Energy Conversion and Management 292 (2023) 117363

Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman

Check for

Techno-economic analysis of a novel retrofit solution for the domestic hot [&&s
water system: A comparative study

Aminhossein Jahanbin ®”", Giovanni Semprini ®, Maurizio Goni*

@ Department of Industrial Engineering (DIN), Alma Mater Studiorum - University of Bologna, Viale Risorgimento 2, 40136 Bologna, Italy
Y CIRI - Centro Interdipartimentale di Ricerca Industriale Edilizia e Costruzioni, Alma Mater Studiorum - University of Bologna, Via del Lazzaretto 15/5, 40131 Bologna,
Italy

ARTICLE INFO ABSTRACT

Keywords:

Domestic hot water
Energy efficiency
Retrofit solution
Storage tank
Economic analysis
Dynamic simulation

The retrofit solution for domestic hot water (DHW) system in existing buildings requires to ensure the long-term
energy security and efficiency as well as to minimise occupants’ disturbance, construction works and installation
costs. In this regard, the present study performs a techno-economic evaluation on a novel retrofit solution for
DHW production in a pilot building. The proposed solution appoints a substantial role to the thermal energy
storage through a 2-pipe hot water network utilisable for both DHW and heating purposes. The first storage level
is provided by a centralised buffer storage supplied by a PV-BESS-driven heat pump while the second level
consists of decentralised modular tanks installed in each dwelling for the production and storage of hot water.
Firstly, experimental thermal performance of the proposed decentralised storages is investigated. By developing
a dynamic simulation code, the energy efficiency of the proposed solution is compared to that of the existing
system in the pilot building as well to that of a typical centralised system as a benchmark solution. Finally,
economic analysis of the retrofit solution is performed to address capital expenditures of the system, including
purchasing and installation costs, as well as its life cycle cost (LCC). The obtained results indicate that the
proposed system reduces the annual energy consumption for DHW production more than 7,200 kWh, with
respect to the existing DHW system. Furthermore, it is shown that, in the proposed system, the fraction of
thermal loss from piping network decreases by 31.5%, compared to a typical DHW centralised system. Economic
assessment of the proposed solution implies that this system, in terms of both mechanical and electrical com-
ponents, requires 13.7% lower initial investment than a typical centralised system. However, the cost of control
systems in this system is higher since it is inherently a control-based system.

1. Introduction

The building sector is considered as one of the largest energy
consuming sectors in European Union (EU) countries using approxi-
mately 40% of the total energy demand [1]. The European Commission
has set several long and short-term goals to increase 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, ventilation, lighting, and domestic
hot water (DHW). Space heating and DHW represent more than 80% of
total domestic energy consumption and the major share of their demand
is covered by heaters operated either by gas/oil or electricity [2]. The
current energy proportion for DHW production in dwellings is likely to

be augmented since the thermal resistance and air tightness of envelopes
improve. Consequently, the share of energy devoted to the space heating
and cooling tends to go down, making DHW as a dominant energy load
in high-performance buildings, namely as high as 50% of total heat
demand [3]. It is therefore of great importance to enhance energetic
performance of DHW system and to optimise the DHW consumption
while preserving constraints imposed by the rules [4].

Recent research in reduction of energy use in building has been
primarily focused on the required load for space heating/cooling and
ventilation, whereas current knowledge on the energy use and its opti-
misation for DHW production seems to be inadequate [5]. A review on
available studies in the literature implies that the energy efficiency of
existing DHW systems is surprisingly low and that a significant amount
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of heat is lost from the hot water before it reaches the draw-off points
[6]. Furthermore, the efficiency of DHW production may vary to sig-
nificant extent from case to case due to the large scattering of key pa-
rameters in the system such as the time-dependency of DHW
consumption profile, distribution system and level of insulation [7]. It
can be stated that production of DHW in residential buildings may
become the next bottleneck towards the sustainable development
appointed by the European Commission. Hence, novel technologies and
optimisation of the entire chain of the hot water production system, in
conjunction with the heating system, are required to meet the ambitious
goals of the future building regulations.

To reduce the energy footprint of DHW systems in the residential
sector, optimising strategies aim at recovering heat from wastewater at
multiple levels [8-11], reducing thermal losses via efficient hot water
distribution systems within buildings [11-14], decreasing hot water
consumption via technological and behavioural measures [15,16], and
producing hot water through sustainable and efficient technologies. The
latter encompasses a wide range of technological aspects including
various heat pump systems [17-20], District Heating (DH) [21,22],
thermal-solar collectors and photovoltaic (PV) cells [23,24], phase
change materials (PCMs) [25], and novel designs for the hot water
storage [26-28].

For instance, Liu et al. [19] proposed an inverter-driven heat pump
with a multi-tubular tube-in-tube heat exchanger for domestic hot water
supply. The obtained results showed that their developed heat pump for
DHW can provide hot water at 65 °C with larger heating COPs (coeffi-
cient of performance) compared to the COPs obtained by three existing
heat pump systems, including a trans-critical CO3, R410A with an indi-
rect contact coil and a HFC125 heat pump. In another study, Huang et
Al [22] presented a novel charging method aiming at reducing the DH
return temperature without violating the comfort or hygiene re-
quirements. The proposed model employs the concept of multi-mode
charging method considering the periodical characteristics of the load
pattern. Various scenarios were simulated by a dynamic simulation
model using the practical DHW load profiles from a case study. It was
shown that the proposed charging method can reduce the primary re-
turn temperature by 5-8 °C compared to the conventional control
method and that the distribution heat loss imposes a significant impact
on the DH return temperature. Khoury et al. [27] developed an opti-
misation methodology for the Thermal Energy Storage (TES) tank
embedded with PCMs for domestic water heating applications, with
respect to the design parameter constraints and tank size. using adaptive
simulated annealing algorithm, they found that the amount of available
energy increases from 5 kWh to 7 kWh when using the multiple entry
independent PCM modules, which was higher than the required energy.

Nevertheless, it is not yet clear which strategy or what combinations
has more potential and may yield the best results for the least effort [29].
In the realm of DHW production and decarbonisation through efficient
technologies, several studies focused on the integration of multiple
technologies, whereas there is little to no research on the integrated
effects of the proposed technology on whole-system comportment,
particularly in-building interactions. This issue becomes more promi-
nent when the discussion revolves around the retrofit solution for DHW
system in existing buildings, where the adopted solution requires to
ensure long-term energy security and efficiency as well as to minimise
occupants’ disturbance, construction works and installation costs.
Furthermore, in terms of the retrofit solution for DHW system, the
available studies in the literature mostly encompass an overall solution
for heating, cooling and DHW production, which blurs the role of the
proposed solution for specific-DHW issue. In this regard, the present
study aims to examine the performance of an innovative retrofit solution
for DHW production in a pilot building, located in Southern Italy. The
proposed system, relying on thermal energy storage, decouples energy
production and demand while also shaves demand peaks. It also offers a
higher thermal efficiency and, at the same time, a greater user’s au-
tonomy through local storages installed in each dwelling.
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This study is a part of the EU-funded H2020 innovation project
entitled e-SAFE (Energy and seismic affordable renovation solutions)
[30], dealing with solutions for the energy and seismic deep renovation
of reinforced concrete (RC) framed buildings in the European countries.
In terms of energy renovation, e-SAFE project appoints a central role to
heat storage systems by developing innovative technologies that enable
effective integration and communication in the DHW production, trying
to overcome the most significant barriers faced by deep renovation in EU
today. In the present study, firstly, features of the proposed retrofit so-
lution are presented and thermal performance of the DHW production
unit is experimentally investigated. Dynamic simulations are carried out
to address subtle interactions in DHW network, in terms of the energy
performance. Finally, the economic analysis of the proposed system is
carried out. For both energy and economic analyses, the results yielded
by the proposed model are compared with those of a typical centralised
system for DHW production as a benchmark. The results of the present
study are expected to provide a perspective for future studies regarding
retrofit solutions for DHW system.

2. Description of DHW retrofit solution

The pilot building is a RC framed residential built in 1964 and
located in Via Acquicella Porto, Catania, Italy (Lat: 37.30 North, Long:
15.07 East), characterised by warm and humid summer and moderately
cold and wet winter seasons. It is a typical example of Mediterranean
climate (Csa climate type), according to the Koppen-Geiger climate
classification [31]. The pilot building has five stories with two resi-
dential units for each one, and a roughly rectangular footprint whose
gross size is 24 x 9.5 m?. Each apartment has a net floor area of 94 m?,
while the net height is 2.85 m. It belongs to a compound owned by the
local public housing authority IACP Catania (Istituto Autonomo Case
Popolari). Fig. 1 displays the climatic zone of pilot building under study
as well as its current state.

The retrofit solution for DHW system proposes to remove current
electrical boilers (decentralised) and to install a centralised PV-driven
air source heat pump system relying on thermal energy storage to
decouple energy production and demand. In order to make full profit of
PV-based electricity production, the proposed solution appoints a cen-
tral role to thermal energy storage: A first storage level is provided by a
large centralised water tank which is equipped with a programmable
control system to use the water tanks as a buffer and let the heat pump
operate under desirable conditions. The second level of energy storage is
provided by innovative slim and modular decentralised tanks, called
hereafter e-TANKs, devoted to DHW production and storage, providing a
higher thermal efficiency and, at the same time, a greater users auton-
omy through local storages installed in each dwelling. Schematic of e-
TANKs circuit and apartments’ arrangement by number in each floor
with their corresponding number of occupants are illustrated in Fig. 2.

In this context, 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
piping network, reducing construction works, minimising the installa-
tion costs and disturbance for the occupants. The proposed 2-pipe
network can be utilised either for the charging of DHW storage tanks
or for the heating purpose, which is beneficial in buildings with mod-
erate heating demand. 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 piping network and a lower consumption of
circulating pumps, compared to traditional centralised DHW systems,
where the recirculating network works 24 h at a relatively high
temperature.

The e-TANK system consists of two main subsystems: 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 slim storage tank has a
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Fig. 1. The climatic zone and pilot building under study.
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Fig. 2. Schematic of e-TANK circuit and arrangement of apartments in each floor by number with their corresponding number of occupants.

volume of 140 [ and height of 1.72 m, made of stainless steel-1.4571
(V4A), as illustrated in Fig. 3 (a-d). The integrated coil heat exchanger,
made of molybdenum-bearing austenitic stainless steel, has the heat
transfer area of about 2.0 m? and a total length of coiled tube equal to
17.88 m. Since the heat exchanger reaches the top of the tank and it is
operated in the counter flow configuration, the hot water can be pro-
vided much faster compared to typical hot water tanks, which typically
have the heat exchanger positioned at the bottom. Furthermore, an in-
ternal sensor (Fig. 3 (c)) was integrated to the storage reaching the entire
storage height with an inner diameter of 12 mm.

The hydronic unit and its characteristics are illustrated in Fig. 3 (d
and e). The main features of hydronic unit include a control cabinet, the

built-in auxiliary heater, the ultrasonic heat meter, the cold-water
meter, the ultrasonic flow meter, 3-way diverter valve, and electrical
ON/OFF actuator. The control cabinet includes a PLC (programmable
logic controller) system, in which the control and monitoring activities
can be realised. The built-in auxiliary heater with 1.5 kW power (upper
left part of Fig. 3 (c and e)), screwed into the tank via 1 “:“coupling,
consists of three U-shaped elements fitted in a brass nipple. The auxiliary
heater is equipped with an electromechanical temperature controller
and a safety temperature limiter according to EN 14597 [32]. The main
logic of integrating the auxiliary heater to e-TANK is to facilitate ful-
filling certain regulations regarding Legionella pneumophila, such as EN
806-1 [33], by boosting the tank temperature through the optional
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Fig. 3. Details and characteristics of the e-TANK system: Schematic of e-TANK (a), design and dimensions (b), connections to supply sources (c), prototype (d), details

of the hydronic unit (e), and PU-foam insulation with additional VIPs (f).

electrical heater. Moreover, it allows heating up the water outside the
central plant charging schedule and maintaining the tank temperature
periodically higher by users” demand.

Regarding tank insulation, an 8 cm layer of vacuum insulation panel
(VIP) were applied to the two largest surfaces of the tank, depicted in
Fig. 3 (f), in addition to the conventional insulation by means of a PU
foam. The experimental results indicates that utilised VIP layers, having
the thermal conductivity of 0.007 W/(m.K), density of 200 kg/m® and
loss coefficient of 0.32 W/(mZK), reduces the stand-by thermal loss of e-
TANK from 1.06 to 0.92 kWh/day.

To fulfil the legal obligations to cover the renewable energy system
(RES) quota, the pilot building is equipped with 36 monocrystalline
photovoltaic (PV) panels on rooftop, characterised by overall PV surface
of 67 m? and total peak power of 13.5 kW. Electricity produced by solar
modules can be either consumed instantaneously by the heat pump

system or stored in a considered 20 kWh BESS (Battery Energy Storage
System). Characteristics of the PV system are reported in Table 1.

Table 1
Technical features of the PV system.
Parameter Value / Type
Slope 10°
Azimuth angle 9° West
Type of PV modules Monocrystalline silicon
Efficiency in Standard Conditions (STC) 20.2%
Size of each PV module 1050 x 1770 x 35 mm
Number of PV modules 36
Overall PV surface 67 m?
Peak Power (per PV module) 375 W
Peak Power (total) 13.5 kW
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3. Dynamic simulations model

The energy performance of proposed DHW solution was examined by
developing a dynamic simulation model established in TRNSYS soft-
ware, which was coupled to a MATLAB code simulating the DHW con-
sumption profile in each apartment. The dynamic simulations were
carried out for duration of one year using a 1-min interval (time step).
Moreover, the performance of proposed solution is compared to a
common centralised system for DHW production with an identical
generator system, i.e., PV-fed air-to-water heat pump system. In this
context, two dynamic simulation models were established under
equivalent simulation conditions and setups.

3.1. Generation of DHW profiles

To model the DHW consumption profile, a MATLAB code was
established and linked to the TRNSYS model by introducing a
NORMRND function. This function generates random samples from a
normal (Gaussian) distribution through the mean and standard devia-
tion parameters, allowing more realistic simulation of the daily DHW
consumption for different daily time slots. The MATLAB code reads the
simulation time and the number of occupants in each apartment from
the TRNSYS model, and then at each time step, by considering the
monthly factor and hourly profile, returns a value as a consumption to
the TRNSYS.

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. According
to the literature data, the mean daily DHW consumption for each
occupant was considered equal to 45 I [34], varying slightly in each
month, i.e. divided on the basis of cold and warm seasons [35]. In fact,
the mean daily DHW consumption can be globally categorised in a wide
range from 20 to 94 l/day/person, according to Annex 42 [36],
depending on various influential factors. For 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 consump-
tion) as well as in evening between 18:00 and 22:00 (25% of total daily
consumption) [37]. Moreover, for a given daily time slot, the adopted
model simulates the hourly consumption for each apartment with

| | To existing DCW A4l
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slightly different pattern, satisfying mentioned peak time slots as well as
the mean daily value.

3.2. The e-TANK solution

The technical layout of the proposed solution in Section 2 is pre-
sented in Fig. 4. 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
(Fig. 2), with the rated power and the maximum mass flow rate of 50 W
and 1500 kg/h, respectively. The main storage tank was modelled by
Type 4c component, with the volume of 1000 [, height of 2.4 m and the
thermal loss coefficient of 0.40 W/m?K, with a set-point temperature
varying with the heat pump performance.

The heat pump is a reversible air-to-water system having a nominal
26.0 kW heating capacity and COP equal to 3.10 (A7/W45). The
maximum water temperature supplied by the heat pump is equal to
65 °C for the outdoor temperature between 5 °C and 19 °C. Actual
performance values were calculated based on the performance curve
reported by the manufacturer taking the operating temperatures into
account according to the approach suggested by Italian Standard [38].

The Type 534-Coiled was employed to simulate thermal performance
of the e-TANK system, calibrated in charging and discharging process by
experiments which is presented in Section 4.1. The e-TANK with volume
of 140 [ consists of two inlet and two outlet flow ports. To be more
precise, inlet ports for Domestic Cold Water (DCW) and supply circuit
fluid to heat exchanger, and outlet ports for discharged circuit fluid and
delivery of DHW to users (yellow tube in Fig. 3(a)). According to the
measured data, the thermal loss coefficient of e-TANK is equal to 0.56
W/m2K. The heat generated by built-in auxiliary heater inside e-TANK
was modelled by inserting a heat source input to specified nodes, ac-
cording to its characteristics reported in Section 2. By utilising a ther-
mostatic valve (Type 953), it was assumed that the draw-off temperature
in baseline simulations is equal to 38 °C. However, the role of draw-off
temperature on energetic result is also addressed, considering the draw-
off temperature in the range between 38 and 42 °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. Moreover, the control logic of DHW system,
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Fig. 4. Layout of the proposed retrofit solution for DHW production and heating.
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including signal controls and activation timespans, was modelled by
employing the equation/calculator unit, the timer Type 21, and the
season scheduler Type 515. The weather data Type-15 was adopted for
the external temperature as well as for the aqueduct temperature, con-
nected to relevant components. The mean annual outdoor temperature
and aqueduct (mains) temperature in the pilot building were equal to
17.8 and 19.2 °C, respectively. Furthermore, for the piping network,
Type 31 model was employed for tubes and types 649 and 647 were
adopted for mixing and diverting valves, respectively. The piping
network consists of tubes with different internal diameters, varying from
16.2 mm to 51.4 mm, and an insulation thickness ranging from 19 mm to
33 mm, according to Italian regulation DPR 412/93 [39]. The total
length of supply and return piping network is equal to 198.6 m.

The hourly electricity production from PV panels (Table 1) was
calculated by using the EU tool called “PVGIS” [40], rendering the
hourly global irradiation values (Wh/m?) from the “SARAH 2" database.
Furthermore, the conversion factors for estimating the required primary
energy as well as the CO, emission were adopted from the Italian
Regional Legislative (DGR 967-1275/2015) [41].

3.3. Model of centralised system

The centralised system consists of an identical thermal generation
system to that of the e-TANK scenario, namely, a mono-block air-to-
water electrical heat pump system connected to PV panels and battery
storage system (BESS). The circuit fluid (technical water) produced by
the heat pump feeds the main storage via heat exchanger and after
transferring heat to the aqueduct, the circuit fluid is discharged from the
storage to the heat pump. The produced domestic hot water is distrib-
uted on- demand via piping network to users. Furthermore, as a general
practice in customary centralised systems, the hot water is circulated by
pump in the piping network to minimise the waiting time and to
maintain the temperature as high as possible. The technical scheme of
the centralised system is demonstrated in Fig. 5.

The piping network has a total length of 154 m for the supply and
recirculation of DHW. It consists of tubes having an internal diameter
ranging from 16.2 to 26.2 mm, with corresponding insulation thickness
between 15 and 20 mm, based on Italian regulation DPR 412/93 [39].
The sizing of the main storage tank resulted in a required volume of 940
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L Considering the available storage tank sizes in the market, a storage
with height of 2.2 m and volume of 1000 [ was selected, with 14.0 m
coiled tube length and coiled pitch of 0.045 m, having a thermal loss
coefficient equal to 0.4 W/m?K. In addition, the recirculating loop
operates at mass flow rate of 280 kg/h, designed in accordance with
technical considerations suggested in [42]. Regarding dynamic simula-
tions, Types adopted in TRNSYS model for different components of the
centralised system are identical to those adopted for e-TANK solution,
described in Section 3.2, except for the main storage tank which is Type
534-Coiled.

3.4. Control strategy

Regarding the control logic, the circuit fluid is supplied to e-TANKs
via the circulating pump in pre-defined activation time slots. A series of
simulations were preliminary performed to optimise the charging
scheme based on the DHW consumption profile. The details of the per-
taining results can be found in [43]. The optimised daily charging
scheme was a three-time charging between hours 06:00-09:00,
12:00-13:00, and 18:00-21:00, yielded by considering both the lower
energy consumption and a better delivery of DHW to users at a higher
temperature.

For the e-TANK solution, it was considered that the heat pump sys-
tem works in accordance with the activation times of the circulating
pump. The heat pump operates 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. On the other hand, for the centralised system,
the heat pump system operates 24 h. For both scenarios, when the
temperature of main storage decreases to lower value than its set-point,
the heat pump starts to feed the main storage. The set-point of main
storage tank (Tsp) may vary with the outlet water temperature of heat
pump (Toyge)- Furthermore, the circulating pump is activated only when
the temperature of main storage (Tsewrqge) be higher than set-point
temperature of e-TANKS.

During the charging timespan of the circulating pump, if the tem-
perature of any e-TANK drops below its set-point temperature (T*sp),
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. Considering the curve of water
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temperature at the outlet of heat pump, the set-point temperature of e-
TANK in cold seasons was regarded 50 °C while that in warm seasons
was equal to 45 °C. If the temperature of e-TANK outside of the charging
time slot drops below a pre-defined value by user (would occur after
midnight in case of high demand), the built-in auxiliary heater is acti-
vated. The pre-defined temperature for activating the auxiliary electrical
heater in simulations was considered equal to 40 °C. It is also noticeable
that the “anti-legionella” treatment by auxiliary electrical heater was
not considered in dynamic simulation due to the diversity of regulations.
Details of the control strategies adopted for each component are re-
ported in Table2.

4. Results and discussions
4.1. Experimental results and model calibration

As the main component for the proposed DHW solution, the exper-
imental investigation on the performance of e-TANK system were car-
ried out. The measured data was also utilised for the calibration of
established numerical model for dynamic simulations of proposed DHW
system. Experimental stratification of the e-TANK system during
charging and discharging processes were examined for charging period
of 30 min and discharging period of 10 min. An infrared thermal camera
with accuracy of + 1 °C (or £+ 1%) and resolution of 640 x 512 pixels
was utilised. The heat exchanger of e-TANK was charged with supply
temperature of 65 °C at mass flow rate of 300 kg/h. Fig. 6 illustrates the
temperature stratification for both charging and discharging processes
in four picture frames.

Fig. 6 shows that, during 20 min of charging process, the level of
temperature stratification ranges between 30 and 50 °C. After 30 min
charging, it can be observed that only few layers at the bottom of the
tank remain below 50 °C. The stratification also remains very stable
during the discharging process in which the entire volume of the storage

Table 2
Details of the adopted control strategies.

Control Component e-TANK solution Centralised system
level
1 Heat pump Operating time: Operating time: 24 h
06:00-21:00 S
60 °C < Touger < 65 °C. 60 °C < Touger <
65 °C.
2 Main storage Tsp = Toutter — 5.0 °C Tsp = Touttet — 7.5 °C
(£2.5°C); (£2.5°C)
Charging condition: Charging condition:
Tstorage < Tsp Tstorage < Tsp.
3 Circulating Charging time slots: Operating time: 24 h;
pump
(Viadiverting/  06-09, 12-13, 18-21. Supply conditions:
mixing valves)  Conditions of pump Users’ draw-off.
activation:
1- Being in timespan of
charging
2- Tstorage > T*sp
3- Terank < T*sp
4 e-TANKs In available charging -
timespans:
—For Touger = 65 °C (cold
seasons);

T*sp = 50 °C (+2.5 °C).
—For Toyger = 60 °C
(warm seasons);

T*sp = 45 °C (£2.5 °C).
Outside of the charging
period:

Activation of built-in
auxiliary heater

when T*sp < 40 °C
(users’ optional).
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tank (140 1) is emptied within just 10 min. The figure demonstrates that
despite the high withdrawal quantity, there is no mixing within the
storage tank and therefore the entire storage volume is available at its
maximum temperature.

The nodal temperature stratification inside the e-TANK was
measured for charging process 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. Four nodal temperatures were regarded to be measured
where the height of the highest one, namely nodel, is identical to the
height of DHW outlet port (to user) and the lowest one is node 4. The
charging process was performed at flow rate of 300 kg/h and supply
temperature of 45 °C. Fig. 7 compares the experimental and numerical
time evolution of e-TANK’s nodal temperatures in charging period of 60
min. Graphs of temperature stratification indicate that the temperature
of DHW at outlet port reaches its asymptotic value in charging process, i.
e., the maximum temperature, after about 40 min. The figure shows a
good agreement between measured and numerical results. The root-
mean-square-deviation (RMSD) of the simulated DHW profile from
experimental was evaluated by using following equation:

N 2
5> ([Te], = [, )
RMSD = | =L v (6]

and the RMSD of numerical DHW profile from measured ones is
equal to 0.4 °C.

Fig. 8 compares the discharge volume of e-TANK for different supply
temperatures, yielded by both experiments and simulations. A three-
way thermostatic mixing valve was connected to the outlet port of e-
TANK to maintain the draw-off water temperature at 40 °C, whereby the
hot water is tempered with the cold water at 14 °C. The figure shows that
the discharge volume is linearly an increasing function of the tank
temperature. Elaboration of the results indicates thata 1.0 °C increase in
storage temperature enhances 5.4 [ on average the discharge volume of
hot water (at 40 °C). The maximum discrepancy between numerical and
experimental results obtained for discharged volume is equal t01.4% for
Te-rank = 60 °C, corresponding to 3.4 L.

Similarly, Table 3 compares the experimental and numerical
discharge capacity of e-TANK system for three different storage tem-
peratures, namely, 45, 55 and 65 °C. The results show that, by 10 °C
increasing tank temperature, the discharge capacity of e-TANK
augmented on average 2.5 kWh. A comparison between simulated and
experimental discharge capacity implies a discrepancy below 1.0% for
all temperature levels of e-TANK.

4.2. Energy performance of DHW systems

The total daily consumption of DHW in pilot building, namely con-
sumption of 32 occupants, is illustrated in Fig. 9 for a typical day in each
season. The total daily consumption profile indicates that the highest
hourly consumption occurs in the winter day (15 January) reaching 240
L, whereas, for the summer day (01 August), it is equal t0188 litres.
Fig. 9 shows that, regardless of the season, there are two peak timespans
for DHW demand; first and the greater one is in the morning period, i.e.,
between 06:00 and 10:00, and another one in the evening, i.e., between
18:00 and 22:00. On the other hand, the lowest DHW demand is in the
timespan between 00:00 and 06:00. According to Fig. 9, the mean daily
consumptions per person inl5 January, 20 April, 01 August, and 05
October is equal to 48.78, 46.15, 38.67, and 44.25 L, respectively.

Fig. 10 demonstrates the DHW consumption profile by apartment in
various daily time slots of a typical winter day. A comparison between
profiles of DHW consumption implies that each apartment has a
different consumption pattern. This trend is generated thanks to the
developed MATLAB code taking into account the number of occupants,
monthly variation factor, and specified time slots in which the DHW is
demanded. The developed code for the DHW consumption profile



A. Jahanbin et al.

Energy Conversion and Management 292 (2023) 117363

Fig. 6. Stratification of the e-TANK during charging period of 30 min and discharging period of 10 min.

renders a random value for each time slot in a predefined deviation
threshold even for an identical number of residents and season. For
example, while apartments No.1 and No.7 have the same number of
occupants, the figure evidently shows a different consumption pattern in
the same day. Nonetheless, it should be noted that the mean annual
consumption for both apartments (and for others) is equal to 45 l/per-
son/day. Moreover, it is noticeable from Fig. 10 that the peak con-
sumption would occur in different hours for each apartment although
they are all in the regarded time slots, e.g., 06:00-10:00.

Figs. 11 and 12 show the temperature variation in the outlet of main
storage and in the temperature of hot water at draw-off points in a
typical winter day, for centralised system and e-TANK solution,
respectively. Two apartments from each side of the building (Fig. 2) with
different number of occupants were selected, namely, No. 7 with five
occupants and No.10 with two occupants. Graphs of Fig. 11 show that
the temperature variation in hot water at drew-off points is a direct
function of variation in the outlet temperature of main storage. More-
over, it indicates that the return temperature of recirculating network at

inlet of storage is between 2.8 and 3.1 °C lower than that at outlet of
storage (supply temperature), due to the thermal loss of piping network.
The centralised system shows up to 1.7 °C temperature difference be-
tween two apartments at drew-off points, which can be explained by a
longer distance of apartment No. 10 from generation source, with
respect to apartment No.7.

On the other hand, Fig. 12 demonstrates that the e-TANK system
maintains the temperature profiles for both apartments in the pre-
defined set-point, i.e., 50 °C (+£2.5 °C). However, it shows that the
temperature profile in this system is affected by number of occupants,
namely, the level of consumption, which is negligible in the centralised
scheme. In this regard, it can be observed that, for apartment No. 7 (five
occupants), the slope of temperature variation is steeper, and the
number of peaks is higher, compared to apartment No. 10 (two
occupants).

A comparison between two systems Implies that the main storage in
centralised system requires a higher number of peaks, i.e., to be charged
by the heat pump, to maintain the defined set-point temperature. In
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Table 3

Comparison between measured and simulated discharge capacity of e-TANK.
Tstorage Discharge capacity (kWh) Discrepancy
i) Experimental Simulation (%)
45 7.70 7.64 0.91
55 10.20 10.14 0.52
65 12.70 12.62 0.73

addition, for the given set-point temperatures of the main storage, the
centralised system delivers the DHW at higher temperature, compared
to e-TANK system. Nevertheless, it is noteworthy that the e-TANK so-
lution provides a higher flexibility for delivery of hot water at desired

temperature as well as a higher users’ autonomy in heating up the tank
over pre-defined set-point. The latter can be realised by activating the
built-in auxiliary heater in this system.

To highlight energy performance of the proposed system in the pilot
building, Fig. 13 compares the total monthly electrical energy con-
sumption in three systems for production of the demanded DHW: e-
TANK solution, centralised system, and existing decentralised system.
The existing DHW system in pilot building is a cylindrical boiler heated
by a 2 kW electrical resistance, installed in each apartment. 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 existing system were considered identical to those of
the e-TANK system.
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Fig. 10. Profile of DHW consumption by apartment in different daily time slots of a typical winter day.

The monthly required energy in all scenarios shows a parabolic trend
with the minimum and maximum energy consumptions in August and
January, respectively. This trend can be mainly justified by three syn-
ergetic factors: (i) A rather lower consumption level of hot water in
warm months. (ii) A lower thermal loss from tanks and piping network in
warm months. (iii) A lower set-point temperature for DHW production in
summer. The figure indicates that monthly energy consumption of
existing system can reach more than twice of that in either centralised or
e-TANK systems. The highest ratio can be observed in August, in which
the required electrical energy in decentralised (existing) system is 3.2
and 2.5 times greater than that in e-TANK and centralised ones,

10

respectively. A comparison between two retrofit solutions implies that
the e-TANK solution, on a monthly average, requires 51.2 kWh less
electrical energy, compared to the centralise system, which requires
monthly 550.4 kWh.

To better realise the composition of energetic data in each system,
Fig. 14 illustrates the annual electrical energy consumption by the heat
pump and circulating pump units, the total electrical energy consump-
tion by whole-system, the required thermal energy produced by the heat
pump, and the total thermal loss by storages and distribution network.
Fig. 14 shows that the e-TANK system has the lowest energy consump-
tion among all systems, and that existing system consumes annually
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Fig. 12. Temperature profile in e-TANK solution for a typical day: Variation of temperature at the outlet of main storage, at draw-off points in two selected

apartments (at e-TANK outlet).

7,207 and 6,706 kWh more electrical energy than e-TANK and central-
ised system, respectively. It can be also observed that the centralised
system requires annually almost 11 times larger electrical energy for
circulating pump than the e-TANK solution, which is due to 24 h recir-
culation of hot water.

A comparison between results obtained by retrofit solutions implies
that annual consumption of the heat pump in centralised system is
slightly higher than e-TANK solution, whereas the total thermal loss in
the centralised system is more than 19% larger than that in e-TANK. It is
not surprising to observe that thermal loss from existing system is the

11

lowest among others, which can be explained by not having thermal loss
from the piping network and the main storage. In this context, Table 4
compares two indices to reflect better the thermal loss from each
component of DHW system, given by Egs. (2) and (3): The ratio of total
thermal loss (Ess.tor) to the produced thermal energy (Egm.or) in per-
centage for each scenario, denoted by €55, and the share of thermal loss
by each component in percentage, denoted by f;.

Eloss—tol

x 100 (2

Eloss =
th—tot
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Elpss-i
Table 4 fi==""0 % 100 3
Comparison between the ratio of thermal loss to produced thermal energy (joss) Eloss—1o1
and the fraction of thermal loss from each component (f) for three systems. The results reported in Table 4 shows that ejogs in e-TANK system is
Scenario Eioss-tot Eloss fstorage Sranks Frubes equal to 33.7% while in centralised system it reaches over 43%. The
(kwh) (%) (%) (%) (%) table also shows that the loss fraction from piping network is 31.5%
e-TANK 5,903 33.7 11.5 30.2 58.3 higher in centralised system, compared to e-TANK. Moreover, it can be
Centralised 7,813 43.2 10.2 - 89.8 observed that 30.2% of total loss in e-TANK system is due to decen-
Existing system 1,704 12.8 - 100.0 -

tralised tanks installed in each dwelling, which is 18.7% higher than the
thermal loss from the main storage.

Fig. 15 compares the amount of required daily energy for DHW
production per household in different countries [34,36,44] with the

12
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Fig. 15. Comparison of the daily energy consumption for DHW production per household in the present study with available literature data for different coun-

tries [34,36,44].

results yielded in the present study for centralised system and e-TANK
solution. Daily hot water consumption per household by country, ac-
cording to the report from Annex 42 [36], was calculated based on a
45 °C temperature rise for an average household of 2.5 occupants. The
figure shows a significant difference in the daily required energy for
DHW production in different countries. Indeed, this variety can be
explained by striking dependency of the required energy to the mean
daily hot water consumption as well as the time-dependency of DHW
profile. The figure indicates that the daily energy consumption per
household in e-TANK system is equal to 3.73 kWh while this amount for
centralised system reaches 3.90 kWh. According to Fig. 15, the closest
countries to those cases in pilot building, in terms of daily energy con-
sumption for DHW production, are the UK and Spain with 3.85 and 3.92
kWh/day/household, respectively. On the other hand, the required en-
ergy for daily DHW production in Canada, Germany and Argentina are
by far higher than scenarios in the present study. In addition, the case of
Chile represents the lowest level of required daily energy for DHW
production. However, it is noticeable that the hot water consumption
due to shower has not been included in the report for the case of Chile,
according to [44].

Elaborations of the obtained results for both scenarios imply the
significant impacts of the draw-off temperature on the energy con-
sumption of the heat pump. In this regards, Fig. 16 compares the hourly
energy consumption of the heat pump in both scenarios in a typical
winter day for two draw-off temperatures, namely, 38 °C and 40 °C. The
figure evidently shows that an increase in draw-off temperature raises
the peak of heat pump consumption for both cases; a two-degree in-
crease in the draw-off temperature raises the energy consumption of
heat pump 5.4% and 6.9%, for the centralised system and e-TANK so-
lution, respectively. This issue on the annual basis can be better reflected
by the results reported in Table 5, which compares the effect of draw-off
temperature on the annual energy consumed by the heat pump system,
annual total thermal loss, and corresponding annual emission of CO, per
user. The table indicates that, a degree increase in draw-off temperature
leads to annual 196 and 213 kWh increase on average in the heat pump
energy consumption, for the centralised and e-TANK systems, respec-
tively. Moreover, in terms of the total energy consumption by each
system, table reports a corresponding 2.65 and 2.89 kg increment on
average in the COy emission per person for a degree increase in the
draw-off temperature, respectively, for the centralised and e-TANK
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system.

To shed light on the role of proposed PV-BESS system for supplying
electrical energy, Fig. 17 compares the annual required primary energy
(PE) and the share of renewable energy source (RES) under different
electricity supply scenarios. These supply scenarios are as follows: the
total electrical energy required for DHW system is supplied by the
external grid, by utilising the PV system (without battery), and by
adopting the PV system in conjunction with the battery energy storage
system (BESS). The figure shows that the total primary energy for the
external grid case is 25.9 MWh in e-TANK solution, of which 54.6% is
renewable, while this amount reaches over 27.0 MWh in the case of
centralised system, with RES quota of 52.1 %. Fig. 17 shows that inte-
grating the PV panels into the DHW system reduces the amount of
annual primary energy around 3.0 MWh for both cases, with corre-
sponding RES quota of 63.8% (centralised) and 67.1% (e-TANK).
Finally, for the proposed PV + BESS system in pilot building, the total
annual primary energy is further reduced (to 18.8 MWh) with renewable
quota of 82.6%, which is 298 kWh lower than that in the centralised
system.

4.3. Economic assessment of e-TANK solution

The economic analysis of the proposed system is examined and the
obtained results are compared with those of a typical centralised system.
Since the proposed retrofit solution via a 2-pipe network in the pilot
building stands also for the heating system, the economic analysis en-
compasses both heating and DHW networks in both scenarios. In this
regard, capital expenditures of the whole-system consist of purchase (Cp)
and installation (C;) costs, and is expressed by [45]:

CS = Cp + Ci (4)
and operating costs of the system can be calculated by:
Copr =Cc+Cu+ Gy 5)

where C,, C,, and C, stand for the total electricity cost, consumed tap
water price and maintenance costs, respectively. In the present study,
capital expenditures for the purchase (C,) and installation (C;) of systems
were investigated according to e-SAFE project documentations [30],
provided by different partners and contractors. Table 6 compares the
capital expenditures of system (C;) by main components for both
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Fig. 16. Hourly electrical energy consumed by the heat pump system at two different draw-off temperatures, namely, 38 °C (a) and 40 °C (b): Centralised system vs.

e-TANK solution.

Table 5

Impact of the draw-off temperature in two scenarios on the annual energy
consumed by the heat pump system, total thermal loss, and corresponding
emission of CO; per person.

Centralised e-
TANK
Touw  Eernp  Eioss-tor CO> Eetnp  Eiosstor  CO2
°C) (kWh) (kWh) emission (kWh) (kWh) emission
(kg/yr/ (kg/yr/
prs) prs)
38 6,091 7,813 89.58 6,024 5,903 82.81
40 6,474 7,833 94.76 6,440 5,938 88.79
42 6,875 7,841 100.20 6,835 5,981 94.36
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scenarios, including purchase and installation costs.

Table 6 shows a striking difference in the total cost of storages, dis-
tribution systems including piping network and connections, and
required heat meters, which can be justified by different technical
schemes and therefore different quantities of required components in
each system. The results reported in Table 6 imply that the e-TANK so-
lution, in terms of both mechanical and electrical systems, requires
lower initial investments, i.e., up to 13.7%, compared to centralised one.
However, the cost of regulation/control systems in e-TANK is higher
since the e-TANK solution is basically a control-based system. It is also
noteworthy to mention that this cost may differ to some extent in both
systems since it is strikingly dependent to the level of adopted control
strategy. A comparison between the amount of total initial expenditure
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Table 6
Details of components and their total cost, including purchasing and installation costs, for DHW and heating purpose: e-TANK vs. Centralised.
e-TANK Centralised

No. Item Quantity  Price (€) Quantity  Price (€) Comments

1 Heat pump 1 14,500.00 1 14,500.00 A2W EHP; 400 V-3-50 Hz, 26 kW (A7/W35); including concrete base and anti-vibration
system supports, covers and hydronic circuit connection.

2 Central storage 1 3,738.00 2 8,233.05 Stainless steel inertial storage with polyurethane insulation + AISI 316 stainless steel tank,
tank fully insulated with spiral heat exchanger (centralised).

3 Technical 1 8,000.00 1 8,000.00 Construction of prefabricated metal cabinet (4 m x 2 m x 2 m) to protect the thermal plant.
cabinet

4 Connections/ 39 3,396.02 52 7,137.64 Including thermostatic valves, ball valves, elastic joints, flanges, check valves, safety valves, F-
Valves F connections, disconnectors, and three-way diverter valves.

5 Expansion 2 494.29 3 592.94 welded expansion vessel for CE certified heating systems; steel body; SBR diaphragm.
vessel

6 Filters/ 4 698.66 4 655.13 Including Y-type PN-16 impurity collectors and magnetic separators.

Separators
7 Piping network - 12,498.40 - 18,633.20 Tubes and insulation according to DPR 412/93; total 471 m for centralised and 295 m for e-
TANK (DHW + heating).

8 Heat meter 1 3,750.00 12 19,500.00 Direct heat meter for the heating and DHW services, regulation, and balancing.

9 Thermostats 10 705.60 10 705.60 Room programmable thermostats

10 Cold water 1 68.28 1 90.00 Dry dial; DN 50 mm (centralised) and DN 40 mm (e-TANK).
counter

11 e-TANK storage 10 21,000.00 - Decentralised hot water tanks with hydronic module and all necessary connections.

12 Circulating 2 3287.30 4930.95 —20 + 4120 °C; PN 10; IP 55, power supply 230/400 V.
pump

13 Other 12 1,757.63 5 983.72 Deaerator, polyphosphate dispenser with bypass (DN 25 mm), diaphragm pressure reducer,
equipment etc.

Sum  Mechanical - 73,894.18 - 83,962.23 -
plant

14 Electrical plant - 13,300.95 - 15,113.20 —

15 Regulation/ 20,000.00 15,000.00 Regulation system for the control of heat pumps, circulating pumps, and valves by with BUS
Control data transmission to/from thermal power plant and from/to local modules (e-TANK). Including
systems data distribution lines, PLCs, electrical switches, temperature probes, etc.

Sum  Total 107,195.13 114,075.40

shows that the centralised system requires about €7,000 more invest-
ment than the e-TANK solution.

To highlight better the composition of total expenses required for
each system, Fig. 18 demonstrates capital expenditures for five main
categories as well as their share from the overall cost in both scenarios.
These categories include the thermal/generator system, distribution
network, in-building (components/work inside apartments), electrical

plant, and control/regulation systems. For both scenarios, the thermal
plant with 46.1 and 35.7% has the largest share, for centralised and e-
TANK systems, respectively. While the distribution network in the
centralised system stands for the second largest share with 16.3%, in-
building expenditures with 21.6% is the second most expensive cate-
gory in the e-TANK solution with over €23,000, which is mainly due to
purchase and installation of decentralised plug-and-play storage tanks.

15
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Fig. 18. The capital expenditure, including purchase and installation costs, for five main categories and their share from the total cost: e-TANK vs. Central-

ised system.

Moreover, Fig. 18 demonstrates a rather similar share of the electrical
plants (around 13%) in both scenarios, with less than 1% discrepancy.

The Life Cycle Cost (LCC) of the system, the so-called cost of entire
lifespan, which takes into account the initial investment (Cs) and oper-
ating costs (Copr) incurred during the exploitation of the facility, was
evaluated by the following equation [46]:

“~C,+C,+C,
LCC=C,+Ci+ ZW

=1

(6)

where r is the discount rate and t is the number of years in use.

For calculations of the operating costs, the electricity and tap water
price in the year O were estimated with average prices for Italy in 2023,
according to [47,48]. Moreover, in order to obtain the electrical energy
consumed for the heating purpose, the energy demand of the pilot
building for space heating was simulated by means of EnergyPlus soft-
ware, by setting the indoor temperature at 20 °C in the winter (heating)
and considering a mean daily ventilation rate equal to 0.3 ACH, as
suggested by the Italian standard [49]. The reference activation period
of the heating system was considered from 1st December to 31st March.
Technical characteristics of the pilot building including U-values, floor
and wall assembly, thermal bridges, and infiltrations can be found in
detail in [50]. In addition, for evaluation of operating costs, it was
assumed that the required electricity for both systems is supplied by the
grid and the maintenance costs were disregarded for both systems.

Table 7 reports relevant parameters for evaluation of the operating
cost and compares the LCC values for a 20-year timespan at three
different draw-off temperatures, namely 38, 40 and 42 °C. It shows that
a degree increment in the draw-off temperature leads to a 0.4% increase
on average in the total lifespan cost for both systems. The table reveals
that, for a 20-year timespan, the LCC of e-TANK system can be up to
6.1% lower than that of centralised system, corresponding to around
€8,300. Elaboration of the results also indicates that the difference be-
tween LCC graphs becomes larger over each year, which is due to a
higher annual increase in operating costs of the centralised system
compared to e-TANK solution, i.e., a higher electrical energy consump-
tion in centralised system. Nonetheless, it is noteworthy to mention that
centralised systems, in general, can be considered as more advantageous
to reduce the investment and operating costs on a larger scale, namely in
buildings with larger number of households/apartments, compared to

16

Table 7
Parameters related to operating costs and corresponding LCC for both scenarios
at three different draw-off temperatures.

Parameter Value

0.1744 €/kWh
[47]
1.30 €/m> [48]

The cost of purchasing electricity
in the year 0

The cost of purchasing tap water
in the year O

The annual increase in electricity 4% [44]
price
The annual increase in tap water 6% [44]
price
Analysis period 20 years
Discount rate 5% [10]
Draw-off temperature (Tpyw) 38°C 40°C 42°C
LCC for e-TANK solution (€) 134,937.13 135,983.31 136,956.12
LCC for Centralised system (€) 143,204.69 144,107.91 145,060.36

decentralised solutions.

5. Conclusions

In the present study, the techno-economic assessment of an innova-
tive retrofit solution for production of domestic hot water (DHW) was
accomplished. The proposed solution, aimed at enabling effective inte-
gration and communication in the DHW production, attempts to over-
come the most significant barriers faced by the deep renovation of the
DHW system. Firstly, thermal performance of the proposed system for
DHW production was experimentally investigated. To identify subtle
interactions in components of DHW system, dynamic simulations were
carried out by establishing a coupled TRNSYS-MATLAB code, calibrated
by measured data. The energy performance of the proposed retrofit so-
lution was compared to those of the existing system in the pilot building
as well to a typical centralised system as a benchmark solution. Finally,
economic analysis of the e-TANK system was performed to address
capital expenditures of the system, including purchasing and installation
costs, as well as the life cycle cost (LCC).

The experimental results showed a desirable thermal performance
for the proposed e-TANK system in both charging and discharging pro-
cesses. The result obtained through dynamic simulations indicated that
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the e-TANK system reduces the annual energy consumption for DHW
production more than 7,200 kWh, compared to the current DHW system.
It was shown that a typical centralised system requires about 11 times
higher electrical energy for the circulating pump than the e-TANK so-
lution. The annual electricity consumption of the heat pump in cen-
tralised system was slightly larger than that in the e-TANK, whereas the
total thermal loss in the centralised system was more than 19% larger. It
was also revealed that the fraction of thermal loss from piping network is
31.5% higher for the centralised system.

Economic assessment of the proposed solution implied that this
system, in terms of both mechanical and electrical components, requires
lower initial investment (up to 13.7%) than a typical centralised system.
However, the cost of control systems in e-TANK solution was higher
since this system is basically a control-based-system. In addition, it was
shown that for a 20-year timespan, the LCC of the proposed solution was
6.1% lower than that of a centralised system. Furthermore, it was turned
out that applying the proposed PV-BESS system for electricity genera-
tion reduces 7.1 MWh/yr the required primary energy, compared to the
case that the electricity is provided by the grid.

The techno-economic comparison between two systems in the pilot
building under study as well as addressing the deep renovation limita-
tions for both DHW and heating networks, including construction work,
occupants’ disturbance, and operational costs, indicate the privilege of
the proposed retrofit solution for DHW system. The outcomes of the
present study for the pilot building are expected to be extended to a
significant portion of the existing European building stock. Indeed,
future research in the framework of the e-SAFE project seeks to scale up
the applicability of the proposed solution to a wider European context.
Nevertheless, further analysis on possible technical issues as well as
clarifications on the potential effectiveness of the proposed retrofit so-
lution in different buildings under various characteristics and climatic
conditions still needs to be addressed. In this context, the next phase of
the present study will be devoted to the techno-economic evaluation of
the proposed retrofit solution in other European pilot buildings with
distinct characteristics.
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