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A B S T R A C T   

The present study deals with a multi-objective analysis of an innovative decentralised system to produce and 
store domestic hot water (DHW), emphasising on the combined effects of the technological aspect, control 
strategy and user’s behaviour. The proposed system, by relying on thermal energy storage, decouples energy 
production and demand while shaves peaks in the energy demand and, at the same time, provides more au-
tonomy to users through local storages. To identify subtle interactions in components of DHW system, dynamic 
simulations are carried out by establishing a coupled TRNSYS-MATLAB code, calibrated and validated by 
experimental measurements. The energy analysis implies that the proposed system cuts the required annual 
electrical energy in half, of which up to 82% of needed primary energy is supplied from renewable sources, 
compared to previous electrical-decentralised system. The optimisation of the results through applying control 
strategies indicates that adopting a three-time charging scheme is advantageous in terms of providing a more 
stable temperature profile as well as a higher hot water temperature. Compared to an available-by-demand 
operation, this scheme reduces the required total annual electricity by 5.2 % and enhances total thermal loss 
from components up to 4.0%. Furthermore, a sensitivity analysis on the results emphasises the striking role of the 
user behaviour in electrical energy consumption either via draw-off temperature or adjusting the pre-defined 
temperature for activation of the built-in auxiliary heater.   

1. Introduction 

The European Union’s policy objective is to move towards a low- 
carbon and sustainable development, with at least a 40% reduction in 
greenhouse gas emissions by 2030. The building sector is considered as 
one of the largest energy consuming sectors in European Union (EU) 
countries, using approximately 40% of the total energy demand [1]. The 
European Commission has set several long and short-term goals to in-
crease energy efficiency in buildings as well as to reduce the energy 
consumed by the building sector. The building’s energy consumption is 
assessed by regarding the required energy for heating, cooling, venti-
lation, lighting, and domestic hot water (DHW). The energy use for DHW 
production currently accounts for approximately 15–40% of the total 
energy need in dwellings, and this proportion is likely to be augmented; 
as the thermal resistance and air tightness of envelopes improve, the 
share of energy devoted to the space heating and cooling tends to go 

down, making DHW as a dominant energy load (as high as 50%) in high- 
performance buildings [2,3]. 

Nonetheless, recent research in reduction of energy use in building 
are focused primarily on reduction of space heating/cooling as well as 
ventilation needs, whereas current knowledge on the energy use and its 
optimisation for DHW production seems to be insufficient [4]. The ef-
ficiency of the DHW production and distribution varies to significant 
extent from case to case due to the large scattering of key parameters in 
the system such as piping layout and dimension, insulation level of 
pipework, size of storage tank, and time-dependency of DHW con-
sumption profile [5]. Available studies in the literature indicate that the 
energy efficiency of DHW systems is surprisingly low and that a signif-
icant amount of heat is lost from the hot water before it reaches the 
draw-off points [6]. Hence, the DHW system may become the next 
bottleneck towards the low-energy buildings and sustainable develop-
ment appointed by the European Commission. In this context, novel 
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technologies and optimisation of the entire chain of the hot water pro-
duction system are required to meet the ambitious goals of the future 
building regulations. 

Indeed, optimisation strategies to reduce the energy footprint of 
DHW systems can be accomplished in different ways including the 
reduction in heat loss from hot water distribution system [7–9], efficient 
and sustainable DHW production technologies including renewable 
energy systems [10–12], recovering heat from wastewater at various 
level [13–15], and decreasing hot water consumption via behavioural 
and technological measures [16,17]. The earlier studies [18,19] indi-
cated that the latter, namely occupants’ behavioural measures, would 
have a significant impact on residential energy usage, compared to the 
type of heat source or supply temperature. However, it is not yet clear 
which strategy or what combinations has more potential and may lead to 
the best results for the least effort [20]. 

In the realm of optimisation and decarbonisation through DHW 
production technologies, particularly by employing the heat pump sys-
tem and solar panel technology, there are several studies in the literature 
that focus on the integration of multiple technologies for the HVAC and 
DHW systems [11,21,22]. However, there are few studies on the 
specific-DHW technology topic aimed at reducing the energy footprint 
of hot water production system. For instance, Nimela et al. [23] analysed 
a new heating concept specially developed for DHW production in 
ground source heat pump (GSHP) system. The method was based on 
step-based heating of DHW, where the DHW is gradually heated from 
the inlet temperature of domestic cold water to the target temperature of 
DHW using a specifically designed GSHP system concept. The results 
demonstrated that the developed GSHP concept delivered up to 45–50% 
improvement in energy efficiency of the DHW heating process over the 
conventional GSHP application. 

In another study, Corberan et al. [24] proposed a prototype dual 
source heat pump (DSHP) for DHW production. To assess the energy 
performance of the heat pump during 1 year of operation, an integrated 
system model has been developed in TRNSYS. They found that the DSHP 
system would be a profitable option compared to the ground-source heat 
pump (GSHP) system since the initial investment could be significantly 
reduced (up to a 30%) with a similar energy efficiency. Similarly, Liu 
et al. [25] proposed an inverter-driven heat pump with a multi-tubular 
tube-in-tube heat exchanger for domestic hot water supply. The ob-
tained results showed that their developed heat pump for DHW can 
provide hot water at 65 ◦C with larger heating COPs (coefficient of 
performance) compared to the COPs obtained by three existing heat 
pump systems, including a trans-critical CO2, R410A with an indirect 
contact coil and a HFC125 heat pump. 

A numerical analysis of four different systems to produce DHW in a 
low energy multi-family residential building located in Poland was 
performed in [26]. Three investigated scenarios to produce DHW were 
tested: (i) district heating (DH) with heat exchanger, (ii) heat pump 
powered from wind turbines, PV cells, and grid, and (iii) natural gas 
high efficiency boiler. They concluded that the heat pump with renew-
able sources outperforms the boiler after 13 years. Based on their study, 
the heat pump and renewable electricity production can be economi-
cally competitive in areas without DH in the mid/long-term horizon of 
payback time of investment. Dongellini et al. [27] conducted a study on 
dynamic performance of the solar collector system in production of 
DHW to understand the effects of collector design, DHW profile and 
storage size on solar coverage fraction. They found that the annual and 
monthly solar coverage factor is strikingly influenced by the DHW 
profile consumption. 

The literature review above implies that available specific-DHW 
studies have focused mainly on the production of hot water through a 
sustainable technology regardless of addressing the combined impacts of 
the proposed strategy on whole-DHW-system comportment, particularly 
in-building interactions. In fact, the role of integrated effects of tech-
nological aspects and in-building interactions, e.g., the control strategy 
or user behaviour, on the energy performance of DHW network are 

undeniable [20]. The present study aims to fill this gap by investigating 
performance of an innovative DHW system proposed for a pilot building 
with special emphasis on the role of control logic and user behaviour. 
This study is a part of the EU-funded H2020 innovation project entitled 
e-SAFE (Energy and seismic affordable renovation solutions) [28], 
appointing a central role to heat storage systems by developing tech-
nologies that enable effective integration and communication in the 
DHW production. 

In this context, firstly, the proposed model and its characteristics to 
produce DHW in a pilot building, located in Southern Italy, are 
described in detail. Then, the energy analyses of the DHW system are 
performed through a dynamic simulation model, established in TRNSYS 
software and coupled to a MATLAB code simulating the DHW con-
sumption profile. The numerical model is validated and calibrated 
against experimental measurements. The energy optimisation of pro-
posed system is carried out through a series of control strategies. Finally, 
the role of user behaviour in the energy saving for proposed system is 
evaluated. The findings of the present study are expected to provide 
insights into the future design of efficient and sustainable DHW systems. 

2. Materials and methods 

2.1. Pilot building description 

The e-SAFE project deals with solutions for the energy and seismic 
deep renovation of reinforced concrete (RC) framed buildings in the 
European countries, addressing both the energy performance of the 
building envelope and the heating and cooling of the indoor spaces to 
boost the decarbonisation of inefficient European building stock. How-
ever, the present study focuses only on the proposed DHW solution for 
the pilot building. 

The pilot building is a residential building having five floors and ten 
dwellings (32 occupants), located in Catania, Italy. Fig. 1 displays the 
pilot building under study. The retrofit solution for DHW system pro-
poses to remove actual electric boilers and to install a centralised PV-fed 
air source heat pump system relying on thermal energy storage to 
decouple energy production and demand while also shaving peaks in the 
energy demand. In addition, it offers innovative slim decentralised plug- 
and-play tanks to produce and store DHW, hereafter called e-TANK, 
providing a higher thermal efficiency and, at the same time, a greater 
users autonomy through local storages installed in each dwelling. 

Fig. 2 illustrates the layout of proposed model for DHW system. Each 
apartment is equipped with a wall-mounted e-TANK system with an 
internal helical heat exchanger which is connected to a 2-pipe hot water 
network. The e-TANK system is installed on the lateral wall of the 
external balcony due to existing positions of main pipe networks, 
reducing installation works, minimising the installation costs and 
disturbance for the occupants. 

The circuit fluid (technical water) is produced by a mono-block air- 
to-water heat pump, coupled to an inertial storage tank, and via circu-
lating pumps and supply network feeds the heat exchanger of e-TANK. 
After transferring heat to the aqueduct (cold water), the circuit fluid is 
discharged from e-TANK to the main storage tank through the return 
piping network. The distribution network can be used for the charging of 
DHW storage tanks and can be also utilised for the heating purpose. In 
both cases, the 2-pipe network can work at high temperature during 
charging periods for few hours a day, resulting in lower heat losses from 
the distribution network. 

The pilot building is equipped with polycrystalline photovoltaic (PV) 
modules on rooftop (36 panels), characterised by a net absorbing surface 
of 1.46 m2 and a peak power of 220 W, to fulfil the legal obligations to 
cover the renewable energy system (RES) quota, namely 60%. Elec-
tricity produced by solar modules can be either consumed instanta-
neously by the heat pump system or stored in a considered 20 kWh BESS 
(battery energy storage system). 
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2.2. e-TANK system 

The e-TANK system consists of two main subsystems, namely the 
“storage tank” and the “hydronic module”, designed and manufactured 
by PINK GmbH. Both components are connected and mounted on a steel 
frame, which then are fixed on existing walls. The storage tank, with a 
volume of 140 l and height of 1.72 m, made of stainless steel-1.4571 
(V4A), has a flat design built with pieces of vertically orientated pipes 
welded together with horizontal connecting pipes on the top and the 
bottom, as illustrated in Fig. 3 (a and b). The central pipe was equipped 

with a screwed flange and equipped with a helical coil heat exchanger 
which is connected to a 2-pipe hot water network system powered by the 
central heat pump. The integrated coil heat exchanger, made of 
molybdenum-bearing austenitic stainless steel, was located at the cen-
tral storage pipe, having the heat transfer area of about 2.0 m2 and a 
total length of coiled tube equal to 17.88 m. Moreover, the storage tank 
was equipped with an internal sensor reaching the entire storage height 
with an inner diameter of 12 mm. Regarding tank insulation, in addition 
to the conventional insulation by means of a PU foam, a further 8 cm 
layer of vacuum insulation panels (VIP) were applied to the two largest 

Fig. 1. The pilot building under study.  

Fig. 2. Technical scheme of the proposed model for DHW system.  
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surfaces of the tank, resulted in a stand-by thermal loss equal to 0.92 
kWh/day. 

Details of the hydronic unit and its main components are illustrated 
in Fig. 3(c-g). In the hydronic unit, a control cabinet (Fig. 3(d)) was 
installed, where the electric and electronic cables of the installed com-
ponents were wired. The control cabinet also includes the PLC (pro-
grammable logic controller) system, in which the control and 
monitoring activities can be realised. Fig. 3(e) shows the built-in 
auxiliary heater (relay) which was screwed into the tank via 1 
½“coupling. The auxiliary heater has 1.5 kW power and consists of three 
U-shaped elements fitted in a brass nipple. It was equipped with an 

electromechanical temperature controller and a safety temperature 
limiter according to EN 14597 [29]. The main logic of integrating the 
auxiliary heater to e-TANK is to facilitate fulfilling certain regulations 
regarding Legionella pneumophila, such as EN 806–1 [30], by boosting 
the tank temperature via an optional electrical heating element. 
Furthermore, it allows users heating up the water outside the central 
plant charging schedule and maintaining the tank temperature period-
ically higher. The ultrasonic heat meter, illustrated in Fig. 3(f), measures 
the heat load and its data logger provides values in a 1-min interval. The 
adopted cold-water meter (Fig. 3(g)) is an electronic ultrasonic meter, 
and the installed 3-way diverter valve regulates the mass flow and the 

Fig. 3. Characteristics of the e-TANK system: Schematic and dimensions (a), storage prototype (b), hydronic unit (c), control cabinet (d), auxiliary electrical heater 
(relay) (e), ultrasonic heat meter (f), cold-water flow sensor (g), and three-way diverter valve + actuator (h). 
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corresponding thermal load into the supply lines of the DHW-circuit via 
an electrical ON/OFF actuator (Fig. 3(h)). 

2.3. Dynamic simulation model 

The energy performance of DHW network was investigated by means 
of a dynamic simulation model implemented in TRNSYS software which 
was coupled to a MATLAB code simulating the DHW consumption 
profile in each apartment. The dynamic simulations were carried out for 
duration of one year using a 1-min interval (time step), as suggested in 
[31] for the dynamic simulation of DHW systems. 

According to the layout of the proposed model (Fig. 2), the total 
length of supply and return piping network is equal to 198.6 m. The 
piping network consists of tubes with different internal diameters, 
varying between 16.2 mm and 51.4 mm, and an insulation thickness 
ranging from 19 mm to 33 mm, according to Italian regulation DPR 412/ 
93 [32]. In the TRNSYS model, a Type 31 model was employed for the 
piping network and types 649 and 647 were utilised for mixing and 
diverting valves, respectively. The weather data Type-15 was adopted 
for the external temperature as well as for the aqueduct temperature, 
connected to relevant components. The mean annual outdoor temper-
ature and aqueduct (mains) temperature in the pilot building was equal 
to 17.87 and 19.22 ◦C, respectively. 

The model Type 534-Coiled was employed to simulate features of the 
e-TANK, calibrated in charging and discharging process by experimental 
measurements, which will be presented in section 3. The e-TANK with 
volume of 140 l consists of two inlet and two outlet flow ports: an inlet 
for aqueduct and an outlet for DHW (to user), and inlet and outlet ports 
for supplied and discharged circuit fluid through the heat exchanger. 
According to the measured data, the thermal loss coefficient of e-TANK 
is equal to 0.56 W/m2K. Moreover, by using a thermostatic valve (Type 
953), it was assumed that the draw-off temperature in preliminary 
simulations is equal to 38 ◦C. However, the role of variation in draw-off 
temperature on energy result is addressed later. The heat generated by 
auxiliary heater inside e-TANK was modelled by inserting a heat source 
input to specified nodes, according to the geometry and power of the 
electrical heater. 

The circuit fluid is supplied to each e-TANK with a flow rate of 300 
kg/h through two circulating pump units (Type 743), i.e., each pump for 
five apartments located on each side of the building, with the rated 
power and mass flow rate of 50 W and 1500 kg/h, respectively. The 
main storage tank was modelled by Type 4c component, with the vol-
ume of 1000 l, height of 2.4 m and loss coefficient of 0.40 W/m2K, with a 
varying set-point temperature based on the heat pump performance. The 
heat pump is air-to-water system with nominal heating capacity of 26.0 
kW, COP of 3.10 and SCOP of 4.51. The maximum water temperature 
supplied by the heat pump is equal to 65 ◦C for the outdoor temperature 
between 5 ◦C and 19 ◦C. For the outdoor temperature between − 15 ◦C 
and 5 ◦C, and between 19 ◦C and 43 ◦C, the supply temperature varies in 
the range of 55 ◦C and 60 ◦C, according to the technical data of 
manufacturer. 

Considering the outlet water temperature curve for the heat pump, 
the set-point temperature of e-TANK in cold seasons was regarded equal 
to 50 ◦C, whereas that in warm seasons was 45 ◦C. An ON/OFF controller 
(Type 2) was employed for both central storage and e-TANKS to regulate 
the set-point temperatures in upper and lower limit of ± 2.5 ◦C. In 
addition, the control logic of DHW system, including activation times 
and signal controls, was modelled by utilising equation/calculator unit, 
season scheduler Type 515 and timer Type 21. 

The domestic hot water demands were regulated based on the 
number of occupants in each apartment, the seasonal (monthly) con-
sumption factor, and the daily (hourly) consumption profile. In order to 
model the DHW consumption profile, a MATLAB code was developed 
and linked to the TRNSYS model by introducing a NORMRND function. 
This function generates random samples from a normal (Gaussian) dis-
tribution by a mean and a standard deviation parameter, allowing more 

realistic simulation of the daily DHW consumption for different daily 
time slots. The MATLAB code reads the number of occupants in each 
apartment from the TRNSYS, and then at each time step, by taking into 
account the monthly factor and hourly profile, returns a value as a 
consumption to the TRNSYS. 

According to the literature data [33], the mean daily DHW con-
sumption for each occupant was considered equal to 45 l, varying 
slightly in each month, i.e. divided on the basis of cold and warm seasons 
[34]. Furthermore, in the daily consumption profile, it was assumed that 
peaks of the daily consumption profile occur in the morning between 
06:00 and 10:00 (45% of total daily consumption) as well as in evening 
between 18:00 and 22:00 (25% of total daily consumption) [35]. To 
have a plausible comparison between energy results, an identical annual 
simulated DHW consumption profile was inserted in TRNSYS model as 
an input file for comparative case studies. 

The hourly electricity production from PV panels was calculated by 
using the EU tool called “PVGIS” [36], rendering the hourly global 
irradiation values (Wh/m2) from the “SARAH 2′′ database. In the cal-
culations, the total number of panels was considered equal to 36 with 
the peak power factor of 0.16 kW/m2, system efficiency factor of 0.80, 
absorbing surface area of 1.46 m2, and reference solar irradiance of 1.0 
kW/m2. Furthermore, the conversion factors for estimating the required 
primary energy as well as the CO2 emission were adopted from the 
Italian Regional Legislative [37]. 

2.4. Control logic 

Regarding the control strategy, the circuit fluid is supplied to e- 
TANKs via the circulating pump in pre-defined activation time slots. For 
baseline simulations, two typical charging periods were firstly consid-
ered, namely continuous operation (24 h), i.e., available-by-demand 
scheme, and daytime charging (06:00–22:00). Then, the charging 
scheme is optimised based on the DHW consumption profiles and energy 
demand. Furthermore, via an activation signal control, the circulating 
pump is activated only when the temperature of main storage be higher 
than set-point temperature of e-TANKs, regardless of the charging 
scheme. 

When the temperature of central storage decreases to a value lower 
than its set-point temperature due to charging of e-TANKs, the heat 
pump is activated and feeds the central storage. The set-point of main 
storage tank varies with the outlet water temperature of heat pump. For 
baseline simulations, the set-point temperature of main storage was 
considered as 4.0 ◦C lower than the outlet water temperature of heat 
pump. In addition, it was considered that the heat pump system works in 
accordance with the activation times of the circulating pump. However, 
for two or three charging periods per day, it was considered that the heat 
pump would work continuously from the start of the first available 
charge to the end of the last one, in order to minimise ON/OFF cycles of 
the heat pump. 

During the activation timespan of the circulating pump in each 
charging scheme, if the temperature of any e-TANK drops below the set- 
point temperature, due to either draw-off or thermal loss, the electronic 
valve inside the hydronic module immediately opens and charges the 
demanded e-TANK to reach the set-point temperature. If the tempera-
ture of e-TANK outside of the charging time slot drops below a pre- 
defined value by user (occurs mostly after midnight), the auxiliary 
heater is activated. The pre-defined temperature for activating the 
auxiliary electrical heater in baseline simulations was considered to be 
39 ◦C (±1 oC). For the energy optimisation of the results, the effects of 
different activation temperatures on performance of DHW system is 
examined. It also should be mentioned that the required energy for anti- 
legionella treatment by electrical heater was not considered in dynamic 
simulation due to the diversity of regulations. 
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3. Validation of dynamic simulation code 

As the main component of the proposed DHW system, the developed 
e-TANK model in dynamic simulations was calibrated and validated 
with results obtained through the experimental campaign. In this 
context, the numerical model was calibrated in terms of the tank insu-
lation, stand-by thermal loss, temperature stratification, and charging/ 
discharging capacity. In the following, the validation of the model in 
both charging and discharging processes are demonstrated. 

3.1. Charging process 

The charging process was measured for different charging conditions 
regarding the inlet temperature and flow rate of heat exchanger. For 
model calibration, the upper and lower limit of charging flow rate, i.e., 
150 and 300 kg/h, at two supply temperatures, namely 45 and 65 ◦C 
were considered. However, for the sake of brevity, one combination of 
temperature and flow rate is presented here. The nodal temperature 
inside the e-TANK was measured by means of a sensor tube with internal 
diameter of 12 mm and a height equal to that of the tank with accuracy 
of ± 0.1 ◦C, as illustrated in Fig. 3(a). Five nodal temperatures were 
regarded to be measured, in which the temperature of the highest node 
is identical to DHW temperature delivered to users. 

Fig. 4 illustrates the time evolution of e-TANK’s nodal temperature 
for the case with mass flow rate 300 kg/h and supply temperature of 
45 ◦C. The figure demonstrates the transient temperature stratification 
inside the tank and shows that the full-charging process of e-TANK under 
mentioned charging condition takes around 70 min. However, the 
temperature of DHW at outlet port reaches its maximum value much 
sooner, namely at τ = 40 min. The figure shows a good agreement be-
tween experimental and numerical results. The normalised-root-mean- 
square-deviation (NRMSD) of the simulated DHW profile from experi-
mental results is 0.91% with maximum discrepancy of 2.63%. 

Similarly, Fig. 5 compares the measured and simulated return tem-
perature and charging load of the e-TANK during half an hour, for supply 
temperature of 45 ◦C and volume flow rate of 300 kg/h. The figure 
shows that, for a given supply temperature, a lower return temperature 
is associated to a larger charging load. It can be observed that the 

maximum charging load is slightly less than 9.5 kW, occurring in the 
very first minutes of the charging process. A comparison between nu-
merical and experimental results reports a NRMSD equal to 2.16 and 
3.79 % for the return temperature and charging load, respectively. 

3.2. Discharge capacity 

The discharge capacity of the tank was evaluated by considering a 3- 
way thermostatic mixing valve connected to the e-TANK at outlet port in 
order to keep the tap water temperature at 40 ◦C, whereby hot water is 
mixed down with the cold water at 14 ◦C. Fig. 6 compares the discharge 
capacity of the e-TANK for various supply temperatures, yielded by both 
experiments and simulations. The figure shows that the discharge ca-
pacity is a linear and increasing function of the tank temperature at 
DHW outlet; for a 1 ◦C increase in supply temperature, the discharge 
capacity enhances 0.24 kWh. A comparison between experimental and 
numerical results shows a negligible discrepancy for each case, ranging 
between 0.5 and 1.4 %. 

4. Results 

4.1. Energy performance analysis 

The DHW consumption profile by each apartment is demonstrated in 
Fig. 7, for different daily time slots in a typical winter (a) and summer 
(b) day. A comparison between DHW profiles shows that each apartment 
has a different consumption pattern; indeed, the developed MATLAB 
code takes into account the number of residents, monthly variation 
factor, and specified time slots in which the DHW is demanded. For 
instance, apartment No.1 has the highest total consumption, either in 
summer or in winter, since it has the maximum number of occupants, 
namely 5 occupants. The developed code for the DHW consumption 
profile renders a random value for each time slot in a predefined devi-
ation threshold even for an identical number of residents and season. An 
evident for this is the consumption profile in apartments 3 and 8, where 
both cases have 4 residents. However, it should be noted that the mean 
annual consumption for both apartments (and for others) is 45 l/person/ 
day. Furthermore, the figure shows that the trend of consumption profile 

T

Fig. 4. Time evolution of e-TANK’s nodal temperatures: Experiments vs. simulation.  
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in the summer is similar to that in the winter with slightly lower values. 
Fig. 8 compares the total daily consumption of DHW, i.e., for 10 

apartments with 32 occupants, in a typical winter and summer day. For 
both seasons, it shows that there are two peak timespans for DHW de-
mand; first and the greater one is in the morning period, namely be-
tween 06:00 and 10:00, and another one in the evening between 18:00 
and 22:00. The total daily consumption profile implies that the highest 
hourly consumption in winter reaches 238 L while in summer it is 
slightly lower than 190 L, both in the early morning. According to the 
figure, the mean daily consumptions per person in the winter and 
summer day (extreme values) are 49.58 and 39.54 L, respectively. 

To highlight effects of the DHW demand profile in each apartment on 

the supplied hot water temperature, Fig. 9 compares the daily temper-
ature variation at outlets of e-TANKs and the main storage in a typical 
winter (a) and summer (b) day. Three apartments with minimum (1), 
intermediate (3) and maximum (5) number of occupants were selected. 
A comparison between temperature profiles in winter and summer days 
shows a higher supply temperature by main storage in winter, due to 
performance of the heat pump, and, consequently, a higher set-point 
temperature of e-TANK. For a given set-point temperature of e-TANK, 
the figure evidently shows impact of the level of consumption on the 
variation of temperature profile; for both seasons, the figure indicates 
that the lower the number of occupants (lower consumption), the higher 
the mean tank temperature as well as the lower the temperature 

Fig. 5. A comparison between measured and simulated time evolution of the return temperature and charging load of the e-TANK.  

Fig. 6. Discharge capacity of e-TANK for different charging temperatures: Experiments vs. simulations.  
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oscillations. For instance, the daily temperature profile in the winter for 
an apartment with 3 residents reaches five peaks (due to the DHW de-
mand and heat exchanger charging) with the mean temperature of 
49.9 ◦C, while that in the apartment with 1 occupant reaches one peak 
with the mean temperature of 50.6 ◦C. However, temperature profiles 
show that e-TANK system decouples the energy demand for each 
dwelling and maintains the temperature in the pre-defined range, unlike 
the common centralised systems having a non-negligible difference in 
hot water temperature delivered to each dwelling. 

Fig. 10 compares the annual energy performance of the proposed 
system with the current decentralised DHW system in pilot building 
consisting of a cylindrical tank in each apartment with an electrical 
resistance having 2 kW power. In order to have a logical comparison 
between energy performance in previous and proposed ones, the set- 
point temperature, insulation characteristics and volume of tank in 
decentralised system were considered identical to those of the proposed 
system. Moreover, for the charging period of e-TANK through the 
circulating pump, two schemes were considered: available-by-demand 

lit
re
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s

Fig. 7. DHW consumption profile by apartment in different daily time slots of a typical winter (a) and summer (b) day.  
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(24 h) and daytime charging (06:00–22:00). 
The results of Fig. 10 imply that the total annual electrical energy 

consumption of DHW system in decentralised system is more than twice 
than that in the proposed system, regardless of the charging scheme, 
corresponding to more than 2885 kg higher annual CO2 emission. 
However, decentralised system shows 76.1 and 73.2 % lower total 
thermal loss, compared to these cases, which is due to not having 
thermal loss from the distribution system and the main storage. A 
comparison between results for the proposed system under two charging 
scenarios indicates that daytime charging can be beneficial in terms of 
either energy saving or thermal loss from the DHW components. The 
energy optimisation of the system according to the circulating pump 
charging scheme is discussed in detail in Section 4.2. 

Although the proposed DHW system shows advantages in terms of 
energy consumption with respect to the previous system, it is of great 
importance to address the share of renewable energy source in the DHW 
system for pilot building. The charts in Fig. 11 demonstrate the annual 
required primary energy (PE) and the share of renewable source in the 
proposed DHW system for three scenarios: The total electrical energy 
required for DHW system is supplied by the external grid, by utilising PV 
system (without battery), and by using PV system in conjunction with 
the battery storage. The figure shows that the total primary energy for 
the external grid case is about 27.7 MWh of which 54.8% is renewable. 
The use of PV reduces the amount of primary energy to 24.6 MWh with 
renewable share of 66.4%. For the proposed case, namely utilising the 
battery to store the PV electricity, the total primary energy is further 
reduced (20.1 MWh) with renewable quota of 82.4%. 

4.2. Optimisation of energy consumption 

Indeed, energy optimisation of a DHW system is obtainable through a 
series of measures enhancing the thermal performance of DHW systems’ 
components. Nevertheless, the present study seeks to demonstrate the 
striking role of the control strategies in energy optimisation of the 
proposed DHW system. In the previous section, the energy performance 
data were presented for two default working conditions of the circu-
lating pump unit, namely for available-by-demand case (24 h) and 
daytime charging scheme (06:00–22:00). Table 1 shows how various 
charging periods of the e-TANK can affect the annual electrical energy 
consumption of the heat pump (Eel-HP), auxiliary heater (Eel-ER), 

circulating pumps (Eel-cir), total electricity consumption (Eel-tot), total 
thermal energy produced (Eth-tot), and total thermal loss of the system 
(Eloss-tot). Moreover, it reports the decrement percentage of total elec-
trical energy consumption (δel-tot) with respect to the available-by- 
demand case (S-0), defined as: 

δel− tot =
Eel− tot,S− 0 − Eel− tot,S− i.j

Eel− tot,S− 0
× 100 (1)  

as well as the ratio of thermal loss to the produced thermal energy in 
percentage for each scenario denoted by εloss: 

εloss =
Eloss− tot,S− i.j

Eth− tot,S− i.j
× 100 (2) 

Apart from S-0 and S-1.1, twelve different charging scenarios have 
been selected in two categories (each six): two times charging per day (S- 
2) and three times charging per day (S-3), for an identical total hours of 
charging. In terms of energy optimisation, the time slots were selected in 
the way to be matched with peak consumption periods, according to 
Fig. 8. 

The table shows influential role of the employing a pre-defined 
charging period (either two or three times per day) not only on the 
total electrical energy consumption, but also on the improvement of the 
heat loss from the DHW components, compared to the scenario of 
continuously activated pump, namely S-0; it reports up to a 5.3% (S-2.2) 
saving in electrical energy, equal to 342 kWh per annum, and up to a 
5.1% decrement in total thermal loss from DHW system (S-2.1), for a 
given set-point temperature. It is noticeable to mention that, in pre-
liminary analyses, the effect of different total hours of charging in S-2 
and S-3 scenarios was investigated and it turned out that the presented 
total hours, namely 7 h, is the most efficient one in terms of energy ef-
ficiency of both the heat pump and the auxiliary heater. 

A comparison between various cases indicates that while S-2 cases 
show a larger decrement in energy consumption of the heat pump, 
compared to S-3 cases, they should utilise much more the auxiliary 
heater for maintaining the required set-point temperature. Nonetheless, 
there is not a significant difference between these cases in terms of the 
energy consumption of circulating pump and total thermal loss. The 
results clearly indicate the sensitivity of the DHW energy consumption 
to the charging scheme of e-TANK and, therefore, the importance of 
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Fig. 8. Total daily consumption of DHW in the pilot building (10 apartments with 32 occupants) in a typical winter and summer day.  
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adjusting the charging period to users’ consumption profile in order to 
optimise the energy consumption. 

In terms of the total energy consumption (Eel-tot), the table indicates 
that cases S-2.1 and S-2.2 in two times charging, and S-3.4 and S-3.5 in 
three times charging, can be considered as the most efficient ones, with a 
negligible quantitative difference. However, to choose the most optimal 
scenario, it would be beneficial to compare the DHW temperature profile 
in these cases. Fig. 12 illustrates the DHW temperature profile for these 
cases in a typical winter day, for an apartment with 5 occupants (most 
critical case). The figure clearly shows that employing three times 
charging (S-3) is more advantageous since it provides not only a more 
stable DHW temperature profile, but also the DHW with a higher tem-
perature, i.e. up to 3.2 ◦C on daily-average basis. This issue can be 
explained by the fact that, in S-2 cases, there is the lack of e-TANK 

charging in midday, when there are DHW demands by users (see Figs. 7 
and 8), which causes a further drop and oscillation in DHW temperature, 
resulting in a higher annual consumption of the auxiliary heater, 
compared to S-3 cases. In addition, employing three times charging 
could be more beneficial in terms of a direct harvesting of the PV energy 
in midday. 

Elaboration of results shows that the presence of the built-in auxil-
iary heater also leads to a higher tank temperature, compared to the 
situation without utilising that in the proposed DHW system. To provide 
a better demonstration on the efficacy of utilising the auxiliary heater, 
Fig. 13 compares the temperature of DHW system with (ER) and without 
auxiliary heater (wER) in a typical summer and winter day, for a case 
with the minimum energy consumed by the auxiliary electrical heater, 
namely S-3.4 (Table 1). In both winter and summer days, the figure 

T
T

Fig. 9. Temperature variation at the outlet (supply) of e-TANKs and main storage in a typical winter (a) and summer (b) day.  
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evidently shows that in time-spans out of the charging periods, partic-
ularly at night, the ER case renders DHW with a higher temperature than 
wER; the mean daily temperature differences between two cases in the 
winter and summer day are 0.4 and 0.3 ◦C, respectively. It should be 
noted that this temperature difference stands for the most optimal sce-
nario and it could be higher for other scenarios. A comparison of the 
annual energy data implies that the auxiliary heater requires 46 kWh/yr 
in ER scenario. However, the annual consumption of the heat pump in 
the presence of auxiliary heater is 27 kWh/yr lower than that in wER 
case. Thus, providing the afore-mentioned facilities by using auxiliary 
heater is at the cost of only 19 kWh higher annual electricity 
consumption. 

In this context, the pre-defined temperature by user for activation of 

the auxiliary heater is also a parameter that can play an important role in 
energy saving. Fig. 14 shows the impact of the set-point temperature of 
auxiliary heater (TER) on annual energy consumption of the built-in 
electrical heater (Eel-ER) and heat pump (Eel-HP) under two charging 
scenarios, namely S-2.1 and S-3.4. The figure indicates that an incre-
ment in the TER increases the share of energy consumption by the 
electrical auxiliary heater, but, at the same time, it decreases the share of 
energy consumption by the heat pump. It also shows that, for a given set- 
point temperature (TER), S-2.1 requires by far larger Eel-ER compared to 
S-3.4, confirming the validity of results in Table 1 for different values of 
TER. On the other hand, the energy consumption of heat pump (Eel-Hp) in 
S-2.1 is lower than S-3.4, as reported in Table 1. In terms of the energy 
optimisation, the figure demonstrates that the rate of changes in energy 

Fig. 10. Comparison of the annual energy performance between the proposed DHW system under available-by-demand (24 h) and daytime (06:00–22:00) charging 
schemes and the current decentralised-electrical DHW system. 
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Fig. 11. The annual required primary energy and the share of renewable source in proposed system for DHW production under different electricity supply scenarios.  
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consumption is amplified in an exponential manner, for both scenarios. 
For instance, in S-3.4, an increment in TER from 37 to 38 ◦C leads to 14.1 
kWh increase of Eel-ER, whereas the same increase in TER from 40 to 41 ◦C 
increases Eel-ER more than 101 kWh, i.e. more than seven times larger 
consumption. The same trend is also observed for the total electrical 
energy consumption. 

For a given set-point temperature of the e-TANK, another parameter 
in the energy optimisation to be addressed is the adjustment of the main 
storage’s set-point with respect to the heat pump supply temperature. In 
fact, since the outlet temperature of heat pump varies with the outdoor 
temperature, the storage’s set-point can be given by a constant differ-
ence from the supply temperature of heat pump, namely: 

ΔTs− p = Tout,HP − Tout,ST (3)  

where Tout, HP and Tout, ST stand for the fluid temperature at outlet of heat 
pump and the main storage set-point temperature, respectively. 

Fig. 15 illustrates variations in required electrical energy (heat pump 
and total) and total thermal loss of the DHW system in S-3.4 triggered by 
alterations in ΔTs-p. The chart indicates that the energy consumption of 
the system with respect to ΔTs-p varies in a quasi-parabolic mode; for the 

scenario under study, the results show that a ± 1 ◦C variation in ΔTs-p 
with respect to the optimal case (ΔTs-p = 4.5 ◦C) can lead to about 50 
kWh electrical energy saving and up to 92 kWh reduction in the thermal 
loss. To better demonstrate the effect of ΔTs-p on minimising the required 
electrical energy of the heat pump, Fig. 16 compares the hourly profile 
of the required heat pump energy in a typical winter day for three values 
of ΔTs-p. The figure shows that, as selected values of ΔTs-p be either closer 
to the set-point of the heat pump (ΔTs-p = 3.0 ◦C) or closer to that of the 
e-TANK (ΔTs-p = 6.0 ◦C), the peaks of energy consumption become 
larger. For instance, at 07:00, the electrical energy required in ΔTs-p =

4.5 ◦C is 3.9 and 1.6 kWh smaller than that in ΔTs-p = 6.0 and 3.0 ◦C, 
respectively. Furthermore, the obtained results for other charging sce-
narios indicate that, for a given ΔTs-p, the rate of changes in energy 
consumption may differ to some extent. 

4.3. The role of user behaviour (draw-off temperature) 

In the present section, effects of the user behaviour, regarding the 
draw-off temperature of DHW, on required annual energy and the 
fraction of hot/cold water to be mixed are investigated. In this context, 
three scenarios from each charging scheme were selected, namely S-1.1, 

Table 1 
Comparison of the annual energy performance for different charging schemes.  

Scenario Charge / day Charging period Eel-HP  

(kWh) 

Eel-ER  

(kWh) 

Eel-cir  

(kWh) 

Eel-tot  

(kWh) 

δel-tot (%) Eth-tot  

(kWh) 

Eloss-tot  

(kWh) 

εloss  

(%) 

S-0 – 00–24 6,354 0 97 6,451  0.0 18,670 7,045  37.7 
S-1.1 1 06–22 6,153 22 72 6,247  3.2 18,083 6,439  35.6 
S-2.1 2 06–10, 18–21 5,938 157 40 6,135  4.9 17,042 5,551  32.6 
S-2.2 2 06–09, 17–21 5,885 182 42 6,109  5.3 17,089 5,626  32.9 
S-2.3 2 06–09, 18–22 5,871 328 44 6,243  3.2 16,974 5,644  33.3 
S-2.4 2 07–10, 17–21 5,839 259 43 6,141  4.8 17,032 5,619  33.0 
S-2.5 2 05–09, 18–21 5,948 227 39 6,214  3.7 17,003 5,595  32.9 
S-2.6 2 07–10, 18–22 5,895 234 43 6,172  4.3 17,095 5,675  33.2 
S-3.1 3 06–09, 12–14, 19–21 6,018 165 49 6,232  3.4 17,414 5,925  34.0 
S-3.2 3 06–09, 11–13, 18–20 6,005 82 45 6,132  4.9 17,281 5,713  33.1 
S-3.3 3 06–09, 12–14, 18–20 6,031 72 47 6,150  4.7 17,425 5,839  33.5 
S-3.4 3 06–10, 12–13, 18–21 6,024 47 46 6,117  5.2 17,506 5,903  33.7 
S-3.5 3 07–10, 14–15, 18–21 5,927 149 48 6,124  5.1 17,337 5,820  33.6 
S-3.6 3 07–10, 13–14, 18–21 5,884 248 46 6,178  4.2 17,148 5,721  33.4  

T

Fig. 12. Evaluation of the temperature variation at the DHW outlet port of e-TANK (supply) in a typical winter day for four selected charging scenarios.  
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S-2.2 and S-3.4, and a draw-off temperature of DHW were regarded in 
the range of 37 and 42 ◦C. To simulate the draw-off temperature by user, 
a thermostatic valve was inserted into the model in order to mix the hot 
water discharging from outlet of the e-TANK with the aqueduct, at the 
preferred temperature. 

Fig. 17 illustrates the influence of draw-off temperature (TDHW) on 
the required annual energy (kWh/yr) in different charging schemes and 
on the mean daily proportion of hot/cold water volume per person (V). 
The figure evidently shows the striking impact of a small increase in 
draw-off temperature of DHW by user on the total required annual 

energy in any charging scheme. Elaboration of results showed also a 
similar trend for the energy consumption of the auxiliary heater. 
Moreover, it can be observed that the rate of changes in the energy 
consumption by variations in TDHW is not identical for different sce-
narios. For instance, S-2.2 at TDHW = 38 ◦C requires 19 kWh/yr less 
energy than S-3.4, while energy consumption in S-2.2 at TDHW = 42 ◦C is 
53 kWh/yr higher than S-3.4. To show this trend quantitatively, the 
sensitivity of total electrical energy, total heat loss and CO2 emission to 
the draw-off temperature are reported in Table 2, for various charging 
schemes and with respect to reference temperature of 37 ◦C (ΔTDHW). 

T

S-3.4_wER_winter S-3.4_ER_winter
S-3.4_wER_summer S-3.4_ER_summer

Fig. 13. Effect of the proposed auxiliary heater on the daily (winter and summer) DHW temperature profile: wER vs. ER.  
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Fig. 14. Impact of the set-point temperature of auxiliary electrical heater (by user) on the annual electrical energy consumed by the auxiliary heater and by the heat 
pump in two different charging scenarios. 
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The table shows that 1 ◦C increment in TDHW increases on average (in 
three scenarios) 3.7% total required electrical energy, 0.26% total 
thermal loss and 94.6 kg the emission of CO2, i.e. 2.96 kg per person. 
However, it is noticeable that these values can be even higher under 
charging scenario S-2.2. 

It should be noted that the elaboration of the results showed that the 
proportion of VH and VC are almost identical in different charging 
schemes (Fig. 17). Nonetheless, the required hot and cold volume frac-
tion of DHW can be considered as dependent not only upon the draw-off 
temperature (TDHW), but also on the temperature of tank at outlet (TH) 
and the temperature of aqueduct (TC). According the mean annual 
aqueduct temperature of pilot building, Fig. 18 demonstrates variations 

in required hot water fraction (fH), defined as fH = VH /V, triggered by 
alterations in values of TH and TDHW. The blue diagrams represent 
changes in fH with variations in TH for given values of TDHW, and the red 
diagrams demonstrate alterations in fH with variations in TDHW for given 
supply temperatures of decentralised tank, namely TH. 

The figure evidently shows more prominent role of TDHW, compared 
to TH, in variation of the required hot water fraction; for a given TH, the 
mean rate of changes in hot water fraction by a degree change in TDHW is 
5.2%, whereas, for a given TDHW, this rate by a degree change in TH is 
equal to 3.4%. Moreover, it can be observed that fH varies linearly with 
TH and TDHW in two opposite trends. However, it is noticeable that the 
net rate of thermal energy required to be supplied to the fluid is 

(kWh/yr)

Ts-p

E_el-HP_S-3.4 E_el-tot_S-3.4 E_loss-tot_S-3.4

Fig. 15. Variations in the required annual electrical energy (heat pump and total) and total thermal loss of the DHW system triggered by alterations in the set-point 
temperature of central storage. 
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Fig. 16. Comparison of the hourly energy consumption profile of heat pump for different set-point temperatures of the central storage.  
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theoretically independent of the outlet temperature of decentralised 
tank (TH), and can be considered only as the function of TDHW and TC. To 
provide an insight into this issue, regarding the first law of thermody-
namic in steady-state process, one can write the energy balance equation 
in the control volume of a thermostatic water tap as: 

mHhH +mChC = mDHW hDHW (4)  

where m is the mass (kg) and h is the specific enthalpy (J/kg). By 
substituting the definition of enthalpy and mDHW = mH + mC in Eq. (4), it 
can be rewritten as: 

mH(TH − TDHW) = mC(TDHW − TC) (5) 

Considering fH = ρVH /m and fC = ρVC /m, where ρ is the density of 
water (kg/m3), Eq. (5) becomes: 

fH

fC
=

(TDHW − TC)

(TH − TDHW)
(6) 

By replacing fC = 1-fH in Eq. (6), the final form for the required 
fraction of hot water from tank can be expressed as: 

fH =
(TDHW − TC)

(TH − TC)
(7) 

Indeed, for a given draw-off temperature (TDHW), the required daily 
thermal energy (Q) for heating the water from aqueduct temperature 
(TC) to tank set-point temperature (TH) can be given by: 

Q = ρVfHcp(TH − TC) (8)  

where V is the daily DHW consumption per person (m3) and cp is the 
specific heat (J/kg.K). If one substitutes Eq. (7) in Eq. (8), it takes the 
following final form: 

Q = ρVcp(TDHW − TC) (9) 

Equation (9) implies that TDHW, TC and V are parameters affecting 
directly the net thermal energy required from the decentralised storage 
tank due to fluid exiting through the outlets and entering the tank 
through the inlets. Nevertheless, it is worthy to mention that variation in 
decentralised tank set-point temperature (or in TH) may affect the total 
required thermal energy from the source, i.e. from heat pump to heat 
exchanger of tank, due to variations in the rate of thermal loss in DHW 
components. 

5. Discussion 

In the present study, beside the energy analyses of proposed DHW 
system for the pilot building, it has been attempted to address the 
influential role of technological aspects in conjunction with the control 
strategies in energy saving. The role of user behaviour in draw-off 
temperature was explicitly shown in Section 4.3. However, the role of 
user behaviour in utilising the auxiliary heater should not be dis-
regarded. Indeed, the concept of utilising auxiliary heater was, firstly, 
prevention of legionella pneumophila, and, then, providing possibilities of 
having hot water in periods out of the charging slot, according to the 
adopted charging scheme (see Table 1). In this context, the role of user 
behaviour can be identified from two aspects: setting the activation 

Fig. 17. The impact of draw-off temperature (DHW) on required annual electrical energy (kWh/yr) in different charging schemes and on mean daily volume 
proportion of hot/cold water per person (litres). 

Table 2 
The sensitivity of the total electrical energy, total heat loss and CO2 emission to draw-off temperature under various charging schemes.  

ΔTDHW  δel-tot (%)   δloss-tot (%)   CO2 (kg)  

(oC) S-1.1 S-2.2 S-3.4 S-1.1 S-2.2 S-3.4 S-1.1 S-2.2 S-3.4 

1 3.4 4.0 3.6 0.6 0.1 0.1 88.4 102.7 86.6 
2 6.8 8.4 7.1 0.8 0.4 0.3 178.5 212.7 181.9 
3 10.1 12.4 10.7 0.9 0.6 0.5 265.6 314.9 274.6 
4 13.7 16.4 14.3 1.6 0.7 1.0 359.1 416.3 366.5 
5 17.0 20.2 17.6 1.7 0.8 1.3 444.9 512.9 452.7 
Mean 3.4 4.1 3.5 0.4 0.2 0.3 89.1 104.0 90.8  
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temperature of built-in auxiliary heater, as shown in Fig. 14, and also the 
level of consumption out of the available charging period of circulating 
pump (mostly at night), i.e. periods in which the e-TANK is heated by 
auxiliary heater. 

Regarding the energy performance, comparison of the results yielded 
by the proposed system with those of previous electrical-decentralised 
one (see Fig. 10) as well as with the literature data, reported in 
Table 3, shows that the performance of the proposed system for pilot 
building can be considered promising. Table 3 compares the mean 
annual energy required for production of the DHW per person between 
the pilot case (for four scenarios of Table 1) and the averaged value in 
European countries (EU), the UK, Canada, and the USA, as reported in 
[33,38]. For a given mean daily DHW consumption, the daily required 
energy for DHW production for different countries in [33] has been 
calculated on the basis of a 45 ◦C temperature rise for a household, 
which is slightly higher than the required temperature rise in the pilot 
case, due to a warmer aqueduct temperature in Catania. 

Nevertheless, it should be noted that the required energy for DHW 
production is significantly dependent upon the mean daily consumption 
as well as time-dependency of DHW profile. In the present study, the 
developed MATLAB code for DHW consumption profile takes into ac-
count a mean annual value of 45 l/person/day with relevant variations 
in monthly and daily profiles, according to the available literature data. 
Comparing the measured data for mean DHW consumption of 82 oc-
cupants in a European country [39] with that simulated in the present 
study implies the reliability of MATLAB code for DHW consumption 
profile; the average value in the measured month (November) for whole 
group of representative was 47.30 l/day/person [39], compared to the 

simulation results in the present study which is equal to 47.41 l/day/ 
person for the same month. 

In fact, the mean daily DHW consumption can be globally cat-
egorised in a wide range from 20 to 94 l/day/person, according to Annex 
42 [38]. This wide range may be justified by miscellaneous factors such 
as the geographical location, number of occupants in a household, 
gender, age, culture, education, and income, as surveyed in [35]. 
Therefore, this issue can be considered as the main limitation for studies 
assessing energy performance of the DHW system in pilot cases, similar 
to the present study. In this context, the next phase of this study will be 
devoted to the monitoring of hourly DHW consumption profile in the 
pilot building and, based on monitored data, the control measures will 
be updated for a better energy optimisation of the proposed DHW sys-
tem. Furthermore, considering the economic feasibility of the proposed 
system, a techno-economic analysis on the proposed retrofit solution 
will be performed and the outcomes will be compared to those yielded 
by a typical centralised DHW solution. 

6. Conclusions 

The present study dealt with a multi-objective study on a compound 
system for domestic hot water (DHW) production in a pilot building, 
located in Southern Italy. The proposed system consisted of an innova-
tive slim decentralised modular tank (e-TANK) to produce and store 
DHW, connected via a 2-pipe hot water network to a centralised PV-fed 
air-to-water heat pump system and a thermal energy storage. The dy-
namic simulations of DHW system were carried out by developing a 
coupled TRNSYS-MATLAB code, which was calibrated and validated by 

TDHW (oC)

TH (oC)

fh

T_DHW=38 T_DHW=39 T_DHW=40

TH=48 TH=49 TH=50TH = 50oCTH = 49oCTH = 48oC

TDHW = 38oC TDHW = 39oC TDHW = 40oC

Fig. 18. Alterations in hot water fraction (fH) triggered by variations in values of TH and TDHW, for the given aqueduct temperature of pilot building.  

Table 3 
The required annual energy for DHW production per person: Pilot case vs. different countries.     

Pilot building   Different countries [33,38]  
Required energy for  

DHW production 

S-0 S-1.1 S-2.1 S-3.4 EU UK Canada USA 

(kWh/yr/person)  583.6  565.7  537.4  548.5  958.6  569.4  1788.5  762.1  
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experimental data. The energy performance of the proposed system for 
pilot building was investigated and the optimisation of the results was 
performed by emphasising on the combined effects of the technological 
aspects and control strategies. Furthermore, the role of user behaviour in 
the proposed system for energy saving was addressed. 

Comparing the energy performance of the proposed DHW system 
with the previous decentralized system as well as with the literature data 
implied the merit of proposed one, both in terms of the energy demand 
and decoupling energy production. It was shown that the adopted 
photovoltaic (PV) panels in conjunction with the battery storage in-
crease the renewable energy quota in the proposed system to more than 
82%. The optimisation results indicated that employing three times 
charging scheme (S-3.4) is advantageous since it provides a more stable 
hot water temperature profile as well as a relatively higher temperature. 
In terms of the energy demand, it was shown that this scheme reduces 
the required total annual electricity by 5.2 % and enhances total thermal 
loss from components up to 4.0%, compared to the available-by-demand 
charging scheme. 

The results indicated the striking role of user behaviour in draw-off 
temperature and pre-defined temperature for activation of the built-in 
auxiliary heater. It was shown that only a degree increment in draw- 
off temperature would increase the annual electrical energy consump-
tion by 4.1%, and the annual emission of CO2 by 104 kg, i.e. 3.25 kg per 
person. The results showed that the increment percentage in energy 
consumption is amplified in an exponential manner by increasing the 
set-point of auxiliary heater (up to 101 kwh/yr). Moreover, it was 
demonstrated that the proposed built-in auxiliary heater is beneficial if 
it be utilised under an appropriate charging scheme and a plausible pre- 
defined set-point by users. 
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