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intermittent renewable energy sources. As a matter of fact, heat
pumps could act as an interface between electrical and thermal
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can be identified as a sort of “climate change industry” [2,3] and, in
particular, heating demand is recognized as one of the most
important fields that deserves dedicated actions to mitigate the
contribution to climate change.

This study analyses an option to reduce primary energy con-
sumption for district heating in urban scenario through the
replacement of conventional centralized boilers with heat pump
systems. In particular, heat pump is recognized as a valuable
alternative that can be more efficient -from a thermodynamic point
of view- than traditional district heating systems based on fossil
fuel combustion. In addition, the increase of thermal load covered
by heat pumps can facilitate themanagement of electricity network
in scenarios characterized by a high fraction of electricity from
).

e available under the C

ttp://dx.doi.org/10.1016/
The first opportunity to integrate heat pumps in municipal
environment and exploit existing resources is represented by the
extraction of heat from waste water. It is estimated that, in resi-
dential areas, about 60% of the drinking water provided is heated,
used as hot water and then discharged in the sewage system. The
thermal energy loss (i.e. the residual thermal energy in discharged
water from shower) is about the 15% of the global heat provided to
the user (included space heating) [5]. In Ref. [6] it is estimated that,
in a residential building, the average temperature of the discharged
water is about 27 �C. On a small scale, it is possible to apply heat
pumps that use the waste water collected in the sewer of a building
as heat source. This is the case of a hospice in Switzerland, where a
30 kW heat pump is installed [5]. On a larger scale, the heat re-
covery process can directly involve sewage systems and waste
water treatment plants. It is possible to apply heat pumps that
extract thermal energy from the sewage water and make it avail-
able at higher temperature. For example, in Oslo about 8% of
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Acronyms

COP Coefficient of performance
DAE Differential algebraic equation
HP Heat pump
HVAC Heating ventilation and air conditioning
IGV Inlet guides vane
IRR Internal rate of return
MM Metropolitana Milanese
NPV Net present value
NG Natural gas
ST Storage tank

Nomenclature
C Generic integration constant, e
cp Specific heat, J kg�1 K�1

D Diameter, m
d Burying depth, m
E Energy, J
F CO2 emission factor, gCO2 kWh�1

h Convective heat transfer coefficient, W m�2 K�1

k Thermal conductivity, W m�1 K�1

l Additional soil layer thickness, m
LHV Lower heating value, MJ kg�1

m Mass flow, kg s�1

M Mass, kg
P Pressure, Pa
Q Thermal energy, J
_Q Thermal power, W
_q Specific heat transfer rate, W m�1

S Shape factor, e
T Temperature, �C
t time, s
U Overall heat transfer coefficient, W m�2 K�1

W Electric power, W
x x-coordinate, m
y y-coordinate, m

Subscripts
A Case A

B Case B
compr compressor
cond condenser
DH District heating
dom domestic
el electric
eva Evaporator
f fluid
in inlet
mech mechanical
NG Natural gas
O Initial state
off Off-design
on On-design
out Outlet
p Pipe
pp Pinch point
prim primary
ref reference
RH Reheating
SC Sub-cooling
SH Super-heating
ST Storage tank
th thermal
US User

Superscripts
s Superficial
t Time varying
u Undisturbed

Greek letters
D Difference, e
a Drinking water fraction to be heated, e
c Heat fraction, e
h Efficiency, e
r Density, kg m�3

u Angular frequency, s�1
thermal energy required by district heating is obtained by recov-
ering heat from the sewage system [7]. A similar system was
installed near the Olympic village in Vancouver [8,9]. Heat recovery
downstream of water treatments (where large flows and stable
temperatures are observed) is applied in about 20 cites in
Switzerland. For example, in the Bremgarten quarter in Berna about
60% of the heat demand is provided by heat pumps that extract
thermal energy from treated water [5].

Another thermal energy resource in cities is represented by the
drinking water that constantly flows throughout the distribution
network. This resource shows a vast potential in terms of exploit-
able thermal energy.

Few studies concerning heat recovery from drinking water are
available in the literature. Compared to waste water, potable water
generally has lower temperatures that penalize the energetic per-
formance of heat pumps. However, there are many factors in favor
of the use of the water supply system as heat source for heat
pumps, namely: i) the increase of drinking water temperature in
the distribution network can lead to bacteria growth, with conse-
quent risks for users' health [7], ii) compared to the case of a
geothermal heat pump using ground water, there is no significant
increase of costs linked to the pumping of the fluid (since these are
already included in the management of the aqueduct), iii) there is
no need of additional drillings of aquifer and the risk of ground
water pollution is limited, iv) compared to the case of a heat pump
using waste water, fouling problems of the heat exchanger are
much less significant and v) water mass flow is more stable than
wastewater one, thus simplifying the heat pump operation.

In this paper the opportunity to use a heat pump that exploits
drinking water as cold heat source is analyzed. The impact that this
solution can have on end-users of the water service is assessed,
considering that they receive cooler water and thus an additional
heating is requested to maintain the same utilization temperature.
The analysis both considers the energetic and the environmental
aspect, by assessing primary energy balance and CO2 emissions. The
case study refers to a district of Milan, whose characteristics are
provided by Metropolitana Milanese (MM) that is the municipal
utility that manages the water service.

With the aim of evaluating the system performance, a tailored-
made model, whose characteristics are discussed in the following
sections, is developed. In particular, it is worth underlining that the
developed model maintains a high level of flexibility that allows its



use in other cities or in context different from the residential one
(e.g. industrial area).
2. General analysis of the system

The main concepts considered in this paper can be introduced
by a simplified analysis of the energy flows of a district-heating
system designed to meet the thermal energy requirements of a
hypothetical residential user. The conventional system (Case A) is
compared to a heat pump integrated with the drinking water
network (Case B). Fig. 1 shows a block-scheme representation
reporting both the energy and water flows.

Case A adopts a centralized fossil-fueled heater that converts a
part of the primary energy input (Eprim,A) associated to fossil fuel
(i.e. natural gas) into heat provided to the end-users (QUS), with a
conversion efficiency equal to hth. Case B takes into account an
electricity-driven heat pump (HP) that moves thermal energy
(Qeva) from a cold sink, which is represented by drinking-water
network, to the hot water sink distributed to the end-users (QUS).
Electricity consumed by the heat pump derives from a power
generation system converting primary energy input (Eprim,el,B) into
electricity with an efficiency equal to hel. It is worth underlining
that the district heating users are a subset of residential users; as a
matter of fact, drinking water is distributed to the whole residential
customers, whereas thermal energy is delivered only to a fraction of
the drinking water customers.

In Case B, the extraction of heat from drinking water causes a
temperature drop that implies an additional thermal load (QRH) e
reheating “RH”- that has to be provided by each user connected to
the drinking water system. QRH is assumed to be provided by nat-
ural gas fired boilers located at the end user. Here, the water is
taken to the same temperature of Case A, consuming primary en-
ergy Eprim,heater,B dependent on the efficiency of the distributed
heaters.

The study of this system cannot be conducted without consid-
ering the heat transfer between soil and drinking water mains that
can be positive or negative depending on the relative temperature
of soil and water. Heat exchanged betweenwater and soil is termed
Fig. 1. Blocks scheme of the studied system. Nomenclature and main subsystems consider
subset of drinking water user, is highlighted.
as Qsoil, assumed positive when soil is colder than water. As an
example in a typical winter condition characterized by soil colder
than drinking water, water cooling caused by the heat pump re-
duces the heat transfer between water and surrounding soil. The
difference between Qsoil in Case A and B is expressed as a fraction
(c) of the thermal energy extracted from water (Qeva). This effect
contributes reducing the thermal load for water reheating.

It is worth noticing that only a fraction (a) of drinking water
needs to be heated up by the end user (e.g. washing machine,
cooking, shower, etc.), whereas the remaining fraction bypasses the
heating system (e.g. toilet water) and does not need any further
heating.

As an example, please consider that in case A drinking water
enters the network at the same temperature measured at wells
outlet (15 �C). Because of the heat transfer with a colder soil
(Qsoil,A), drinking water cools down by certain DTsoil,A, reaching a
temperature Tuser,A at the entrance of user home. In Case B, tem-
perature at water network inlet is 12 �C, as a consequence of the
3 �C cooling due to the heat pump. Themodification of heat transfer
driving force (i.e. the temperature difference between water and
soil) involves a reduction of the heat transferred to the surrounding
soil that is lower than in Case A. As a result, temperature of water
distributed to the user (Tuser,B) is lower than temperature in Case A
but the difference is less than 3 �C because of the different Qsoil. QRH
is represented by the primary energy spent by the user of drinking
water service to bring back up the fraction a of the distributed
drinking water to a temperature equal to Tuser,A.

In order to quantify the difference of primary energy con-
sumption between Case B and Case A (DEprim), a mathematical
relation, which takes into account the main parameters, can be
derived as follows.

DEprim ¼ Eprim;B � Eprim;A ¼
�
Eprim;el;B þ Eprim;heater;B

�
� Eprim;A

¼
�
Eel;compr

hel
þ QRH

hth

�
� QUS

hth
(1)

The heat pump coefficient of performance (COP) is defined as
ed in the preliminary analysis are reported. In addition, the district heating user, as a



the ratio between the thermal energy delivered to users (QUS) and
the electricity consumption necessary to drive the compressor
(Eel,compr):

COP ¼ QUS

Eel;compr
(2)

The heat extracted from the drinking water by the evaporator of
the heat pump (Qeva) can be expressed as a function of QUS and COP,
by the following equation:

Qeva ¼ QUS � Efluid;compr ¼ QUS

�
1� Eel;compr$hel�mech;compr

QUS

�

¼ QUS

�
COP � hel�mech;compr

COP

�

(3)

where Efluid;compr is the energy transferred by compressor to HP
working fluid and hel�mech;compr is the conversion efficiency from
electricity to compressor shaft power.

With the aim of expressing the reheating energy (QRH) as
function of the district heating demand (QUS), the COP, a and c, it is
possible to write:

QRH ¼ a
�
Qeva �

�
Qsoil;A � Qsoil;B

�	 ¼ aQevað1� cÞ

¼ QUS

�
COP � hel�mech;compr

COP

�
að1� cÞ (4)

Based on the relations expressed in Equations (2)e(4), Equation
(1) can be rearranged to the following final form, where all the
main parameters are made explicit.

DEprim ¼ QUS

�
1

COPhel
� 1
hth

þ
að1� cÞ

�
COP � hel�mech;compr

�
COPhth

�

(5)

The relation expressed by Eq. (5) captures the effect on primary
energy consumption of the main system parameters: COP, a(1�c)
fraction, hel,compr, hel and hth. Conditionwith c equal to 1 represents
an ideal condition inwhichwater from cold heat sink does not need
any reheating by end-users (QRH equal to zero), thus leading to the
highest primary energy gain implied by the switch from Case A to
Case B. a equal to unity stands for a condition where the total user
water demand needs to be heated. Fig. 2 offers a graphical repre-
sentation of Eq. (1) outlining the effect of the parameters that in-
fluence the difference of primary energy DEprim consumption
between the two investigated solutions (values are normalized by
QUS). In general, high COP, high hel, low hth and low a(1ec) favors
Case B with respect to Case A.

As stated previously, this preliminary discussion aims at giving
an indicative view of the main parameters affecting the overall
energy balance of the assessed system. The effect of the parameter
c, which is dependent on the thermal interaction between water
pipes and soil can play a significant role. Therefore, in the following
sections, a model for the estimation of this interaction is presented,
in order to properly evaluate the overall energy performance of the
illustrated system.
3. System modelling

It is possible to identify five sub-components that constitute the
overall system of Case B (Fig. 3): i) a wells field fromwhich drinking
water is extracted by dedicated pumps, ii) a thermal station that
comprises a heat pump connected with the mainwater pipe and an
auxiliary boiler placed in parallel, iii) a pumping station made up of
a storage tank and pumps that distribute thewater to themunicipal
network, iv) the drinking-water network, consisting of nodes (i.e.
users or junctions) and pipes and v) the district heating network.

In the following, the modelling approach and the assumptions
related to each component are described and discussed.

3.1. Water wells

Water mass flow extracted from underground wells is assumed
to be constant with time. Water temperature can also be assumed
to be constant with time according to geographical region andwells
depth. In this study, the temperature is assumed equal to 15 �C.
Direct temperature measurements (available from a single well
with a depth of 100 m) show slight oscillations along the year
(about 1 �C) that, as a first approximation, lead to consider water
temperature as constant. No thermal interaction between water
and surroundings is considered along the pipes connecting the
wells to the main station. The validity of the last assumption is
verified in case the studied system is placed near water extraction
wells and, consequently, the connecting pipes length is small.

3.2. Thermal station

Thermal load requested by district heating is provided by a
dedicated thermal station made up of a heat pump (HP) and an
auxiliary natural gas (NG) heater placed in parallel. The heat pump
is sized in order to fulfill base load, while the auxiliary heater
operates to cover demand peaks or very low thermal loads, below
the minimum load of the heat pump (assumed corresponding to
35% of the design load in this study). A by-pass branch allows
controlling the water mass flow rate processed by the heat pump in
order to fulfill the time profile of thermal load. It has to be remarked
that this simple connection is not the optimal one from the energy
efficiency point of view. As a matter of fact, the alternative
connection with HP and NG heater in series would allow reducing
thewater temperature at the HP condenser outlet and therefore the
condensation temperature, with beneficial effects on the COP.
However, the effects of such a configuration would be limited on a
yearly balance (about 2e3% of HP electric energy saving for the case
study of this paper), as further discussed in Sec. 3.5.

Water temperature sent to the district heating network is set to
80 �C, while return water temperature is assumed equal to 65 �C.
The chosen temperatures can be considered as indicative of the
existing district heating networks in Milan, where buildings are
heated by high temperature systems (e.g. radiator) and the heating
network also fulfills sanitary water demand. A continuous action
control on the water mass flow rate is assumed, keeping a constant
outlet temperature in any operating conditions. An alternative
control criterion may be to keep a constant water mass flow rate
and reduce the temperature of the heated water at low loads. Such
control logic would be more efficient because the heat pump
condensing temperature can be reduced at low loads, with bene-
ficial effects on the COP. However, this control approach would
require proper modelling of the thermal behavior of the buildings
connected to the district heating network, to provide the relation
between thermal load and water temperatures. Moreover, it would
require additional non-standard auxiliary local control units, to
manage the non-uniform heat load variation of the different users.
As a matter of fact, the mismatch of heat load between different
users connected to the same district heating network (for example
because of different building insulations and variable solar radia-
tion) would require the distribution of water with different tem-
peratures for the different users instead of the standard system
where different flow rates of water with the same temperature are



Fig. 2. Effect of COP, hel (a), hth(b) and a(1ec) (c) on DEprim. DEprim equal to zero are represented by red-dashed line. Negative value represents an energy save of Case B over Case A.
Reference values of hel, hth, a(1ec) and hel-mech in charts where these effects are not assessed, are 0.446, 0.85, 0.5 and 0.98 respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
distributed to the users.

3.2.1. Heat pump
The two-stage vapor compression cycle with flash (refrigerant

fluid R134a) is currently recognized as one of the best solutions to
comply with heat load of the order of few MW with a temperature
level of 80 �C [10].

Fig. 4 shows the layout of the modelled two-stage heat pump
with both the stream numbers and component names reported.
Stream 1 represents the compressor suction state. R134a vapor is
compressed by the low-pressure compressor stage (C1). Saturated
vapor exiting the flash (FL) is mixed with the fluid processed by the
low-pressure compressor (C1) and enters the high pressure
compressor (C2). Compressed flow (stream 4) is sent to the
condenser (COND) where it successively is desuperheated,
condensed and subcooled (stream 5). Water mass flow (stream 12)
is heated up in the condenser and sent to the district heating
(stream 13) at the desired temperature. The subcooled liquid (with
a DTSC of 2 �C) enters the high pressure expansion valve (EX2)
through which it expands (stream 6) and enters the flash. Stream 8
is the flashed vapor, which is mixed in mixer (MX) with stream 2
from compressor C1, whereas stream 7 is saturated liquid that is
expanded through the low-pressure expansion valve (EX1). In the
evaporator (EVA), flash mixture is evaporated and slightly super-
heated (DTSH of 3 �C) to generate the compressor suction flow
(stream 1). The water from the drinking water network is cooled
down from condition 10 to condition 11, assuming a temperature
drop of 3 �C (i.e. from 15 �C to 12 �C).

As suggested in Ref. [10], the part-load operation is handled by
compressor inlet guide vanes (IGV) down to 45% of the design
thermal load, whereas at lower load the hot gas bypass (HGB)
(dashed circuit in Fig. 4) diverts a part of the flow from compressor
C2 directly to the evaporator, bypassing the condenser. The mini-
mum HP thermal load is set to 35% of the design load. Below this
threshold the heat pump is shut down. It is worth noticing that the
adoption of variable speed driver control coupled with IGV could be
a valuable solution to increase COP in part-load. Nevertheless, this
control type is not considered in the present study in order to be



Fig. 3. Simplified scheme of the studied system, indicating the five subcomponents modelled in this work.

Fig. 4. Two-stage vapor compression cycle.
consistent with the reference manufacturer technology [10].
Thermoflex® (TFX) [11] has been used to model the heat pump

and to compute both on-design and part-load performance.
The main assumptions for the components design, compatible

with selected heat pump technology, are reported in Table 1. As
regards the heat pump capacity, it is defined by the thermal power
required by the district heating, as further discussed in Section 3.5.
The COP obtained from the model shows a good agreement with
real heat pump model available on the market [10].

It is important to remark that the chosen sizing assumptions are
not derived from a rigorous economic optimization but they can be
considered representative of considered HP size. It is recognized by
the authors that the optimization of the heat pump design pa-
rameters, which should result from the trade-off between oper-
ating and investment costs, would augment the attractiveness of
the proposed system. Nevertheless, it is reasonable to expect that
the main conclusions of this work are not strongly affected by the
lack of such a rigorous HP design optimization.

To take into account the effects of the thermal load change, the
part-load performance of heat pump has been calculated. In order
to predict the compressor behavior, compressor map presented in
Ref. [12] is considered and isentropic efficiency of both stages is
obtained through interpolation. E-Link® toolkit capabilities are
exploited to enable communication between TFX and an Excel®

worksheet that handles compressor efficiency calculation.
Fig. 5 reports the COP change as function of the load. Three

characteristic zones can be identified. At high loads (from 100% to
85% the design load approximately), it occurs a small change in COP,
that maintains close to the design value. This effect is caused by the
trade-off between the decrease of compressor isentropic efficiency,
operating in off-design conditions, and the increase of the effec-
tiveness of the heat exchangers that result in a decrease of the
condensation temperature and an increase of the evaporation one.
At middle loads (from 85% to 45% of the design thermal load), the
reduction of COP, which falls to a value of 2.5, is evident. This is due
to the prevalent effect of compressor efficiency reduction with
respect to the increase of the heat exchanger effectiveness. At low
loads (below 45%), the switch from IGV control to hot gas bypass
leads to a steep decrease of COP down to about 2 at 35% of the
design thermal load, that represents the minimum operation limit
of the heat pump.

3.2.2. Auxiliary heater
A natural gas fired auxiliary heater is considered in this study. A

thermal efficiency of 90% on low heating value (LHV) basis is
assumed, independently of the load.

3.3. Water storage and pumping station

Once drinking water is processed by the heat pump, it is sent to
a storage tanks (ST) that serve as buffer storage between the con-
stant water flow rate extracted from the wells and the variable
water flow in the drinking water network, which depends on the
demand of the end users. In order to compute the stored mass and
the temperature inside the tank vs. time, two main assumptions
have been made: the storage tank model is assumed to be adiabatic
and perfectly mixed (i.e. at each time water temperature distribu-
tion is uniform). Mass and energy conservation laws are therefore
expressed in differential form by Eqs. (6) and (7).

dMST

dt
¼ min;ST �mout;ST (6)



Table 1
Heat pump model assumptions and performance at the design point.

Symbol Value Unit of measurement

Heat Pump design point assumptions
Refrigerant name e R134a e

Isentropic efficiency of low pressure compressor C1 his,C1 85.0 %
Isentropic efficiency of low pressure compressor C2 his,C2 85.0 %
Compressor mechanical efficiency hmech-comp 99.0 %
Electric motor efficiency hmotor 96.86 %
Condensation pressure P5 27.50 bar
Condensation temperature TCOND 82 �C
Flash pressure P7 8.81 bar
Evaporator pressure P9 3.5 bar
Evaporation temperature TEVA 5 �C
District heating hot water temperature T13 80 �C
District heating cold water temperature T12 65 �C
District heating water mass flow rate m12 74.07 kg s�1

Water temperature at evaporator inlet T10 15 �C
Water temperature at evaporator outlet T11 12 �C
Evaporator superheating DTSH 3 �C
Condenser subcooling DTSC 2 �C
Heat Pump design point performance
Compressor electrical power Wcompr 1515.6 kWe

Evaporator thermal power _Qeva 3200 kWt

Condenser thermal power _Qcond cond 4653 kWt

Coefficient of Performance COP 3.003 e

Fig. 5. Heat pump COP-load map.
d
�
MSTcpTST

�
dt

¼ min;STcpTin;ST �mout;STcpTout;ST (7)

where M is the water mass contained in the storage tanks and cp is
specific heat of water.

Considering thermophysical water properties as temperature
independent in the conditions relevant for this work, for time in-
tervals with constant Tin,ST, min,ST and mout,ST, an analytical solution
exists to calculate the water mass contained in the tank (Eq. (8))
and the temperature of the water leaving the tank (Eq. (9)). The
equations include the initial temperature T0,ST and initial massM0,ST

in the storage tanks.

MSTðtÞ ¼ M0;ST þ �
min;ST �mout;ST

�
t (8)
8>>><
>>>:

if min;ST ¼ mout;ST

Tout;ST tð Þ ¼ Tin;ST þ
�
T0;ST � Tin;ST

�
e
�min;ST

M0;ST
t

8>><
>>:

if min;STsmout;ST

Tout;ST tð Þ ¼ Tin;ST þ C1
�
C2 þ

�
min;ST �mout;ST

�
t
	 min;ST

mout;ST�min;ST

(9)

where:

C1 ¼ �
T0;ST � Tin;ST

�
M

min;ST
min;ST�mout;ST

0;ST (10)

C2 ¼ M0;ST (11)

Water temperature inside the storage tank is the same of the
drinking water that is pumped and delivered to the consumers.
Water temperature change through the pumps is neglected. Elec-
tric consumption of the pumps is not considered in the energy
balance, being invariant in the two cases assessed in this work.

3.4. Drinking water distribution network

Water network is a crucial component of the studied system
characterized by a high complexity. As underlined in section 2, not
only water flow distribution (hydraulic problem) but also water
temperature (thermal problem) is fundamental to estimate the
energetic impact of replacing a central boiler district heating with a
heat pump.

3.4.1. Pipe thermal model
As described in previous sections, the thermal behavior of a

buried water pipe has to be assessed in order to estimate the effect
of the heat recovery of water sent to customers through the
drinking water network. In this section, four different models are
described and compared with the aim of identifying the approach



that best suits the modelling requirements in terms of both accu-
racy and computational resources.

The investigated system is made up of a single water pipe that is
ground buried at a depth of 1.5m. The problem is characterized by a
bi-dimensional geometry.

Thermophysical properties of both water and soil are assumed
to be constant. In particular, because of the small temperature
changes, the first assumption does not lead to any significant un-
certainty, whereas the dependence of soil thermophysical proper-
ties (e.g. density, thermal conductivity and specific heat capacity)
on temperature, composition and water content (i.e. water infil-
tration) [13] could be a source of uncertainty that is neglected in
this study.
3.4.1.1. Finite element model (FEM). The simulation of a buried pipe
can be approached through a finite elements method as shown in
Ref. [14]. In this work the commercial software Comsol® 5.0 [15] is
used for these calculations. The system is studied as a 2D transient
model and the system geometry is approximated by a rectangular
domain, which represents the soil, with a circle representing the
Fig. 6. Analyzed geometry with zoom (light blue) of zone near the pipe (a). Boundary cond
(green). Temperature profile (expressed in �C) at 13-Aug 6:00 a.m. for a buried depth of 1.5 m
(see Appendix). (For interpretation of the references to colour in this figure legend, the rea
pipe outer wall. In order to reduce the computational efforts, the
convective heat transfer between water and tube wall is modelled
as a Cauchy boundary condition, with the well-established Dittus-
Boelter correlation [16] for convective heat transfer. In this way, the
solution of the thermo-fluid-dynamic problem inside the pipe is
avoided. In Fig. 6a, the geometry and the generated mesh are
shown. Fine mesh around the pipe is requested in order to accu-
rately capture the temperature disturbance caused by pipe.
Although the soil domain is finite (20 m height and 20 m width),
the thermal behavior can be approximated accurately by the semi-
infinite medium one (see Appendix).

Boundary conditions at the bottom and left side of domain are
adiabatic while, in order to reduce mesh size and consequently
computational time, a symmetry boundary condition is applied on
the right hand side of the domain. A sinusoidal temperature time
profile, defined in the Appendix, is imposed at domain top surface.

FEMmodel is able to compute the spatial temperature profile for
each time, as shown in Fig. 6b, and to compute heat transfer be-
tween the pipe and the surrounding soil. Simulated time is longer
than one year in order to stabilize the solution that depends on the
itions are: i) symmetry (dashed red), ii) adiabatic (blue) and iii) imposed temperature
and pipe diameter equal to 0.2 m. Soil temperature diffusivity equal to 6.48e�7 m2 s�1

der is referred to the web version of this article.)



initial condition (i.e. uniform temperature). It is worth noticing that
a 2D finite element model does not need any information about the
soil temperature profile because it is solved directly once soil
properties and surface temperature time profile are defined.

3.4.1.2. Analytical models. Although the FEM model is character-
ized by a high level of accuracy, the high computational resources
needed leads to consider the adoption of simplified thermal models
that can predict heat transfer between drinking water pipe and the
surrounding soil with proper accuracy but reduced computational
time. In particular, FEM model computes the temperature distri-
bution in the domain that is unnecessary for the scope of this study
where only the heat transfer between the pipe and the soil is
needed. In the following sections, three simpler analytical models
from literature are reported and compared.

3.4.1.2.1. Undisturbed soil model. Only two studies, which deal
with the thermal behavior of water mains, are present in literature
[17,18]. Both these models implement the same thermal model
where the outer wall pipe temperature is assumed equal to the
undisturbed soil temperature at the burying depth (Tusoil) (see
Appendix) and the overall heat transfer coefficient depends on
conduction through pipe wall and convection of the flowing water.
With this model, the overall heat transfer coefficient (referred to
the outer tube area) is computed as follows2:

UA ¼ 1
1

pDinhconv
þ lnðDout=DinÞ

2pkpipe

(12)

where Din and Dout stand for the inner and outer diameter of the
pipe respectively, hconv is the convective heat transfer coefficient
(computed with Dittus-Boelter's correlation [16]) and kpipe is the
thermal conductivity of pipe wall.

The heat transfer rate ( _q [W m�1]), specific to the pipe length, is
computed as follows:

_q ¼ UA
�
Twater � Tusoil

�
(13)

3.4.1.2.2. Shape factor. Another modelling approach considers
that the system can be represented as an isothermal infinite cyl-
inder buried in a semi-infinite medium with surface temperature
imposed. In this case, conduction in the surrounding soil has to be
added to the thermal resistance network considered by the un-
disturbed soil model [19]. The overall heat transfer coefficient
(referred to as the outer tube area) is computed as follows:

UA ¼ 1
1

pDinhconv
þ lnðDout=DinÞ

2pkpipe
þ 1

ksoilS

(14)

The shape factor (S) takes into accounts the two-dimensional
heat transfer occurring in the soil with thermal conductivity ksoil.
S depends on the geometrical characteristics of the studied
configuration as underlined in Ref. [19] and, in case of infinite
length cylinder buried in a semi-infinite medium, it is analytically
expressed per unit length of cylinder as follows:

S ¼ 2p
coshð2d=DoutÞ (15)

where d is the piping burying depth.
2 In the original publication, the overall heat transfer coefficient is expressed as
referred to a planar geometry instead of a cylindrical one. Taking into account the
characteristic dimension of the system, this assumption does not add any signifi-
cant errors.
Heat transfer rate, specific to pipe length, is computed with the
same relation of the undisturbed soil model after substituting the
undisturbed soil temperature Tusoil with the ground superficial
temperature Tssoil.

_q ¼ UA
�
Twater � Ts

soil

�
(16)

3.4.1.2.3. Krarti-Kreider's model. With the aim of approximating
the thermal disturbance caused by pipe on surrounding soil tem-
perature, Krarti and Kreider developed a specific model [20].

Although the proposed model was originally developed to study
heat transfer in underground air tunnel, it can be considered suit-
able to study the heat transfer in drinking water main with the
adoption of small changes. This model represents a middle ground
between the FEM and the steady-state model previously described.
In the Krarti-Kreider's model, dynamic effect induced by seasonal
variation of ambient temperature on a buried water pipe are taken
into account. The disturbance added by the buried pipe on the
surrounding soil is modelled by superimposing the thermal
behavior of the pipe on the undisturbed soil temperature. This goal
is reached through the addition of a fictitious soil layer with
thickness l, which is function of the thermophysical soil properties
and the angular frequency (u) of the ground surface sinusoidal
function (see Appendix) as expressed in Eq. (17). The effect of this
additional layer is ultimately an increase of the system thermal
resistance.

l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
k
rcp

�
soil

u

vuut
(17)

Fig. 7 shows the parameters that are considered in Krarti-
Kreider's model, with reference to both a longitudinal and cross
section of the system.

Heat flux is evaluated by applying conduction/convection
equations between the all the interfaces as reported in Eq. (18):

_q ¼ hconvpDin

�
Twater � Tpipe

in

�
¼ 2p

kpipe

ln
�
spipeþDin

2
Din
2

��
Tpipein � Tpipeout

�

¼ 2p
ksoil

ln
�
lþDin

2 þspipe
Din
2 þspipe

��
Tpipeout � Tu

soil

�
¼ UspDin

�
Tpipein � Tusoil

�

(18)

where Tu
soil is the undisturbed soil temperature, Tpipe

in stands for
temperature at inner surface of pipe, Tpipeout is the outer pipe wall
temperature and spipe is the pipe wall thickness. All these temper-
atures are time dependent.

Us, which represents the overall heat transfer coefficient of the
pipe wall material and additional soil layer, is computed as follows:

Us ¼
�

2
Din

�

1
ksoil

ln
�
lþDin

2 þspipe
Din
2 þspipe

�
þ 1

kpipe
ln
�
spipeþDin

2
Din
2

� (19)
3.4.1.3. Models comparison. A comparison between the four
models described, in terms of heat transfer per unit length of buried
pipe, has been undertaken, as shown in Fig. 8, in order to assess
their suitability for modelling of the system. All the models predict
maximum heat fluxes approximately in the range 20e30 W m�1,
with the exception of the undisturbed soil model that computes a



Fig. 7. Longitudinal section of buried pipe with parameters considered by Krarti's model (a). Cross section with characteristic temperature and equivalent thermal resistance
network reported (b).

Fig. 8. Comparison among different models based on heat flux per unit of pipe length.
Burial depth and pipe diameter are equal to 1.5 m and 0.2 m respectively. Water
temperature is equal to 15 �C. Ground temperature profile vs. time is reported in the
Appendix.
thermal power two orders of magnitude higher than other models
(and is therefore excluded from Fig. 8). This effect is a direct
consequence of neglecting the thermal disturbance of the pipe on
the surrounding soil, by assuming the pipe wall temperature equal
to the undisturbed soil temperature. The oscillating trend of the
heat flux in Fig. 8 derives from the ground temperature profile
discussed in the Appendix. A negative heat flux represents a con-
dition characterized by soil colder thanwater, while a positive heat
flux denotes that water is heated by the surrounding soil.

As regards the shape factor model, the main difference is related
to the absence of any time delay between the ambient temperature
and the heat flux temporal profile.

A comparison between Krarti-Kreider's model and the Comsol®

model enlightens an excellent agreement of the heat flux profiles.
Therefore, the Krarti-Kreider's model, thanks to its accuracy
coupled with reduced computational efforts, is selected to be
implemented in the study.

Although the undisturbed soil model is identified as unsuitable
to model a buried pipe, a comparisonwith the implemented model
is useful to underline the effect of the thermal model on water
temperature prediction along a pipe. In addition, it is worth
noticing that the undisturbed soil model was implemented in the
two studies found in literature dealing with the energetic assess-
ment of a system similar to the one investigated in this work [17,18].
Hence, a comparison with the Krarti-Kreider's model can show the
quantitative effect of choosing different thermal models. For this
purpose, water temperature is computed along pipe length of
1000 m.

As described in the previous section, the overall heat transfer
coefficient is constant and uniform along the pipe that, together
with the assumption of water and soil properties independent of
temperature, allows finding an analytical solution (Eq. (20)) of
water temperature profile along the pipe:

TðtÞ ¼ Tusoil �
�
Tusoil � T0

�
e

�4Utot t
rsoilcpsoil

D (20)

Fig. 9 shows the water temperature along the pipe computed
with undisturbed soil model and Krarti-Kreider's model in case of
undisturbed soil temperature equal to 5.71 �C. Two cases, charac-
terized by different pipe material, namely black iron (Fig. 9a) and
PVC (Fig. 9b), are reported. The comparison between the two fig-
ures points out how the twomodels predict dissimilar temperature
profiles. In case of high conductive pipe material, the difference is
particularly large, because most of the thermal resistance is im-
putable to soil layer, which is neglected by the undisturbed soil
model. As a consequence, heat transfer is highly overestimated in
this case. The reduction of thermal conductivity implied by PVC
(0.42 W m�1 K�1) and the related thermal resistance leads to a
reduced difference between two models caused by the reduction of
the weight of soil layer resistance on the total heat transfer
coefficient.

3.4.1.4. Parametric analysis. Because a municipal drinking water
network is made up of different pipe segments characterized by
different diameter, materials and water mass flow rates, a simple
parametric analysis is conducted in order to estimate the effect of
these parameters on the temperature profile along a 1000 m long
pipe (Eq. (20)). In accordance with the previous analysis, the un-
disturbed soil temperature is assumed equal to 5.71 �C. The con-
ducted parametric analysis is summarized in Table 2.

The first studied parameter is the pipe material that affects the
pipe thermal conductivity in Eq. (19). Cast iron, concrete and PVC
have a thermal conductivity of 55, 1 and 0.42 W m�1 K�1 respec-
tively. Despite the big difference of the thermal conductivity of the



Fig. 9. Comparison between spatial temperature profile computed by undisturbed soil model and Krarti-Kreider's model for cast iron (kpipe ¼ 55 W m�1 K�1) (a) and PVC pipe
(kpipe ¼ 0.42 W m�1 K�1) (b). Green dashed line represents the soil temperature at 1.5 m depth. Pipe inner diameter is 0.2 m (spipe ¼ 0.02 m) and pipe length is 1000 m. Water
volume flow is equal to 10 l s�1. Undisturbed soil temperature and water inlet temperature are 5.71 �C and 12.0 �C respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 2
Investigated parameters in the parametric analysis. In accordance with [21], pipe thickness is assumed 10% of inner pipe diameter.

Parameter Pipe material Pipe diameter [mm] Mass flow [kg s�1]

Pipe material Cast iron-Concrete-PVC 150 10
Pipe diameter Cast iron 100e400 (step 100) 10
Mass flow rate Cast iron 300 10e40 (step 10)
considered pipe materials, the total heat transfer coefficient is
dominated by soil layer and, as shown in Fig. 10a, the outlet tem-
perature is slightly influenced by the pipe material.

An increase of the pipe diameter implies a reduction of the
overall heat transfer coefficient both directly and indirectly
(through the increase of wall thickness) as shown in Eq. (19).
Nevertheless, the higher the pipe diameter, the higher the water
temperature change (Fig. 10b), as consequence of the higher heat
transfer surface.

The last investigated parameter is the water mass flow rate. In
this case, the higher the mass flow rate, the smaller the tempera-
ture change as shown in Fig. 10c. Although the increase of the mass
flow rate leads to higher convective heat transfer coefficient, its
effect is negligible on the global heat transfer coefficient. As a
consequence, the temperature difference between inlet and outlet
reduces when the mass flow rate increases.

3.4.2. Hydraulic model
In order to have a more complete view of the investigated

problem, the thermal model has to be coupled with the hydraulic
model of the drinking water network. First, the drinking water
network has to be physically defined including network topology
that comprises nodes position and pipe characteristics (i.e. length,
diameter, roughness, elevation etc.). As reported in the introduc-
tion, this study considers a portion of the Milan network made up
of 1195 nodes and 1366 pipes, whose characteristics are supplied by
the Milan drinking water service utility MM. Pipe material of the
studied network is mainly metallic. In particular, steel covers a
share of 15% of the total length of the network, while grey cast iron
and ductile cast iron have a share of 65% and 20% respectively. The
burial depth is assumed equal to 1.5 m for all the pipe segments.
Focusing on the water distribution service, it is fundamental to
model the drinking water user demand during time. Time vari-
ability of user demand is caused by different factors: climate factors
determine variations during the year, the alternation of working
and non-working days is responsible for variation during the week
and users' activities determine a variation along the hours of the
day. This study considers only daily variation of the water demand,
which typically shows a main peak in the morning, two secondary
peaks in the early afternoon and in the evening and a lower con-
sumption during the night. The typical daily user water demand
profile is shown in Fig. 11, normalized by the average node water
demand. The average yearly water demand of the district is equal to
314.5 l s�1.

Fig. 12 depicts the investigated network layout and shows the
average water demand of the nodes. Nodes shown in Fig. 12 may
represent tee-junctions, users or water losses. The user water de-
mand is modelled through the time pattern shown in Fig. 11 with a
one-minute time step, considering the average daily water demand
of that node based on MM database.

3.4.3. Solving approach
Once the water network characteristics are fully defined from

the hydraulic and the thermal point of view, the next step is rep-
resented by the choice of the solving algorithm needed to findmass
flow and temperature at each node in the network as a function of
time.

Epanet [22] is a public domain software that was specifically
coded to model water distribution piping systems. Once the water
network is spatially defined (i.e. nodes positions, pipe segment
characteristics) and the nodes water demand is set, the software
solves the set of non-linear equations that represents the fluid-



Fig. 10. Effect of pipe material (a), pipe diameter (b) and mass flow rate (c) on water temperature profile. Undisturbed soil temperature is equal to 5.71 �C.

Fig. 11. Daily water demand profile (dimensionless) for the Milan network with one-
minute time step.

Fig. 12. Drinking water distribution network layout, with the pumping station position
highlighted. Each node is colored according to its average water demand.



Table 3
Monthly thermal load requested for heating. Values are typical of Milan residential
users, with a heating period between 15th of October and 15th of April [25].

User demand

Days [�] Monthly thermal energy
[kWh m�3 month�1]

Average thermal
power [W m�3]

October 17 1.39 3.41
November 30 6.49 9.01
December 31 8.39 11.28
January 31 8.39 11.28
February 28 7.21 10.73
March 31 3.00 4.03
April 15 1.39 3.41

Fig. 13. Thermal load profile vs. time for a representative November day. Thermal load
is normalized by average thermal power.

Fig. 14. Thermal load duration curve for different total thermal user volumes.
dynamic problem giving as outcomes the mass flow rate and
pressure distribution in the network during time. The original
Epanet software does not take into account any thermal interaction
between the pipe network and the surrounding soil, thus limiting
the applicability of this tool for the studied system. Nevertheless, a
simple workaround is made available by the usage of the extension
package Epanet MSX (Multi-Species eXtension) [23]. This tool is a
software extension that was specifically developed to model com-
plex chemical reaction schemes or biological processes that are
expressed through a set of differential algebraic equations (DAE); in
particular, this package has been originally developed to study the
impact on drinking water quality considering processes like for-
mation of disinfection by-products, auto-decomposition of chlo-
ramines to ammonia or biological regrowth. In this case, reminding
the heat transfer equation of a single pipe in Eq. (20), the temper-
ature can be treated as a concentration term and heat flux as the
rate of consumption or generation of the chemical species by
chemical reaction, thus allowing the use of Epanet MSX to compute
water temperature distribution in drinking water network. It is
worth noticing that thermophysical properties of water are
assumed to be independent of temperature thus decoupling the
thermal problem from the hydraulic problem.

In order to simplify the use of MSX extension, which lacks of a
graphical user interface (GUI), a Matlab package [24] that allows
operating Epanet within the Matlab environment is used.

It is worth noticing that Epanet considers still water at starting
time (t ¼ 0 s). Thus a certain time is needed to reach a steady state
condition that represents the real initial condition for time-
dependent analysis.

3.5. Thermal load

The district heating network served by the heat pump is
modelled through a lumped thermal load that represents total
energy demand. The thermal demand is influenced by the same
factors described for the water demand: climate, users' habits and
activities. In this case, seasonal and daily variations of the thermal
demand have been considered. In Table 3, monthly thermal energy
demands are reported together with average thermal power spe-
cific to room volume.

For each month, a representative day (discretized with 1 h time
step) is chosen. As an example, the hourly thermal demand of a
representative November day, normalized by the nominal HP
thermal power (4653 kWt), is shown in Fig. 13.

Similarly to the drinking water consumption, two peaks of heat
consumption during the day can be identified. Fig. 13 also shows
load conditions where the auxiliary boiler is needed to cover the
thermal energy demand. Energy demand higher than the HP design
power are characterized by the simultaneous operation of HP and
auxiliary boiler, while thermal load below 35% of the HP design
power is entirely supplied by the auxiliary boiler.
The design load of the HP is defined considering that the district
heating network has to serve civil users with a heating volume of
500000 m3, which is of the same order of magnitude of existing
district heating systems in Milan. Considering that for economic
considerations the HP should work at full load for about 2300 h
(this value can be considered as a rough rule derived from authors'
experience), a nominal HP power of 4653 kWt is selected, based on
the heat demand curve in Fig. 14. Although the selection of HP size
is not derived from a rigorous optimization process based on eco-
nomic parameter (i.e. payback time, NPV, IRR, etc.), this approach
can give a first estimate that can be considered acceptable for the
purpose of this study.

The auxiliary boiler is characterized by a nominal capacity of
approximately 4000 kW that makes it possible to cover peaks de-
mand. Based on this figure, it is possible to approximately quantify
the benefits achievable by the alternative connection in series of
the HP and the auxiliary boiler, discussed in Sec. 3.2. At the peak
load, the thermal power produced by the entire thermal station
would be 8653 kW, 54% of which provided by the heat pump. With
a connection in series, the share of the water temperature increase
would reflect the power share of the two heating units. Therefore,



of the total 15 �C of temperature increase, 8.1 �C (from 65 �C to
73.1 �C) would be provided by the HP, and the remaining 6.9 �C
(from 73.1 �C to 80 �C) by the auxiliary boiler. As a consequence,
under this scenario the HP condensing temperature would reduce
from the design 82 �C to about 75 �C, with an increase of the COP of
about 7%. This represents a non-negligible improvement, but
limited to the maximum load conditions. Following the same
procedure, it is possible to calculate that for a total thermal load of
6500 kW (which is representative of a significant number of hours
in a year, as shown in Fig. 14), the improvement of COP would be of
about 5%. On the whole, considering that for half the time the
auxiliary heater will not operate, a reduction of the yearly electric
consumptions of the order of 2e3% can be expected with a series
HP-auxiliary heater connection, with respect to the assumed par-
allel connection, which does not significantly change the yearly
overall energy balance.

In order to understand the difference in size between the district
heating and the drinking water customers, it can be considered that
the average annual consumption of potable water of a domestic
user in Milan is estimated to be equal to 83.1 m3 [26]. Therefore, the
drinking water network considered in this study is able to serve
approximately 140000 consumers. On the other hand, the total
volume of 500000 m3 considered for the district heating users is
representative of approximately 5000 users. These values show the
significant difference between the number of potable water con-
sumers and associated thermal energy users.
Table 4
Water use of a typical Italian domestic user and fraction of drinking water that re-
quests heating.

User demand

Water fraction [�] Heated fraction [�]

Personal hygiene 0.39 0.96
Toilet water 0.20 e

Wash water 0.12 0.70
Dish washing 0.10 1.00
Cooking 0.06 0.47
Leakage - gardening 0.06 e

House cleaning 0.06 1.00
Drinking 0.01 e
3.6. Figures of merit and reference scenarios

The simulation of the drinking water network coupled with the
thermal stationmodel produces a set of data of the time-dependent
properties of the water in each node and pipe segment (i.e. pres-
sure, mass flow rate, temperature).

As described in the first section, the goal of this study consists in
the energetic performance evaluation of the proposed solution of
using drinking water as heat source of a district heating system
based on heat pump technology. Hence, the definition of the per-
formance indexes plays a fundamental role in evaluating the en-
ergy balance of the proposed solution.

In accordancewith the simplified analysis proposed in Section 2,
the first index is the difference between the primary energy con-
sumption of the two solutions A and B. Primary energy consump-
tion in Case A (EA) is represented by the fossil fuel consumption due
to natural gas boilers of the district heating network. It is defined as
the ratio between the user thermal load (Qcentral,NG) and the ther-
mal efficiency (hth;AÞ as expressed in Eq. (21):

EA ¼ Qcentral;NG

hth;A
(21)

In Case B, both electric and thermal energy has to be accounted
for and converted into primary energy. Focusing on the district
heating station, the heat pump is responsible for electricity con-
sumption requested to drive the compressor (Wel,compr) and the
auxiliary heater consumes natural gas to cover thermal demand
peaks and part-load operation below the heat pumpminimum load
threshold (Qaux,NG). The electricity is converted into primary energy
through a conversion efficiency (hel,ref) proper of the power pro-
duction technology demanded to cover the heat pump load, while
thermal energy of the auxiliary heater is converted into primary
energy through a boiler efficiency hth,ref. Primary energy and con-
version efficiencies are always referred to fuel LHV. Focusing on the
end-user, a fraction of the thermal energy extracted from the
drinking water by the heat pump (QRH) has to be provided by the
end user. This heat corresponds to the energy requested in Case B to
reach temperature at node (i) equal to Case A (Ti,B ¼ Ti,A). The
reheating heat QRH at each time step Dt (1 min) is computed with
Eq. (22), by means of a post-processing procedure, developed in
Matlab®, which collects and elaborate all the nodes data derived
from Epanet.

QRH ¼
XNuser

i¼1

amicp;water
�
Ti;A � Ti;B

�
Dt (22)

The reheating heat is provided by the end user either by elec-
trical heaters (QRH,EH) or by natural gas heaters (QRH,GH), depending
on its use as sanitary water or in electrically heated household
appliances.

Thus, the primary energy consumption associated with Case B
(EB) can be computed as follows:

EB ¼ Wel;compr

hel�ref
þ Qaux;NG

hth;B
þ

QRH;EH
hel;EH

hel�ref
þ QRH;GH

hth;GH
(23)

In order to estimate QRH, users' habits about water consumption
and usage have to be considered. Table 4 reports the drinking water
usage and heated fraction of a typical Italian residential user [27].
From these data, it is possible to compute that 65% (a) of the
drinking water sent to domestic users needs to be heated.
Assuming that the whole thermal load demanded by dish washing
andwasher is fulfilled by electricity, 46% of drinkingwater is heated
by natural gas boiler while the remaining part (19%) is heated by
electric heater. It is worth noticing that electrical boiler is an
alternative technology to natural gas boiler. Nevertheless, this op-
tion is scarcely adopted in Italian urban context (particularly in
Milan) and it is therefore neglected.

Because of the growing interest on global warming and green-
house effect, a fair comparison between Case A and Case B systems
cannot leave out an assessment of carbon dioxide emission. For this
reason, specific emission factors have to be assumed for electricity
generation (Fel [kgCO2 MWhel

�1]) and for natural gas combustion
(FNG [kgCO2 MWhp

�1]) respectively.
In agreement with the energy fluxes described above, the CO2

emissions (eCO2) for Case A and Case B can be estimated as follows:

eCO2;A ¼ Qcentral;NG

hth;A
FNG (24)

eCO2;B ¼ Eel;HPFel þ
Qaux;NG

hth;aux
FNG þ QRH;EH

hel;EH
Fel þ

QRH;GH

hth;GH
FNG (25)

As underlined by the definition of the figures of merit, the
evaluation of the two investigated solutions is strongly influenced
by the assumed conversion efficiencies and emission factors. Cen-
tral district heating heater in Case A and auxiliary heater in Case B
are assumed to have the same conversion efficiency



Table 5
Assumptions about the electricity production reference efficiencies and emissions of the three investigated scenarios.

Assumptions

Electricity Suppliers [�] Conversion efficiency [�] CO2 specific emissions [kgCO2 MWhel
�1]

TP Thermal power plants 0.446a 555.5a

CC Combined cycle 0.550 365.0
RE Renewable energy ∞b 0

a Average efficiency and emissions of Italian thermal power plants.
b Reference is made to fossil primary energy consumption.

Fig. 15. Temperature difference between Case A and Case B at user nodes (November
hour: 00:36).

Table 6
Monthly and annual energy fluxes for Case A and Case B.

Energy fluxes
(hth,aux ¼ hth,B ¼ 0.90) and specific CO2 emissions (FNG ¼ 201 [kgCO2
MWhp

�1]). Focusing on the user side, the reduced size of domestic
boiler justifies the choice of lower efficiency (hel,GH ¼ 0.85) while,
as regards electric heater, a complete conversion of electricity to
heat is assumed (hel,EH ¼ 1).

With the aim of analyzing the impact of the most uncertain
assumptions, three scenarios, which differ in the electricity gen-
eration technology that covers the additional electric power
demanded by the heat pump and the end users electrical heater, are
investigated (Table 5). The first scenario considers a generic ther-
mal fossil fuel plants (TP) as electricity suppliers. Average perfor-
mance of the Italian power generation fleet has been assumed in
this case. The second scenario (CC) considers the combined cycle
technology, which is characterized by higher flexibility and typi-
cally operates as load-following power plant, which makes it a
likely candidate to produce the additional electricity consumed in
Case B. Last scenario (RE) considers a condition where only
renewable electric energy is used. This option complies with the
predictions about future high penetration of intermittent renew-
able energy sources in the electric energy mix and heat pumpsmay
represent an energy storage and grid service opportunity. Table 5
shows the assumptions that characterize the three considered
scenarios.
Efuel [MWhp] Eel [MWhe] Esoil [MWhp]

A B A B A B

October 696.2 205.5 0.0 286.2 �2.6 2.7
November 3244.2 1050.7 e 1205.4 �14.5 �3.5
December 4196.2 1819.1 e 1329.1 �30.3 �20.5
January 4196.2 1822.6 e 1330.6 �42.8 �33.3
February 3606.1 1482.4 e 1192.9 �48.5 �39.1
March 1500.4 492.1 e 603.2 �46.3 �42.6
April 614.3 196.5 e 258.9 �39.8 �36.8

Annual 18053.4 7069.1 e 6206.3 �224.3 �173.1

3 The fraction of water lost in drinking network of Milan is 10.4%. This value is
remarkably lower than the Italian average of 31% [28].
4. Results

Once the model inputs are defined, the described methodology
allows computing the behavior of the studied system and returns
the system performance indexes. The starting point for technolo-
gies comparison is represented by the temperature difference at
user nodes between Case A and Case B (see Fig. 15, where solely
user nodes are shown). This kind of result is computed for 12 days,
each one representative of one month. The figure below represents
a condition characterized by a low thermal load that follows a
period of high thermal load (as in the initial hours of the day shown
in Fig. 13). At such conditions, drinking water mass flow rate pro-
cessed by the heat pump is low, due to the low thermal load, thus
causing a progressive heating of the drinking water. From a quali-
tative point of view, it is worth noticing that the water temperature
difference decreases starting from the heat pump location
depending on the water mass flow rate demanded at each node
(Fig.12). The higher the drinkingwater demand in a node, the faster
the water renovation in the pipes bringing the water to that node.
For the same reason, some peripheric nodes do not show any dif-
ference between Case A and Case B because of very low water
demand.

The assesment of the hydraulic behavior, calculating the water
mass flow rate at each node, coupled with the calculation of water
temperature at each user node, allows computing the reheating
energy charged to users and all the energy fluxes in terms of fuel
and electricity consumptions. Table 6 reports the characteristic
energy fluxes for both the Case A and Case B, namely the energy
consumption associated with fuel combustion (Efuel), the global
electricity consumption (Eel) and the thermal energy related to heat
transfer between pipes and soil (Esoil). With reference to Esoil values,
negative values are obtained in most of the cases, indicating a heat
flow from the water to the colder soil. The only exception is ob-
tained in October for Case B, where the heat pump causes a
decrease of the water temperature below the soil one.

With the aim of better understanding reheating energy, the bar-
chart of Fig. 16 shows ERH as a fraction of the total heat Eeva
extracted by the heat pump evaporator (which corresponds to the
total height of the bars). In an extreme situation characterized by
both the need of heating the total amount of water mass flow and
no heat transfer between soil and water flowing in pipe, reheating
energy spent by user would be equal to EEVA. Nevertheless, the ERH
value is lower than the maximum theoretical one because of three
main reasons: i) network leakage flow can be considered as a
fraction of cooled water that does not need any further heating,3 ii)
only a fraction a of the user drinking water needs to be heated for



Fig. 16. Monthly reheating energy.
the final use and iii) heat transfer from water to soil is reduced by
the smaller temperature difference, thus obtaining a sort of energy
gain (DEsoil) that, on annual basis, is equal to 10.3% of the heat
extracted by heat pump.

With the aim of comparing Case A and Case B, it is necessary to
assess the annual global primary energy consumption computed in
accordance with the efficiency assumptions discussed in previous
sections. Fig. 17 presents a comparison of the primary energy
consumption between Case A and Case B for the three different
scenarios shown in Table 5. A breakdown of the energy fluxes
related to Case B is also included. It can be noted that taking the
generic thermal power plant scenario for electricity generation
(TP), the heat pump system leads to augmented consumptions of
primary energy. In the CC scenario, the higher electricity conversion
efficiency leads to a slight reduction of the primary energy con-
sumption with respect to the scenario of Case A, by about 3e4%.
Only the scenario characterized by renewable electricity generation
allows fully exploiting the potential of switching from conventional
district heating heater to heat pump, with overall fossil primary
energy savings of about 60%. It is also worth noticing that con-
sumptions for water reheating represent about 30% (CC scenarios)
Fig. 17. Yearly fossil primary energy balance for the three investigated scenarios. Different sh
of the district heating boiler is considered for Case A.
and 18% (RE scenario) of the total primary energy consumption of
the reference Case A.

Fig. 18 shows the carbon dioxide emissions balance that reflects
energy balance results presented above. CO2 emission reduction of
about 3.5% and 60% can be obtained for fossil fuel power generation
and renewable power generation scenario respectively.
5. Conclusions and future developments

The use of electrically driven heat pump is recognized as a
valuable solution to improve district heating efficiency. It also
embodies an opportunity to simplify the management of electric
grids in conditions characterized by a high share of renewable
energy coupled with energy storage. The present work investigates
an integration of a heat pump for district heating in a drinking
water network used as the source of thermal energy.

The substitution of a conventional district heating boiler with a
heat pump system causes a reduction of the temperature of the
water supplied to users, thus involving an additional energy con-
sumption that has to be covered by the user by means of decen-
tralized electric or natural gas heaters. A dedicated model was
developed with the aim of considering all the components involved
in the energy chain. Epanet coupled with a Matlab® and Thermo-
flex® were used to perform minute-by-minute simulations of
representative days. In order to assess the effect of the adoption of
the proposed system on final user, the model is able to predict the
temperature of the water supplied to users.

The developed methodology was applied to the case study of a
district of the city of Milan. The primary energy consumption and
CO2 emissions are calculated and compared with a conventional
solution based on a centralized natural gas boiler serving the dis-
trict heating network.

Specific attention was given to the heat transfer between the
water mains and the surrounding soil. The comparison between
different thermal modelling approaches identified the Krarti-
Kreider's model as the best option in terms of accuracy and
computational efforts.

From the simulations, it was found that 10.3% of the annual
thermal energy extracted by the heat pump from the drinking
water is “recovered” because of the reduced cooling rate of the
water in the distribution network. In practice, the water transfers
less heat to the colder surrounding soil with respect to the refer-
ence case where drinking water is distributed at higher
ares of primary energy consumption are shown for Case B, while only the consumption



Fig. 18. Yearly CO2 emission balance for the three investigated scenarios.
temperature.
Three scenarios are considered to calculate the overall energy

balance, characterized by different technologies for power gener-
ation. If the electricity to drive the heat pump and for electric
heating of potable water is assumed to be produced by a natural gas
combined cycle, (CC scenario) a primary energy consumption
saving of approximately 3.6% has been obtained. The proposed
solution shows all its potential in case electricity is produced by
renewable energy technologies (RE scenario). In this case, a
reduction of approximately 41% of both primary energy consump-
tion and CO2 emissions can be appreciated and indicates a signifi-
cant potential of this concept for future electric energy mixes
dominated by renewables.

As regards Italy, renewable sources have provided a growing
contribution to electricity generation that can be quantified to be
equal to 33% (related to 2015) [29], hence, the reduction of primary
energy, which can be reached through the adoption of the proposed
system, is approximately 13.5%.

It is worth underlining that energy efficiency can be increased
by the adoption of low temperature heat pump technology, which
is characterized by a higher COP, that requests the adoption of low
temperature heating technologies (e.g. underfloor heating system,
fan coils etc.). Although not feasible for existing buildings, this
represents a promising solution that is worth being considered for
new municipal districts.

With the aim of increasing the accuracy of the model, future
developments could be addressed towards the inclusion of a more
accurate modelling of user heat demand, which is affected by
external parameters (i.e. hourly ambient temperature, user habits,
HVAC control etc.), and the thermal behavior of buildings.

Finally, it is worth highlighting that to identify the best solution
to integrate drinking water with district heating networks and
make the proposed system more attractive, rigorous optimization
routines may be employed, to optimize both the components
design and the control strategy.
Fig. 19. Hourly sampled ambient temperature taken from Milan weather data [31]
(red-dotted), mean daily ambient temperature (blue) and sinusoidal function best fit
(black). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
Appendix. Soil temperature calculation model

Soil temperature plays a fundamental role in the prediction of
the heat transfer between a buried pipe and the surrounding soil. A
common approach approximates the soil as a semi-infinitemedium
whose free surface temperature varies according to a sinusoidal
function as expressed in the following relation [30]:

TambðtÞ ¼ Tm � A cos½uðt þ SÞ� (26)

where Tm is the mean value, u the wave pulsation and S the time
offset.

In order to identify the sinusoidal function parameters, ambient
air temperature, which is assumed to approximate the free surface
ground temperature, is taken from the Energy Plus database [31],
sampled with one hour time step. Weather data are processed with
a least-square method to compute the sinusoidal function that is
then used in the model.

Fig. 19 shows the ambient temperature data for Milan [31],
distinguishing the original data, the mean daily temperature and
the sinusoidal approximation.

The problem of computing the soil temperature profile at a
depth y in a time of the year t can be solved analytically assuming
heat conduction in a semi-infinite solid with imposed sinusoidal



Table 7
Parameters used in Eq. (27) for the calculation of the soil temperature.

Reference case layout

Symbol Value Unit of Measurement

Mean temperature Tm 11.81 �C
Amplitude A �11.00 �C
Time Offset S �17.08 day
Angular frequency u 1.9924E-07 s�1

Soil thermal diffusivity a 6.48e-7 m2 s�1

Fig. 20. Soil temperature profile for different burying depths.
surface temperature (Eq. (26)). The result is described by the
following sinusoidal function [16]:

Tðy; tÞ ¼ Tm þ Ae
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Table 7 summarizes the parameters used to compute the soil
temperature profile.

Fig. 20 shows the annual soil temperature profile at different
depths computed with Eq. (27). An increase of the burial depth
entails a reduction of the amplitude of temperature oscillation and
an increase of the time offset (delay). It is worth noticing that soil
temperature remains undisturbed at high depth (e.g. at 15 m
depth).
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