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1. Abstract

This thesis develops and applies a thermody-
namic modelling framework for a wastewater
source heat pump, using in hybrid configuration
with an electric boiler to cover the residual heat
demand, integrated into a district heating net-
work. The heat pump cycle is modelled at on
design conditions, including component sizing,
and subsequently extended to off design opera-
tion. Then, the overall hybrid system is analysed
through annual simulations performed using the
off design model under time varying wastewater
availability and heat demand profiles, in order
to identify the heat supply configuration that
maximises COo emission savings. The proposed
methodology therefore represents a robust tool
to identify the urban contexts in which wastew-
ater source heat pumps can be most effectively
integrated.

2. Introduction

The decarbonisation of urban heating represents
a key challenge of the energy transition, as dis-
trict heating networks in many European cities
are still largely supplied by fossil fuel based tech-
nologies [1]. In this context, wastewater source

heat pumps offer a promising solution, since ur-
ban sewer systems provide a stable and locally
available low temperature heat source |2].

The integration of wastewater heat recovery
into district heating networks can therefore con-
tribute to reducing the carbon intensity of urban
heat supply. However, large scale deployment,
requires robust modelling tools capable of cap-
turing both nominal and seasonal performance
under time varying heat demand and wastew-
ater availability. In the specific case of Milan,
previous studies carried out by the local util-
ity MM S.p.A. have investigated the decarbon-
isation of district heating supply through CHP
based solutions [3] and assessed the feasibility of
wastewater heat recovery [4].

The present work is a modelling based extension
of this real urban context, building upon existing
infrastructure and realistic boundary conditions
for the city of Milan. It advances the analysis
through the development of a detailed on de-
sign and off design modelling framework coupled
with annual simulations, providing a quantita-
tive and system level assessment of the potential
contribution of wastewater source heat pumps to
energy savings and COg emission reduction un-
der realistic operating conditions.



3. System Overview

The overall hybrid heat supply system consid-
ered in this work, shown in Figure 1, consists of
a heat pump supplying the district heating net-
work and an electric boiler covering the residual
heat demand.
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Figure 1: Hybrid configuration of the system.

The wastewater heat pump cycle configuration
is shown in Figure 2. The cycle exploits wastew-
ater as low temperature heat source and deliv-
ers thermal energy to the district heating net-
work on the sink side. A double vapour com-
pression layout with intermediate flash tank is
adopted to improve compressor operating con-
ditions, by splitting the overall compression into
two stages, and cycle efficiency [5]. The working
fluid selected for the heat pump is R1234ze, due
to its favourable thermophysical properties and
low environmental impact (GWP = 4) in the
investigated operating temperature range [6].
The main components of the heat pump system
include the evaporator and superheater on the
source side, two centrifugal compressors with in-
termediate mixing, an intermediate flash tank,
the desuperheater, condenser and subcooler on
the sink side, and two expansion valves. An in-
termediate water loop, with its dedicated pump,
is interposed between the wastewater stream and
the heat pump in order to ensure hydraulic sep-
aration and operational flexibility.

Figure 2: Layout of the system.

4. Modelling Framework: On-
Off Design and Sizing

A modelling framework is developed to describe
the thermodynamic behaviour of the wastew-
ater source heat pump under both on design
and off design conditions, implemented through
dedicated numerical algorithms. The on design
model is employed to determine the nominal op-
erating point and to size the main components
of the cycle, while the off design model is formu-
lated to capture the system response to variable
boundary conditions on the source and district
heating network.

4.1. On Design Procedure

Algorithm 1 On design modelling workflow

: Read inputs and initialize Teong
. repeat
Solve thermodynamic cycle
Update Teong (thermal closure)
until convergence on Teong
Final evaluation of cycle performance (COP, powers)
Compressor map matching
: Heat exchanger sizing
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Cycle and Compressors Modelling

The heat pump cycle is modelled under on de-
sign conditions to determine a consistent nom-
inal operating point of the heat pump. The
on design analysis is carried out under a set
of general modelling assumptions, including
steady state operation, adiabatic components
and prescribed pressure losses, and starting from
fixed boundary conditions representative of the
wastewater source, the district heating network,
and selected characteristic temperature differ-
ences AT imposed across the main heat ex-
changers of the system. The main boundary
conditions adopted are summarised in Table 1.

Symbol Value | Unit

Tyww,in 14 °C
Tww,out 10 °C

Mww 100 L/s
ATpp EHX 1 5 K
ATop sub 8 K
AT’ap,cond 5 K
ATy, 5 K

Table 1: Main boundary conditions adopted in the on-
design analysis.

As a preliminary step of the on design modelling,



the thermal power available from the wastewa-
ter stream Quwyw is evaluated and transferred to
an intermediate water loop. The correspond-
ing mass flow rate iy and temperature lev-
els of the intermediate circuit (Ty,, Ty, Te, Ty)
are determined through energy balances across
the wastewater heat exchanger and the evap-
orator, consistently with the prescribed pinch-
point temperature differences. The circulation
pump power Wpumpmecch required to overcome
hydraulic losses in the intermediate loop is also
accounted for. Omn this basis, the evaporating
temperature of the refrigerant Teyap and the out-
let temperature at the evaporator, T, are de-
fined. Starting from this two inputs, the ther-
modynamic state points of the heat pump cycle,
represented in Figure 3, are reconstructed by ap-
plying the component level thermodynamic re-
lations.
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Figure 3: T-s diagram of the thermodynamic
cycle.

For each point, thermodynamic properties as
T,P,h,s,x are calculated using REFPROP func-
tions. Since the reconstruction of the cycle state
points requires also the condensing temperature
as an input, the cycle calculation is embedded
within an iterative procedure on Teong.

At each iteration n, the condensing temperature
is updated according to the thermal closure con-
dition at the condenser:

Tcond =T, + AT&p,COHd? (1)

where T, is the district heating water tempera-
ture at the desuperheater outlet; until the con-
vergence criterion:

Tt _pm) g (2)

cond cond

is satisfied. Upon convergence, a final simula-
tion run is performed to update the thermody-
namic state points of the cycle and to evaluate

the thermal duties of the heat exchangers:

Qi = m; (hiout — hijn) » (3)
where
i = {evap, sh, desh, cond, sub}
and the mechanical power of the two compressor
stages:

Wemp,j = 15 (hjout — hjim),  j=1,2. (4)

The corresponding electrical power consump-
tion is obtained by accounting for the overall
electromechanical efficiency of the compressor
drive. The performance of the heat pump is fi-
nally quantified through the coefficient of per-
formance, defined as:

COPcycle _ Qc'ond,tot ) (5)
cmp

Compressor performance is modelled through a
normalized performance map reconstructed for a
centrifugal compressor from reference data avail-
able in the literature [7] and showed in Figure 4.
The nominal reference point of the map is de-
fined to coincide with the on design operating
condition of the thermodynamic cycle. In this
formulation, the on design operating point cor-
responds, by construction, to a unitary map ef-
ficiency, while the map describes relative effi-
ciency variations with respect to changes in op-
erating conditions. The effective compressor effi-
ciency is then obtained by scaling the map based
relative efficiency with the nominal isentropic
efficiency assumed for the reference condition,
Tlisnom = 0.8.
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Figure 4: Operating points of the compressors
on the performance map.



Heat Exchangers Sizing Methodology

Heat exchangers are described through mass and
energy balances coupled with literature corre-
lations for convective heat transfer and phase-
change processes. Shell and tube heat exchang-
ers are designed according to the TEMA stan-
dard classification, which is adopted to define
the constructive layout of the evaporator, con-
denser and subcooler. The heat transfer pro-
cesses are modelled by distinguishing single-
phase and two phase regions, and by applying
established correlations [8]:
e Zukauskas correlation for single phase cross
flow convection on the shell side;
e Gnielinski correlation for internal forced
convection on the water side;
e Rohsenow correlation for nucleate pool boil-
ing in the evaporator;
e Nusselt theory for film condensation in the
condenser.
For single phase sections, the internal and ex-
ternal heat transfer coefficients, h;int and h; ext,
are obtained by discretising the thermodynamic
path of the fluids and averaging local values in
order to account for property variations along
the heat exchangers. The overall heat transfer
coefficient U; is then obtained through a ther-
mal resistance network including internal and
external convection, wall conduction and foul-
ing resistances, all referred to the external outer
diameter D,.
For each heat exchanger section i, the required
heat transfer area is computed from the imposed
thermal duty as:

Qreq,i

Are = T A
Y T AT, I )

where ATj,, ; is the logarithmic mean tempera-
ture difference and Fj is the correction factor.
The geometric sizing is performed through an
iterative search over a bounded design space in
terms of number of tubes N; and total tube
length L;. For each candidate configuration, the
available heat transfer area, refered to D, is eval-
uated as:

Aeﬁ,i = N;mDo L; (7)

and compared with the required one. Feasible
solutions are selected by simultaneously satisfy-
ing the area constraints of all thermal sections

and the final design is chosen by minimising the
total exchanger volume.

The wastewater heat exchanger (EHX 1) is not
geometrically designed using standard correla-
tions due to its non standard in sewer configu-
ration. It is instead modelled through an equiv-
alent thermal conductance UAgpx 1 identified
under on design conditions from the wastewater
intermediate loop energy balance.

4.2. Off Design Procedure

Algorithm 2 Off design solution workflow

1: Read time-dependent boundary conditions

2: Tnitialise x(°) = [Povap, Peonds ATsub)©

3: External solver: CNLE_DEF

4: repeat

5: Call USERFUNC_DEF(x(¥))

6: Call Compute_cycle_Iter

7 Ty iteration and cmps map integration
8: Update external temperatures

9: Recompute Uj, ATipy,; and Qpex,j
10: Enforce physical constraints

11: Construct residual vector F(x(*))
12: Update x(*+1) via Newton correction

13: until |[F(x)|| <e
14: Verify global energy balances
15: Compute performance indicators

Formulation of the Off-Design Problem

The off design modelling framework evaluates
the thermodynamic response of the wastewater
source heat pump under time varying boundary
conditions, as both wastewater availability and
district heating demand vary over time. The cy-
cle adapts to these variations through changes in
its internal operating variables, while compres-
sor operation is restricted to the validated map
region and positive driving temperature differ-
ences are enforced in all exchanger sections.
Under off design operation, the following regu-
lation principles are adopted:
e Heat exchanger geometries are fixed at their
on design values;
e the wastewater heat exchanger is modelled
with constant conductance U Agyx 1 from
on design; N
e the intermediate loop flow rate is fixed,
while wastewater flow rate and inlet tem-
perature vary;
e refrigerant mass flow rate is regulated via
inlet guide vanes (IGVs);
e residual demand is supplied by the auxiliary
electric boiler when heat pump limits are
reached;



e heat transfer coefficients U are updated at
each operating point.
The off design problem is formulated as a cou-
pled non linear algebraic system enforcing ther-
modynamic cycle balances and heat exchanger
thermal closure with fixed geometry. The oper-
ating point is obtained by solving:

F(x) =0, (8)

where x is the unknown vector defined as:

X = [Pevap Pcond Ajjsub]T (9)

and each residual enforces thermal consistency
between the heat exchanger model and the re-
frigerant enthalpy variation:

Off Design Routines Solution

The off design solution is organised as a three-
level iterative structure that separates numerical
resolution from physical modelling.

Level 1 corresponds to an external non linear
solver,CNLE_DEF, which solves the non linear sys-
tem reported in Equation 8 and 10, updating the
unknown vector x and using a Newton type it-
erative method. The solver operates purely at
a numerical level and interacts with the ther-
modynamic model exclusively through calls to a
residual evaluation function.

Lewvel 2 is implemented in USERFUNC_DEF, which
represents the physical core of the off design
model. For a given x from CNLE_DEF, it:

(i) reconstructs the thermodynamic cycle, (ii)
computes refrigerant mass flow rates and evalu-
ates compressor operation, (iii) updates external
temperature levels and recomputes heat trans-
fer coefficients and overall U values, (iv) evalu-
ates heat exchanger thermal duties Qehx i,(V) en-
forces physical constraints on compressors and
heat exchangers, (vi) constructs the residual
equations Fi, Fo and F3 enforcing thermal clo-
sure between refrigerant enthalpy variations and
fixed area heat exchanger performance.

Level & consists of an internal fixed point
iteration, = Compute_cycle_Iter, used in
USERFUNC_DEF and embedded within the cycle
evaluation, ensuring convergence of the high-
pressure compressor outlet temperature and of

compressor efficiencies obtained from interpo-
lated performance maps. This internal closure
is completed before residual construction and
is fully decoupled from the external solver.
Starting from an initial guess x(©), the three
level structure returns the converged operating
vector x, the full set of thermodynamic states,
heat duties, compressor powers and COP,
while enforcing energy balances and physical
constraints.

5. On - Off Design And Sizing
Results

5.1. On Design and Sizing Result

The on design simulation computes all thermo-
dynamic state points of the cycle, showed in Ta-
ble 2 and determine the nominal operating con-
ditions. The main result are showed in Table

3:

Point T [K] P [MPa] h [kJ/kg] s [kJ/kgK] x
P1 278.150 0.216 388.75 1.691 —
P2 324.505 0.819 420.76 1.711 —
P3 322.279 0.819 418.41 1.704
P4 367.604 2.266 442.22 1.717 —

P5sub 341.150 2.232 296.93 1.310 —
P6 315.650 0.819 296.93 1.319 0.250
P7 315.650 0.819 258.72 1.198 —
P8 315.650 0.819 411.38 1.681 —
P9 273.689 0.221 258.72 1.215 0.315

Table 2: Thermodynamic state points.

Mass flow rates [kg/s]

Performance Value oy 17.244
cond :

Qcond kW] 2505.269 Tevap 12.927
Qevap kW] 1681.012 Ming 99.75
Qww [KW] 1676.024 Mwator 29.820
Wemp.ele kW] 867.639 Cycle variables
Whump,ele [KW] 7.125 Toona K] 358.150
COPsystem [-] 2.864 Teovap K] 278.150

AT.up [K] 16.99

Table 3: Main on design results.

Heat exchanger sizing results are reported in the
Tables 4, with the corresponding quantitative
T-@ diagrams shown in the Figure 5; here )
denotes the steady state heat duty, while Q is
used elsewhere in the analytical formulation.

Heat Exchanger Ay [m?] N [-] L [m] V [m?]
Evaporator 1022.671 9600 1.78 2.968
Superheater 58.602 9600 0.102 2.968
Desuperheater 112.106 8920 0.21 1.577
Condenser 421.732 8920 0.79 1.577
Subcooler 160.989 2690 1 1.577

Table 4: Heat exchanger sizing results.

Ayt is the effective heat transfer area. Evapo-
rator superheater and desuperheater condenser



share the same exchanger (same N, different L),
while the subcooler is separate.

apw]

aw]

(a) Evaporator (b) Condenser

Figure 5: T-@Q diagrams of the evaporator and
condenser.

5.2. Off Design Result

The off—desigq solver is z}pplied‘ to th}ree de-
mand' levels [Qlow = 0.6 Qnom, @nom, thgh =
1.10 Qnom|, returning the converged operating
variables, heat duties and compressor perfor-
mance. Variables result are summarised in the
Table 5.

The corresponding compressor operating points
are reported on the performance maps for each
load condition, as showed in Figure 6.

Load

Pevap [MPa]

Piong [MPa]

ATy, [K]

COP [

Low

0.2533

2.0014

16.4409

2.771

Nominal

0.2164

2.2325

16.9932

2.865

High

0.2083

2.2663

16.948

2.729

Table 5: Off design operating variables and per-
formance indicators.

Figure 6: Compressor performance maps with
operating off design points.

The off design model reproduces the nominal
point, confirming consistency. At partial load,
both pressures decrease and compressors operate
far from their optimal region, reducing efficiency
and COP. At overload, higher compression ra-
tios further penalise compressor efficiency, again
lowering the COP.

6. Annual CO, Assessment

Building upon the validated on and off design
modelling framework, the analysis is extended
to annual simulations in order to assess the en-
vironmental performance of the complete hybrid
system in Figure 1 under realistic conditions and
to identify the district heating integration level
that maximises annual COy emission savings for
the given wastewater availability and heat pump
sizing.
The annual assessment considers the simulta-
neous variability of both the wastewater-side
boundary conditions and the district heating
thermal demand. On the source side, hourly
profiles of wastewater inlet temperature and
mass flow rate are reconstructed from available
literature datasets [9] and processed to obtain
coherent annual time series representative of the
considered urban context. On the demand side,
an hourly thermal load profile provided for a
residential district heating network is adopted
as reference condition and identified with a de-
mand scaling factor & = 1. To maintain compu-
tational efficiency, both yearly datasets are or-
ganised into 3°C ambient temperature ranges,
constructing hourly profiles for each class.
In order to investigate different integration levels
between the heat pump and the district heating
network, the reference demand profile is scaled
within the range 0.8 < a < 4.0. For each value
of «, annual simulations are performed at hourly
resolution using the off design model. The sys-
tem operates in hybrid mode, with the wastew-
ater heat pump covering the load within its lim-
its and an electric boiler supplying residual de-
mand.
For each annual simulation performed at a given
«, which correspond to a required annual ther-
mal energy, the total COs emissions of the hy-
brid system are calculated by aggregating the
hourly contributions of both the heat pump and
the electric boiler. These emissions are then
compared with a reference scenario in which the
same annual thermal demand is entirely supplied
by a natural gas boiler, allowing the evaluation
of the net annual COy emission savings.
Both CO4 emissions calculations accounting the
specific emission factors:

eel = 215.9 kgCO2/MWhg (11)

egN = 213.06 kgCOo/MWhyge



consistent with national reference data [10]. The
equivalent emission factors for the electrically
driven technologies are defined in unified form
as:

€el

‘= CoP,,

i € {HP,boiler}, (12)

where COPyp y, is the hourly coefficient of per-
formance obtained from the off-design simula-
tions, while COPpeiler = 1 is assumed for the
electric boiler.

The equivalent emission factor of the reference
natural gas boiler is instead given by:

€GN

_feN 13
Tboiler,ref ( )

EGN,ref =

where Tboiler,ref — 0.95 [11]

At this stage, the annual COg emissions of the
hybrid configuration are directly compared with
those of the reference natural gas scenario, and
their difference provides the annual COy emis-
sion savings for each demand scaling factor «.
With this procedure, for each considered «,
the total annual heat demand and supply
(MWhyy, /year) and the corresponding COy sav-
ings (tonCOq/year) are determined.

7. Final Results and Conclu-
sions

The results shown in Figure 7 highlight the re-
lationship between district heating demand and
achievable COg emission savings. While the an-
nual thermal energy supplied increases propor-
tionally with the scaling factor «, ranging from
approximately 10.6 to 53.2 GWhyy /year, the
corresponding COy reduction exhibits a clear
maximum within the investigated interval.
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Figure 7: Annual thermal energy and COq sav-
ings as a function of a.

The maximum annual emission saving of 1747.5
tCOg/year is obtained for v = 2, correspond-
ing to an annual heat supply of approximately
26.612 GWhyy, /year. Beyond this point, the in-
creasing contribution of the auxiliary electric
boiler under peak-load operation reduces the
marginal environmental benefit, as reflected by
the monotonic growth of the Pp,eak/Pap ratio.
These findings demonstrate the existence of an
optimal district heating demand level for which
the integration of the wastewater heat pump
maximises annual COo emission savings under
fixed wastewater availability and installed ca-
pacity.

Overall, this thesis develops a robust thermody-
namic framework for on design sizing and off de-
sign operation of wastewater source heat pumps
and proposes a systematic procedure to iden-
tify their optimal integration within an urban
district heating network in order to maximise
environmental benefits. The methodology thus
provides a practical tool to support sizing and
planning decisions in urban heat decarbonisa-
tion strategies.
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