the storage

temperature Tstock is given by the following formula:

ρwater cwater Vstock(t)
∂Tstock

∂t
= ϕenthx − ϕdrawing (8)
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with ρwater the density of water and Vstock the volume of storage in the lower part. The heat

transferred in the tank ϕenthx is determined from an enthalpy balance of the water between the

DHW tank and the water-water HX.

ϕenthx = ṁhx cwater

(
T in
hx − Tstock

)
(9)

where T in
hx is the temperature of the hot water which entering the DHW tank. It is defined by:

T in
hx = Tstock − ϵwater/water ·

ṁhx cwater

ṁcond cwater

·
(
Tstock − T in

cond

)
(10)

The hot water drawing flux is a function of a DHW user profile, the network temperature and the

storage temperature. This power is only used in the lower part of the thermocline, in fact, when

the DHW demand is carried out, the volume Vstock increases as a function of the drawing flow rate

ṁdrawing and the temperature Tstock decreases, because the network water Tdrawing is colder.

ϕdrawing = ṁdrawing cwater (Tstock − Tdrawing) (11)

The variation of the volume in the lower part of the tank is obtained from a profile ṁdrawing. The

mass conservation equation is expressed by:

ρwater
∂Vstock

∂t
= ṁdrawing − ṁhx (12)

The volume of the upper part is obtained from the volume of the lower part and the total volume

of the tank. Moreover, if the temperature of the lower part reaches the desired temperature, then

the volume of the lower part is set to 0 and the stock is considered to be full. Furthermore, the
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positions of the thermocline Zthermo and its dimensionless value Z∗
thermo are determined by:

Z∗
thermo =

Zthermo

Htank

with Zthermo =
Vstock

Atank

(13)

The storage model also takes into account stratification with two temperatures by identifying the

temperature in each sensor. The tank is monitored by 10 sensors whose positions are indicated by

the values of Zi, as illustrated in Figure 4 (left). For each sensor, the model checks if the position235

of thermocline is lower that of the sensors. If this is the case in this case, the temperatures Ti are

equal to Tdesired otherwise to Tstock.

Figure 4: Scheme of the thermocline model.

N◦ sensor Zsensor Z∗
sensor

Units m −

1 1.825 0.941
2 1.635 0.843
3 1.445 0.745
4 1.255 0.647
5 1.065 0.549
6 0.875 0.451
7 0.685 0.353
8 0.495 0.255
9 0.305 0.157
10 0.115 0.059

Table 4: Position of the sensors in the DHW storage tank.
240

3.1.5. Weighted average temperature submodel of the DHW storage tank

The addition of a DHW storage submodel is important to integrate the mixing condition between

hot and cold water volumes below the discharging position. Indeed, if the thermocline position

Zthermo is lower than the discharging position Zdischarging when the heat pump is switched on, then

a weighted average temperature submodel should be used to re-compute the storage temperature,245

illustrated by figure 5.
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Figure 5: Sketch of the weighted average temperature submodel.

It is the average of the storage temperature weighted at the thermocline position and the desired

temperature weighted at the discharging position. The thermocline position is then forced to the

discharging position.


Tstock (t) =

Zthermo (t) Tstock (t) + (Zdischarging − Zthermo (t)) Tdesired

Zdischarging

Zthermo (t) = Zdischarging

(14)

The dimensionless value of Tstock is expressed as follows:

T ∗
stock =

Tdesired − Tstock

Tdesired − Tdrawing

(15)

The numerical time integration is based on Euler explicit scheme. The simulation time is 24250

hours with a time step of 10 seconds. The simplified model has been experimentally validated

by comparing experimental and numerical results for reference cases and resulting in a deviation

smaller than 5 % for the various scenarios [15].
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3.2. Methods description

The methods of multi-objective optimization, multi-criteria decision-making and sensitivity study255

are explained in this section by describing objectives, variables and constraints.

3.2.1. Definition of criteria, variables and constraints

The objectives of the optimization problem are to maximize the coefficient of performance COP

and to minimize the auxiliary energy Eaux. A daily average COP for the whole system is defined

by calculating the ratio between the heat supplied to the DHW and the global energy consumption260

of the HP compressor, the circulators and the fan [15].

COP =

∫ 24h

0h

ṁdrawing cwater (Tdesired − Tdrawing) dt∫ 24h

0h

(Wcomp +Wcirc +Wfan) dt

(16)

The whole power consumption of the fan is not taken into account because it is an essential part

of the air renewing system, and therefore it is not an actual part of the heat recovery system.

However, the insertion of the heat recovery HX introduces additional pressure drops that are

assumed to create a 200 W over-consumption of the fan. In addition, the power consumption of265

the circulator (that are used only when the HP is on) is 50 W [15].

The auxiliary energy corresponds to the part of energy that does not come from solar resources

because the considered system can be connected to photovoltaic modules that operate hypotheti-

cally between 8 and 19 hours. The auxiliary energy Eaux is the difference between the consumed

energy by the system and the produced energy by the PV modules.

Eaux =

∫ 24h

0h

(Wcomp +Wcirc +Wfan) dt−
∫ 19h

8h

WPV dt (17)

The solar collectors are dimensioned such that their produced power compensates the consumption
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of the compressor, the circulators and the fan.

WPV = Wcomp +Wcirc +Wfan (18)

In this study, the relative deviation is used to quantify the difference between the numerical and

experimental solutions, and is defined as follows:

α =
Y exp − Y num

Y num
(19)

with Y exp and Y num the value of the experimental and numerical objectives functions, respectively.

In addition, the system variables are the regulation parameters and the DHW demand shape:

the HP is triggered if the thermocline position is larger than a set sensor position Zsensor. The

dimensionless variable Z∗
sensor is a function of the tank height Htank.

Z∗
sensor =

Zsensor

Htank

(20)

Moreover, the delay ∆h is another parameter that activates the HP with a certain delay after

the first peak of the DHW consumption. Furthermore, figure 6 shows the DHW demand profile

over a day. It is composed of three Gaussian which represent the peaks of the domestic hot water

consumption. The total DHW demand volume is set at Vtot = 1.5 m3, this corresponds to the daily

consumption of a dozen dwellings. The cumulative demand DHW volume is defined as follows:

V ∗
tot =

1

ρwater ∗ Vtot

∫ t

0

ṁdrawing dt (21)

Indeed, the solenoid valve leads to volume flows with a minimum resolution of 0.1 m3/h, so the

DHW demand profile must be truncated (see figure 6).

The volume of the second peak is always Vpeak 2 = 10 % compared to Vtot. The volume of the first
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Figure 6: DHW demand profile according to the time. The yellow area indicates the operating time interval of the
PV modules.

peak Vpeak 1 is a parameter which may varies between 25 % and 75 % related to the total volume.

The volume of the third peak Vpeak 3 is defined by:

Vpeak 3 = Vtot − Vpeak 1 − Vpeak 2 (22)

The DHW demand volume Vpeak 1 represents the consumption of the first peak, and its dimension-

less value V ∗
peak 1 is determined by:

V ∗
peak 1 =

Vpeak 1

Vtot

(23)

Table 5 contains the reference values and the range limits for the different variables. The di-270

mensionless volume of the first peak V ∗
peak 1 and the delay ∆h can take any value between their

minimum and maximum, which is not the case of the dimensionless sensor position Z∗
sensor because

of experimental constraints.

The constraints of the optimization problem must be considered to respect the rules, they must

eliminate legionella and satisfy DHW’s needs. Indeed, the DHW tank must be heated to 53 ◦C

during 2 hours in order to avoid the proliferation of legionella [22]. Furthermore, to satisfy DHW’s
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Names Reference Minimum Maximum Units
Z∗

sensor 0.549 0.087 0.913 −
V ∗
peak 1 0.35 0.25 0.75 −

∆h 6 0 12 h

Table 5: Reference parameters with limits.

needs, the tank must always contain hot water, which means that the thermocline position Zthermo

must never exceed the tank height Htank.

Zthermo < Htank (24)

The process must take into account experimental constraints. Indeed, the test bench tank is

instrumented with ten temperature sensors whose positions are given in table 4. Therefore, Z∗
sensor275

must be discretized to respect these constraints.

3.2.2. Multi-criteria optimization

A multi-criteria optimization problem seeks to find the set of solutions that simultaneously optimize

several functions. The solutions are composed of variables and objectives. The variables, also

called parameters, are included in the research space. These objectives functions can also be280

called objectives or criteria, are included in the solutions space. The problem may be subjected to

constraints that limit the research and the solution spaces. Moreover, a multi-criteria optimization

procedure does not provide a unique solution compared to a mono-objective one because the

objective functions are not necessarily comparable and do not evolve in the same direction. The

works of Vilfredo Pareto [23] have shown that it is impossible to improve all objectives at the285

same time. Indeed, the improvement of one or several objectives will necessarily degrade the other

objectives. The results of a multi-criteria optimization problem give a set of solutions that is a

good compromise with respect to the different objectives, including the best solutions for each

criterion. These results are composed of the non-dominant solutions and are gathered on a curve

called the Pareto front. By definition, a solution X dominates another solution Y if and only if,290
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for any fi objective, fi(X) is smaller than or equal to fi(Y ) with at least one strict inequality.

In addition, there are many optimization methods such as the Nelder-Mead method, the simplex

technique, particle swarm algorithms and genetic algorithms [24]. Genetic algorithms are suitable

for constrained multi-objective problems and for discrete and non-linear programming. These

algorithms are probabilistic optimization methods based on the evolution of species. They have295

been initially developed by the works of John Holland [25]. Based on the processes of selection,

crossing and mutation, individuals evolve over generations in order to survive in their natural

environment.

In this study, the NSGA-II algorithm [26] are applied with a mutation and crossing percentage

equal to 50 %. The number of individuals and the number of generations are 100 and 1000,300

respectively.

3.2.3. Multi-criteria decision-making applied to optimization

The decision aid is a technique that selects the best compromise among Pareto’s solutions. There

are a large number of multi-criteria decision-making methods. The weighted sum method and the

Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) method are the most305

used and known [27]. The TOPSIS is the most appropriate for this kind of system and consists in

selecting the solution that has the closest distance to the ideal solution.

The procedure of the TOPSIS method [27] is , firstly, to normalize the objectives.

rj =
|fj −min(fj)|

|max(fj)−min(fj)|
(25)

Then, the function v is defined by taking into account the normalized function r and the weight

w of each criterion which quantifies the relative importance of the criteria.

vj = wj rj (26)
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The positive ideal solution PIS and the negative ideal solution NIS are defined from the minimum

or maximum of the function v depending on whether the objective j belongs to the set C+ or C−.

If the objective j seeks a maximum, so it belongs to the set C+ and reciprocally for C−.

 PISj = [max(vj) | j ∈ C+, min(vj) | j ∈ C−]

NISj = [min(vj) | j ∈ C+, max(vj) | j ∈ C−]

Moreover, the distances D+ and D− are calculated from the following Euclidean norm:


D+ =

√√√√ m∑
j=1

[vj − PISj]
2

D− =

√√√√ m∑
j=1

[vj −NISj]
2

with m the number of objectives. Finally, the best compromise is obtained by:

S = max

(
D−

D+ +D−

)
(27)

In this study, the best solution selected by the TOPSIS method is called the best compromise

or the optimal solution. The ideal solution corresponds to the maximum of the COP and the

minimum of the Eaux. The weight associated with each criterion is 1/2.310

3.2.4. Sensitivity study

The sensitivity analysis is the study of how the uncertainty in the output of a system can be

attributed to the uncertainty in its inputs [28]. Its goal is to identify and to classify the most

influential inputs, to map the behaviour of the outputs in relation to the inputs.

315

In this study, the sensitivity study is used to check if the solution selected by the previous methods

corresponds to the optimal solution. For this purpose, two-level factorial plans require 2k eval-
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uations with k = 3 the number of parameters [29]. This method requires few evaluations and

provides information on the interaction of the parameters. The procedure for factorial plans is

explained in [11].320

3.2.5. Multi-criteria decision-making applied to sensitivity study

The TOPSIS method is also used to select the solution that strongly degrades the objectives

functions among the factorial plans solutions. The weight associated with each criterion is set at

1/2. However, the selected alternative must be the furthest from the best compromise to have the

largest degradation with respect to the optimal solution.325

In this part, the worst solution is determined using the TOPSIS method with the following ex-

pression:

S = min

(
D−

D+ +D−

)
(28)

4. Multi-criteria optimization procedure

In this study, the optimization methodology is performed in three steps. Firstly, the NSGA-II

multi-objective optimization algorithm provides the Pareto front. Secondly, the TOPSIS multi-

criteria decision-making method selects the optimal solution. Thirdly, the solution obtained by330

the multi-objective optimization is realized experimentally.

4.1. Simulation of the reference case

The chosen values of the reference case is introduced in table 5. The heat pump regulation makes

it possible to heat the hot water tank if the parameter ∆h exceeds 6 hours after the first peak of

DHW consumption or if the thermocline position is higher than 1.07 m in the storage tank. The335

first, the second and the third volume peaks are respectively 35 %, 10 % and 55 % of the total

volume. In all cases, the heat pump is activated at 21 h, so that the tank is charged the next day.
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The system under consideration is connected to PV panels that allow the heat pump to operate

between 8 and 19 hours (yellow zone).

Figure 7: Dynamics of the reference case. The yellow area indicates the operating time interval of the PV modules.
The orange and blue curves correspond to the instantaneous and cumulative DHW demand profiles. The black,
red and green curves represent the HP operating mode, the storage tank temperature and the thermocline position
respectively. T ∗

stock and V ∗
tot correspond to the dimensionless values of the storage temperature and the accumulated

DHW demand volume.

Figure 7 illustrates the system dynamics for the reference case over one day. The DHW demand340

volume increases in the same way as the thermocline position because the tank volume and the

DHW demand volume are both equal to 1.5m3. The temperature of the stock T ∗
stock increases when

the HP is on. The position Z∗
thermo is reset to 0 when the storage temperature reaches the desired

temperature (T ∗
stock = 1), this means that the tank is fully charged with hot water. Moreover, when

the heat pump is switched on, the discharging position is higher than the thermocline position,345

the weighted average temperature submodel forces the thermocline to the Zdischarging value. In

this case, the storage temperature increases, because it is re-computed by averaging the desired

temperature and the storage temperature below the discharging position. In addition, the daily

balance illustrates that the produced energy by the HP is 69.67 kWh and the consumed energy

is equal to 22.13 kWh, which gives a COP of 3.148. The produced energy by the photovoltaic350

collectors is 9.513 kWh and the Eaux is 12.62 kWh.
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The heat exchanger model is validated because the relative deviations are 9.7 % and 14 % for Tevap

and Tcond, respectively. The HP model is also validated because the average relative deviations are

6.5 %, 5.6 % and 6.7 % for Qevap, Wcomp, Qcond, respectively. These experimental and numerical

powers are compared in figure 12. The storage model (thermocline of zero thickness) with the355

associated the weighted average temperature submodel, is validated because the average relative

deviations are very small with values of 2−8 % the different sensors. In addition, the coefficient of

performance, which is the ratio between the energy produced on the energy consumed, gives a value

3.221 for COP exp and 3.148 for COP num is with a relative difference of 2.3 %. The auxiliary energy

is the difference between the energy produced by the PV collectors and the electricity consumption,360

has a value of 11.63 kWh for the experimental set-up and 12.62 kWh for the numerical model

with a relative deviation of 8.5 %. The model gives a very good estimation of the indicators (the

coefficient of performance COP and the auxiliary energy Eaux) and a good representation of the

dynamics.

Name Unit Experimental value Numerical value α
Efan kWh 4.800 4.800 0.0
Ecirc kWh 0.464 0.481 3.8
Ecomp kWh 15.89 16.85 6.0
Econs kWh 21.16 22.13 4.6
Eprod kWh 68.14 69.67 2.2
EprodPV kWh 9.530 9.513 0.2
COP - 3.221 3.148 2.3
Eaux kWh 11.63 12.62 8.5

Table 6: : Energy summary for the reference case.

4.2. Multi-objective optimization365

The objectives, variables and constraints are described in section 3.2. The results of the multi-

criteria optimization are gathered in two parts: the maps and the Pareto front.

The maps display all the solutions obtained by the genetic algorithms according to criteria and

parameters. Figure 8 shows that the COP is between 2.654 and 3.472. The COP is maximum for
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large values of Z∗
sensor and ∆h, and for a small value of V ∗

peak 1. Indeed, the consumed energies by370

the circulators, the fan and the compressor vary according to the operating time of the HP.

Figure 8: Mapping of the COP according to the parameters. The pink dots correspond to Pareto’s solutions.

Figure 9 shows that the Eaux varies between 5.633 and 15.66 kWh. The auxiliary energy is

maximum for a large value of Z∗
sensor, ∆h and for a small value of V ∗

peak 1. Indeed, for these

parameter values, the HP is not correctly regulated and it is activated much too late, which

implies that it is not activated during the day. Furthermore, in the case where the volume of the375

first peak increases, the sensor position and the delay decrease, the HP is activated more quickly

and the storage tank is charged during the day. Therefore the Eaux decreases because the consumed

Figure 9: Mapping of the Eaux according to the parameters. The pink dots correspond to Pareto’s solutions.
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energy is supplied directly by the photovoltaic collectors.

Figure 10 a) displays the set of solutions as a function of the objectives. The good compromises are

obtained by maximizing the COP and minimizing the Eaux. This figure identifies the Pareto front,380

presented by the pink dots. Figure 10 b) illustrates the Pareto solutions depending on the sensor

position. The best compromises have a value of Z∗
sensor which varies from 0.647 to 0.941. When

the COP and the Eaux increase, the sensor position also increases and then decreases. Indeed, the

a) b)

c) d)

Figure 10: Representation of all the solutions according to the COP and the Eaux a). The pink dots correspond to
the Pareto front. Graphical representation of the Pareto front as a function of Z∗

sensor b), V ∗
peak 1 c) and ∆h d).
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thermocline position reaches the sensor position less quickly when Z∗
sensor increases. Therefore, the

Eaux decreases because the HP is switched on for a large part of the night and the COP is stronger385

because the consumed energy by the HP compressor decreases as it operates less time. Then, figure

10 c) shows that V ∗
peak 1 varies between 0.33 and 0.75. When the volume of the first peak of DHW

consumption increases, the Eaux decreases because the HP is activated more quickly for a fixed

sensor position. The tank heats during the day, which is in adequacy with the production of the

PV collectors. Moreover, when V ∗
peak 1 increases, the COP decreases because the consumed energy390

by the HP increases. Finally, figure 10 d) illustrates Pareto front for ∆h varying from 1.7 to 6.2

hours. When the delay increases, the COP and the Eaux increase because the produced energy

by the PV collectors is increasing and the consumed energy by the HP is decreasing. In addition,

the two constraints on legionella treatment and on DHW’s needs are respected for each Pareto’s

solutions.395

4.3. Multi-criteria decision-making applied to optimization

The TOPSIS decision-making method is applied to select the solution that presents the best com-

promise between the COP and the Eaux. Table 7 provides the reference solution, the max(COP ),

the min(Eaux) and the optimal solution. The criteria do not evolve in the same direction because

the maximum of COP is obtained by degrading the Eaux and reciprocally. Moreover, the maximum400

of COP solution allows having a value of 3.472 with a very high Eaux equal to 10.95 kWh. This

solution is obtained for a high sensor position and a small peak volume and delay. In addition,

the minimum of Eaux solution is obtained with a COP of 3.407 and an Eaux of 5.633 kWh. The

values of the sensor position and the delay are small, and the peak volume is very large. Fur-

thermore, the best compromise obtained with the TOPSIS method has a COP = 3.450 and an405

Eaux = 8.926 kWh. The value of the parameters is 0.745 for Z∗
sensor, 0.513 for V ∗

peak 1 and 3.322

hours for ∆h.

Figure 11 compares the dynamic simulation of the reference case a), the optimized solution b),

28



/ Objectives Variables
Names COP Eaux Z∗

sensor V ∗
peak 1 ∆h

Units − kWh − − h
Ref 3.148 12.62 0.549 0.350 6.000
max(COP ) 3.472 10.95 0.941 0.335 4.712
min(Eaux) 3.407 5.633 0.745 0.749 2.440
TOPSIS 3.450 8.926 0.745 0.513 3.322

Table 7: Coordinates of the reference, the maximum of COP , the minimum of Eaux and the best compromise
obtained with TOPSIS. The bold characters indicate that the heat pump is regulated from V ∗

pic 1 or ∆h.

the maximum of COP c) and the minimum of Eaux d). Figures 11 b, c and d) show that the410

thermocline position does not reach the top of the storage tank, thus DHW demand is satisfied.

In addition, the heat treatment for the legionella elimination is respected because the storage tank

is heated for more than two hours at 53 ◦C. Indeed, figure 11 b) shows that the HP operates for a

shorter time, and the Eaux decreases due to a better valorization of the solar resource which is in

adequacy with the HP operating range. Moreover, figure 11 c) has a rather small operating time.415

The HP operates mostly at night, that is why the Eaux is large. Furthermore, figure 11 d) depicts

a regulation that activates the HP mainly during the day. However, the operating time is longer

so the COP is smaller.

In addition, a daily balance shows that the produced energy is the same for all solutions because420

the DHW demand volume is always 1.5 m3. For the best compromise, the consumed energy is

smaller 20.19 kWh and the produced energy by the PV collectors is larger 11.27 kWh compared

to the reference case. This optimization procedure significantly improves the domestic hot water

system because the COP has increased and the Eaux has decreased compared to the reference

solution.425

4.4. Experimental optimization procedure

Figure 12 a), on the left, shows the DHW demand profile for the reference case. It is composed of

three Gaussian curves which represent the daily consumption of DHW. This profile are truncated
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a) Reference b) Best compromise

c) Maximum of COP d) Minimum of Eaux

Figure 11: Dynamic simulation for different solutions. The orange and blue curves correspond to the instantaneous
and cumulative DHW demand profiles. The black, red and green curves represent the HP operating mode, the
storage tank temperature and the thermocline position respectively. T ∗

stock and V ∗
tot correspond to the dimensionless

values of the storage temperature and the accumulated DHW demand volume.

to 0.1 m3/h, as presented previously. The yellow square corresponds to the operating range of the

photovoltaic collectors. The drawing flow rate of the test is close to the numerical one, however,430

the experimental curve is more fluctuating due to external conditions. The total DHW demand

volume is 1.47 m3 for the test and 1.50 m3 for the model so the relative deviation is 2.0 %. Figure

12 b), on the left, illustrates the experimental temperature evolution for five different sensors.

The temperature simulated by the model is shown by the black line. The purple, blue, green,
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yellow and red blue curves correspond to sensors 10, 7, 5, 3 and 1, respectively. The results435

show that the global shape of the experimental curves are close to the numerical ones because

the heat pump is switched on and off at the same time. In fact, the heat pump operates 9.33 h

for the model compared to 9.37 h for the test so the relative difference is 5.3 %. Moreover, there

are differences in the temperature of the intermediate sensors. In fact, the experimental profiles

decrease progressively due to the stratification of the temperature in the tank. The numerical440

ones decrease suddenly because the thickness of the thermocline is zero. The profile changes from

the desired temperature to the storage temperature when the thermocline reaches the sensors

positions. Similarly, the initial storage temperature is not homogeneous at 53 ◦C but is stratified

between 52 and 54 ◦C. The final temperature progressively decreases due to heat losses that are

not taken into account in the thermocline model. Figure 12 c), on the left, exhibits the power445

evolution of the heat pump. The red, blue and green curves relate to the condenser, compressor

and evaporator, respectively. During the function range of the heat pump, the condenser power

is larger than the compressor and evaporator power, because the heat pump provides more power

than it consumes. Moreover, when the storage temperature increases, the thermal power decreases

and the electrical power increases because the compressor must provide more power to heat the450

storage tank to reach its desired temperature.

In addition, figure 12 a), on the right, shows the DHW demand profile for the optimized solution.

The experimental and numerical results are very similar because the experimental data are super-

imposed on the numerical data. Nevertheless, the experimental curve is more fluctuating. Figure

12 b), on the right, illustrates the comparison between the temperature for the test and the model.455

The evolution of the experimental and numerical temperatures is similar because the storage tank

starts at a temperature of 53 ◦C and then decreases drastically to 13 ◦C when the thermocline

reaches the sensors positions. The HP is on once during the operating range of the PV collector

and then switched off when the storage temperature reaches 53 ◦C. The consumption of the third

peak reduces the Tstock and the HP is reactivated at 21 h to supply for the energy demand.460
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Reference Best compromise

a)

b)

c)

Figure 12: Evolution of the DHW demand profile a), temperatures b) and powers c) for the reference case (on the
left) and for the optimized solution (on the right). The experimental profiles are presented by continuous curves
and the numerical ones by dotted curves. The bars correspond to the uncertainties.



Figure 12 c), on the right, presents the variation in power over the day. The power of the heat

pump is activated a first time at 12 h with an equivalent power compared to the reference case.

However, the HP is disabled at 17.3 h because the tank is already filled with hot water. Then,

the heat pump switches on in the evening during 3.5 h. The power produced by the HP decreases

with the time because the temperature in the storage is larger and therefore more electrical energy465

must be consumed from the compressor to produce less thermal energy from the condenser.

Table 8 shows the value of the objectives for the reference case. The experimental COP is 3.221,

which represents a relative deviation of 2.3 % with the model. Indeed, the experimental produced

energy is 68.14 kWh and the consumed energy is 21.16 kWh which is composed of 15.90 kWh,470

0.46 kWh and 4.80 kWh for the compressor, circulators and fan, respectively. Furthermore, the

experimental Eaux is 11.63 kWh with a relative deviation of 8.5 %. In fact, the recovered energy

by the PV collectors is 9.53 kWh which is splitted into 7.11 kWh, 0.22 kWh and 2.20 kWh for

the compressor, circulators and fan, respectively. Similarly, for the optimized solution, the ex-

perimental COP is 3.444 with a relative deviation of 0.2 %, so the results are compatible with475

the numerical model. Moreover, the produced energy is 68.20 kWh and the energy consumption

is 19.81 kWh. The experimental Eaux is 8.701 kWh with a relative deviation of 2.6 %, which is

consistent with the numerical data. The recovered energy by the PV collectors is 11.10 kWh.

/ Objectives Variables
Names COP num COP exp α Enum

aux Eexp
aux α Z∗

sensor V ∗
peak 1 ∆h

Units − − % kWh kWh % − − h
Ref 3.148 3.221 2.3 12.62 11.63 8.5 0.549 0.350 6.000
Opt 3.450 3.444 0.2 8.926 8.701 2.6 0.745 0.513 3.322

Table 8: Comparison of the numerical and experimental objectives for the reference case and for the optimized
solution. The bold characters indicate that the heat pump is regulated from V ∗

pic 1 or ∆h.

The measurement uncertainty on the DHW demand profile increases when the flow rate is higher480

because this value is 0.5 %. Furthermore, the uncertainties on the DHW storage temperature are

constant with a value of 0.71 ◦C. The uncertainty of the compressor power is very small with a
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value of about 0.01 kW and those of the evaporator and condenser powers are larger with values

ranging from 0.3 kW to 0.5 kW . This variation is explained by the propagation of uncertainties

on the density, on the heat capacity and more specifically on the flow rate and on the temperature.485

The values of the numerical powers are included in the error bars, which allows to have a good

reliability of the measurements.

As a result, the experimental and numerical results show relative differences of less than 10 %. The

experimental optimization procedure is confirmed because the objectives values are significantly490

improved, which has resulted in better regulation of the heat pump and the DHW demand profile.

5. Sensitivity study procedure

In this study, the sensitivity study is performed in three steps. Firstly, a sensitivity study with

factorial plans, verifies that the solution obtained corresponds to the best compromise. Secondly,

a decision aid procedure is used to select the set of parameters that degrades the objectives most495

significantly compared to the optimal solution. Thirdly, the solutions of the factorial plans are

carried out experimentally.

5.1. Sensitivity study

The sensitivity study is used to check if the solution selected by the optimization procedure corre-

sponds to the optimal solution. Furthermore, the factorial plans determine the set of parameters

that allows for the strongest degradation on the objectives from the best compromise The minimum

and maximum bounds are defined from the optimal solution Xopt and three factors σ = (σ1, σ2, σ3)

which vary between 0 and ± 20 % with a step of ± 5 %. The expression of Xmin and Xmax are

defined by: 
Xmin = Xopt (1− σ)

Xmax = Xopt (1 + σ)
(29)
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Figure 13 a) shows the solutions obtained by factorial plans. Many solutions are far away from

the Pareto front because they significantly degrade the COP between 5 and 10 %. Figure 13 b)500

zooms on the Pareto front and on the optimal solution. None of the blue points are superimposed

on the Pareto front so the application of the decision-making method illustrates that the selected

optimal solution is verified.

a) b)

3.1 3.2 3.3 3.4 3.5

6

8

10

12

Figure 13: Solutions obtained by factorial plans a). The red dots are the Pareto front. The pink cross is the optimal
solution. Zoom of the dotted part b).

5.2. Multi-criteria decision-making applied to sensitivity study505

The TOPSIS decision-making method is applied to the sensitivity study in order to check if the

solution obtained by the optimization process is the best compromise. The aim is to find the set of

eight solutions that strongly degrades both objectives considering that the three factors can vary

between 0 and ± 20 % compared to the optimal solution. The TOPSIS method shows that the

value of the factor is equal to σ1 = ± 20 % for Z∗
sensor, σ2 = ± 15 % for V ∗

peak 1 and σ3 = ± 20 %
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for ∆h. 
Z∗

sensor = 0.745± 20 % = [0.549, 0.941]

V ∗
peak 1 = 0.513± 15 % = [0.436, 0.590]

∆h = 3.322± 20 % = [2.637, 3.955]

(30)

Table 9 shows that the eight solutions have shown a strong degradation for the COP and the Eaux.

Indeed, the solutions have a coefficient of performance smaller than 3.450 with relative deviations

α varying between 0.4 and 5.7 %. Similarly, the solutions n◦ 1, 2, 5, 6, 8 have an auxiliary energy

larger than 8.926 kWh with a degradation of α between 0.7 and 9.0 %, and the other solutions

achieve an improvement of 10.3 % compared to the optimal solution.510

Moreover, the value of the objectives of the second solution is identical to the first one. Indeed,

the COP and the Eaux are equal to 3.418 and 9.732 kWh, respectively, while the value of Z∗
sensor

of the solution n◦ 2 increases by 0.4 compared to the n◦ 1. In fact, the value of the objectives is

unchanged because the system is not regulated from the sensor position but from the HP activa-

tion delay, so this variable has no influence on the two objectives. The same observation is noticed515

for the solutions n◦ 5 and n◦ 6 since the COP and the Eaux are equal to 3.437 and 9.732 kWh,

respectively. In addition, the solutions n◦ 3 and n◦ 7 have the same value for the coefficient of

performance and the auxiliary energy (COP = 3.383 and Eaux = 8.005 kWh) because the system

is not controlled from the HP activation delay.

520

For the rest of this study, ten experimental tests are carried out to validate the optimization

procedure. Two tests use the reference case and the optimized solution presented in table 7. The

others eight tests correspond to factorial plans solutions given in table 9.

5.3. Experimental sensitivity procedure

The experimental tests are carried out based on the results obtained by the factorial plan presented525

in table 10. The DHW demand profile has an influence on the heat pump regulation, since the

increase of V ∗
pic 1 leads to a larger DHW consumption in the morning. In this case, the thermocline
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/ Objectifs Variables
Nom COP α Eaux α Z∗

capt V ∗
pic 1 ∆h

Unité − % kWh % − − h
Opt 3.450 0.0 8.926 0.0 0.745 0.513 3.322
PF n◦1 3.418 0.9 9.732 9.0 0.549 0.436 2.637
PF n◦2 3.418 0.9 9.732 9.0 0.941 0.436 2.637
PF n◦3 3.383 1.9 8.005 10.3 0.549 0.590 2.637
PF n◦4 3.409 1.2 8.005 10.3 0.941 0.590 2.637
PF n◦5 3.437 0.4 9.732 9.0 0.549 0.436 3.955
PF n◦6 3.437 0.4 9.732 9.0 0.941 0.436 3.955
PF n◦7 3.383 1.9 8.005 10.3 0.549 0.590 3.955
PF n◦8 3.252 5.7 8.987 0.7 0.941 0.590 3.955

Table 9: Coordinates of factorial plans solutions. α corresponds to the relative deviations between the solutions
of the factorial plans. The bold characters indicate that the heat pump is regulated from V ∗

pic 1 or ∆h. α is the
relative deviation between the solutions of the factorial plans and the best compromise.

position increases and reaches the sensor position faster and therefore the heat pump is activated

from Z∗
capt, which is the case of the solutions n◦ 3/7.

530

The results show that the relative deviations are small because α is not larger than 10 % for all

the solutions realized. These tests verify that the solutions n◦ 1/2 do not have the same values

for the objectives, compared to numerical data, but the regulation is effectively carried out from

the activation delay. The same observation is noticed for the solutions n◦ 5/6. The value of the

objectives n◦ 3/7 are very close, because the heat pump is regulated by the position of the sensor.535

Moreover, the model is based on a simplification of the physics, which may explain the differences

between the solutions.

Table 11 shows the energy balance values, the coefficient of performance, the auxiliary energy and

the associated uncertainties for the reference case. The uncertainty of the measurements is a cause540

of the differences between numerical and experimental data. Moreover, an uncertainty estimation

is carried out to determine the dispersion of the measurements on the objective functions. The
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/ Objectives Variables
Names COP num COP exp α Enum

aux Eexp
aux α Z∗

sensor V ∗
peak 1 ∆h

Units − − % kWh kWh % − − h
Opt 3.450 3.444 0.2 8.926 8.701 2.6 0.745 0.513 3.322
PF n◦1 3.418 3.510 2.6 9.732 9.536 2.1 0.549 0.436 2.637
PF n◦2 3.418 3.539 3.4 9.732 9.480 2.7 0.941 0.436 2.637
PF n◦3 3.383 3.405 0.6 8.005 7.953 0.7 0.549 0.590 2.637
PF n◦4 3.409 3.397 0.4 8.005 8.043 0.5 0.941 0.590 2.637
PF n◦5 3.437 3.457 0.6 9.732 9.599 1.4 0.549 0.436 3.955
PF n◦6 3.437 3.477 1.2 9.732 9.525 2.2 0.941 0.436 3.955
PF n◦7 3.383 3.407 0.7 8.005 7.953 0.6 0.549 0.590 3.955
PF n◦8 3.252 3.202 1.6 8.987 8.253 8.9 0.941 0.590 3.955

Table 10: Comparison of numerical and experimental objectives for factorial plans solutions. The bold characters
indicate that the heat pump is regulated from V ∗

pic 1 or ∆h. α is the relative deviation between numerical and
experimental data.

calculation shows that uCOP is 0.2 % and uEaux is 0.5 %. For the coefficient of performance, the

energy produced term contributes to 94 % of the uncertainties and the energy consumed term to

6 %. For the auxiliary energy, the consumed energy term is responsible for 59 % of the uncertain-545

ties and the PV energy term for 41 %. Therefore, the measurement uncertainties provide a good

reliability of the experimental tests.

Name Value Uncertainty Unit
Efan 4.800 2.450 ∗ 10−4 kWh
Ecirc 0.464 4.012 ∗ 10−5 kWh
Ecomp 15.89 4.012 ∗ 10−3 kWh
Eprod 68.14 4.071 ∗ 10−2 kWh
Econs 21.16 4.208 ∗ 10−3 kWh
EprodPV

9.530 2.987 ∗ 10−3 kWh
COP 3.221 2.094 ∗ 10−3 -
Eaux 11.63 5.234 ∗ 10−3 kWh

Table 11: Summary of measurement uncertainties for the reference case.

As a result, the relative deviations of the different solutions are small between the model and

experimental data. The experimental sensitivity procedure is verified because the set of solutions550

in the factorial plans are dominated by the optimal solution, thus validating the optimization
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methodology.

6. Conclusions and perspectives

In this study, a multi-criteria optimization methodology is applied to a DHW production system

composed of a heat pump and a thermal storage. The two energy criteria are the coefficient of555

performance COP and the auxiliary energy Eaux. The three system parameters are the DHW

demand shape and two regulation parameters that allow the HP to be switched on from the sensor

position or from an activation delay. The DHW demand profile is composed of three Gaussian

curves which represent the daily DHW consumption. The two physical constraints are to provide

the DHW needs and to eliminate legionella. Moreover, two experimental constraints are also taken560

into account: (i) the tank is made of only ten sensors; (ii) this profile is truncated from a minimum

flow rate since the experimental solenoid valve has a minimum sensibility of 0.1m3.h−1. The results

of the optimization procedure show that the optimal solution is obtained for a first peak volume of

0.513, a thermocline position of 0.745 and an activation delay of 3.322 h after the first consumption

peak. This solution gives a COP = 3.450 and a Eaux = 8.926 kWh, in this case, the heat pump565

operates to heat the DHW storage during the day, which is in adequacy with the production of

the PV collectors. Furthermore, the experimental tests are carried out using an experimental test

bench located in the IUSTI laboratory for the reference case and for the optimized solution. The

optimization procedure is validated because the experiments has verified the improvement of the

objectives. In addition, a sensitivity procedure is performed to determine the impact of parameter570

on the objectives. The values of the variation factors are σ1 = 20 % for Z∗
sensor, σ2 = 15 % for

V ∗
peak 1 and σ3 = 20 % for ∆h compared to the optimal solution. This set of parameters allows

having the largest degradation of the COP and the Eaux compared to the optimal values. The

solutions of factorial plans are performed experimentally and the results show that the relative de-

viations between the numerical and experimental solutions are small. Moreover, the DHW demand575

profile has an influence on the heat pump regulation because the thermocline position reaches the
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sensor position more quickly. Finally, the results of the optimization methodology lead to a net

improvement of the system effectiveness. Indeed, the optimal solution from the test has a gain

on the coefficient of performance of 6.9 % and on the auxiliary energy of 25.2 % compared to the

reference solution. Thus, the system produces more thermal energy than it consumes in electrical580

energy and uses less auxiliary energy to meet the DHW’s demand thanks to a better regulation of

the HP. Indeed, it is better to activate the heat pump after the first peak of DHW consumption

to maximize the use of the solar energy and therefore minimize the auxiliary energy. Moreover, it

is necessary that the storage tank is filled a first time during the day to meet the consumption of

DHW in the evening, the storage must be refilled a second time in the night to meet the DHW585

needs the next day and to eliminate legionella. The deactivate of the heat pump during the third

peak of DHW demand allows to minimize its operating time and thus to maximize the COP .

Furthermore, it is recommended to use more hot water in the morning than in the evening to

improve the performance of the system.

590

In future works, an experimental system and associated numerical modeling coupling domestic hot

water and heating demands should be investigated. In this case, the heat pump regulation must

be improved for winter, summer and inter-seasonal conditions and for different air changes in a

collective building using a multi-objective optimization study.
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