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Abstract: District heating and cooling (DHC), when combined with waste or renewable energy 17 
sources, is an environmentally sound alternative to individual heating and cooling systems in 18 
buildings. In this work, the theoretical energy and economic performances of a DHC network 19 
complemented by compression heat pump and sewage heat exchanger are assessed through 20 
dynamic, year-round energy simulations. The proposed system comprises also a water storage and 21 
a PV plant. The study stems from the operational experience on a DHC network in Budapest, in 22 
which a new sewage heat recovery system is in place and provided the experimental base for 23 
assessing main operational parameters of the sewage heat exchanger, like effectiveness, parasitic 24 
energy consumption and impact of cleaning. The energy and economic potential is explored for a 25 
commercial district in Italy. It is found that the overall seasonal COP and EER are 3.10 and 3.64, 26 
while the seasonal COP and EER of the heat pump alone achieve 3.74 and 4.03, respectively. The 27 
economic feasibility is investigated by means of the levelized cost of heating and cooling (LCOHC). 28 
With an overall LCOHC between 79.1 and 89.9 €/MWh, the proposed system can be an attractive 29 
solution with respect to individual heat pumps. 30 

Keywords: District Heating, District Cooling, Heat Pump, Sewage, Simulation. 31 
 32 

1. Introduction 33 

District heating and cooling (DHC) is considered more efficient than individual, distributed 34 
systems for heating and cooling, especially because DHC solutions can benefit from locally available, 35 
low-cost energy sources, like environmental heat and cool, industrial waste heat and solid waste 36 
incineration [1]. But DHC, as heat/cool demand aggregator with thermal storage capacity, can offer 37 
also flexibility in managing energy demand. In the future power grid dominated by renewable non-38 
programmable electricity, this feature would contribute to make DHC solutions based on power-to-39 
heat/cool technologies of strategic importance [2]. Existing DHC systems using large size, electricity 40 
driven heat pumps are examples in this field. These systems can provide social and environmental 41 
benefits when used to replace heating technologies relying on combustion in densely populated 42 
urban areas, where air pollution is an impelling problem. Concerning heat pump technologies, 43 
different low-grade heat sources have been used in existing DH plants, including industrial excess 44 
heat, ambient water and sewage water. Sewage water is widely adopted in Sweden, where DH plants 45 
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utilizing sewage water represents about 50% of the heat generated by power-to-heat DH plants [3]. 46 
Regarding power-to-cool conversion, examples of large DHC systems have been proposed in Japan 47 
[4], in which river water constituted the most efficient heat sink. 48 

Wastewater heat recovery applications based on heat pumps are becoming widespread in 49 
energy saving applications for both heating and cooling. Heat recovery can be performed inside the 50 
buildings (domestic), from sewerage lines (urban) and from wastewater treatment plants 51 
(municipal). In the review conducted in [5], COP values in the range of 1.77–10.63 for heating and 52 
2.23–5.35 for cooling are reported based on the experimental and simulated values. Moreover, the 53 
sewage heat exchanger is one of the key components in wastewater-source heat pumps. Different 54 
types of sewage heat exchangers have been used, including shell & tube, plate, spiral, gravity-film 55 
and channel type [6]. In domestic utilization, a consistent amount of heat energy can be recovered 56 
from washers, dishwashers and showers. Gravity film and spiral heat exchangers can be used directly 57 
in the drainage system. In wastewater heat recovery at urban scale, both channel type and external 58 
(e.g. shall & tube, plate) heat exchangers are used. External heat exchangers are more effective 59 
although they require wastewater screening and extra pumping and piping system. The heat 60 
recovery at municipal scale is technically easier, although water treatment plants are seldom close to 61 
the consumer.  62 

In densely populated areas, heat recovery from sewage at urban scale has a large potential, as 63 
shown in [7] where, through a GIS-based analysis that matched availability of sewage and heat 64 
demand, high utilization factors of the heat theoretically recoverable at the final treatment plant are 65 
found for different sewerage lines in Tokyo. However, untreated urban sewage is not widely used 66 
due to the problem of filth. Auto-avoiding-clogging equipment can be used to continuously capture 67 
suspended solids in the sewage as in [8], where an untreated sewage source heat pump (USSHP) 68 
system is experimentally investigated showing COP of the heat pump unit and of the system of 4.3 69 
and 3.6, respectively. The operational experience with another type of filth block device is reported 70 
in [9], where an urban sewage source heat pump system composed of a filth block device, a 71 
wastewater heat exchanger, and a heat pump is demonstrated. The results indicated that in typical 72 
conditions the heating COP is about 4.3 and the cooling COP is about 3.5. 73 

Based on these premises, the energy and economic feasibility of a DHC system based on a large 74 
size heat pump and complemented by sewage heat/cool recovery is investigated. The system is 75 
conceived to alternatively supply heat and cool to a commercial district located in northern Italy, a 76 
densely populated area where air quality is a main concern and commercial buildings, characterized 77 
by heating and cooling loads of comparable magnitude (respectively about 100 kWh/m2 y and 75 78 
kWh/m2 y [10,11]), highly contribute to the local thermal energy demand and the associated emissions 79 
of air pollutants. Communal sewage provides the heat source in heating and the heat sink in cooling. 80 
With respect to sewage potential and availability, it is worth noticing that Italy is characterized by a 81 
large per capita water consumption, 175 liter/day/person [12]. Such a system would offer the 82 
following main advantages: 1) ability to exploit the increasing share of renewable electricity in the 83 
electricity mix, which implies lower CO2 emissions as compared to gas boilers for heating; 2) ability 84 
to purchase electricity on the wholesale market at competitive tariffs, as compared to the average 85 
electricity consumer; 3) zero local emissions of air pollutants (e.g., PM, NOx), as compared to gas 86 
boilers and DH conversion systems relying on combustion (e.g., CHP); 4) possibility to exploit PV 87 
electricity generated on-site by a large capacity PV plant that can benefit from economies of scale. 88 
The analysis aims to estimate the overall plant efficiency, including heat losses and parasitic energy 89 
consumption, and the economic competitiveness and the environmental benefit as compared to 90 
individual electrical heat pumps, which represent an alternative of comparable social and 91 
environmental impact for the location considered. To answer these questions, a detailed 92 
mathematical model of the system is built and simulated in Trnsys [13]. 93 

2. Plant configuration and operation  94 

The general scheme of a district heating and cooling system using sewage heat recovery is 95 
displayed in Figure 1. Communal sewage is accessible at relatively close distance from the thermal 96 



Energies 2019, 12, x FOR PEER REVIEW 3 of 22 

 

energy consumer. After screening, sewage exchanges heat with a vapor compression heat pump, 97 
located in the machinery room, that supplies thermal energy to the consumer through a heating and 98 
cooling network.   99 

 100 

 101 
Figure 1. District heating and cooling system using sewage heat recovery.  102 

 103 
In the plant configuration considered within this work, the DHC network supplies heat, in winter, 104 

and cool, in summer, to a commercial district comprising distinct department stores. The seasonal 105 
switch from heating to cooling occurs typically at end of April and the cooling season lasts until mid-106 
October. Due to the simultaneity of the thermal demand across buildings of similar characteristics, a 107 
two-pipe network is used. At the end-user, hot water is supplied at 50 °C with a peak load temperature 108 
drop of 10 °C and chilled water at 6 °C with peak rise of 7 °C. PV panels are installed on a portion of 109 
the overall flat surface available on buildings roofs (see Figure 2). The machinery room (see Figure 3), 110 
located underground, comprises sewage basin with screening unit, elevation pump, sewage heat 111 
exchanger, heat pump and hot/cold water storage. The heat pump operation mode can change from 112 
heating to cooling through inversion on the external water loops (not shown in Figure 3). 113 

  114 

 115 
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Figure 2. DHC system layout: communal sewage (CS), machinery room (MR), photovoltaic plant 116 
(PVP), buildings (B1, B2, B3, …, BN). 117 

The electricity of the PV system is used to drive the system pumps and the heat pump, in 118 
conjunction with the electricity purchased from the grid. If PV electricity is generated in excess, the 119 
surplus is supplied to the electricity grid. The remuneration of the electricity supplied to the grid is 120 
determined according to the net metering regulation currently in force [14], which allows selling at a 121 
tariff constituted by the sum of the wholesale electricity price and a contribution related to the system 122 
charges and general transmission and distribution costs. 123 

 124 
Figure 3. Hydraulic scheme and system boundaries: screening unit (SU), elevation pump (EP), sewage 125 
heat exchanger (SHX), auxiliary pumps (P1, P2), network pump (P3), heat pump boundary (HP), 126 
machinery room (MR) and overall system boundary (SYS). 127 

The control strategy is defined with the objective to limit parasitic energy consumption. Therefore, 128 
variable speed pumps are used. Pump P2 operates to keep the water storage at the desired set point 129 
temperature. The heat pump compressor frequency is modulated to: i) deliver water at the desired 130 
temperature to the water storage when heat pump capacity is overabundant (partial load); ii) limit 131 
above 0 °C the temperature of the water sent to the SHX in heating operation to prevent the evaporator 132 
from freezing (antifreeze protection); iii) limit below 50 °C the temperature of the water sent to the SHX 133 
in cooling operation to prevent excessive heating of sewage (overheating protection).  Pumps EP and 134 
P1 modulate their speed based on the compressor speed. Pump P3 is controlled according to the 135 
network return temperature, as further explained in the following section. 136 

3. Mathematical model 137 

In the following, the mathematical models of the main system components are presented. The 138 
models are calibrated and validated against the manufacturer’s data of a reference unit. Their 139 
outputs, once scaled with respect to the capacity of the reference unit, are assumed representative for 140 
units slightly different in size. 141 

3.1. Heat pump 142 

The heat pump model predicts condenser heat duty (�̇� ), evaporator heat duty (�̇� ) and 143 
compressor power input (𝑊 ) at different values of chilled water inlet temperature (𝑇 ), chilled 144 
water mass flow rate ( �̇� ), hot water intel temperature (𝑇 ), hot water mass flow rate (�̇� ) and 145 
compressor frequency (𝑓) by means of thermodynamic modelling. The reference unit is a screw 146 
chiller of 788 kW heating capacity using R134a as refrigerant [15]. Based on the refrigerant property 147 
[16], the cycle state points are determined by imposing constant temperature differences for the 148 
following temperature pairs: refrigerant condensation and hot water outlet (0 K), hot water inlet and 149 
refrigerant at condenser outlet (1 K), chilled water outlet and refrigerant evaporation (1 K), chilled 150 
water inlet and superheated vapor at evaporator outlet (1 K). Isentropic efficiency as function of 151 
compression ratio (𝑃 /𝑃 ) and frequency ratio (𝑓 =  𝑓/𝑓 ) is used for calibrating the model 152 
output with the performance data derived from the manufacturer’s datasheet. The resulting 153 
functional dependency is shown in Figure 4. 154 
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 155 
Figure 4. Isentropic efficiency of the compressor. 156 

Volumetric flow rate at compressor inlet is assumed proportional to frequency ratio and its 157 
maximum value (�̇� ) is calibrated based on the heat pump nominal heating capacity (�̇� , ). 158 
The resulting scale factor 𝑠 = �̇�  /�̇� ,  is 0.331 m3/s MW. The comparison between model 159 
output and manufacturer’s data is presented in Table A1, showing very good accuracy in different 160 
operating conditions. 161 

3.2. Sewage heat exchanger 162 

The sewage heat exchanger (SHX) comprises screening unit, elevation pump, and shell and tube 163 
heat exchanger. Sewage circulates in the tubes and clean technical water flows inside the shell, in a 164 
counterflow arrangement (see Figure 5). Concerning the parasitic energy consumption of the SHX, 165 
sewage elevation is the main cost. As the partial load value in the simulations is generally very high, 166 
the exponential dependence of the parasitic energy consumption on the sewage water flow rate is 167 
linearized. The proportionality factor (𝑒 ), estimated based on experimental data, is provided in 168 
Table A2.  169 

170 
Figure 5. Schematics of the sewage heat exchanger. 171 

One of the main issues with the SHX is sludge accumulation at the inlet sections of the tube 172 
banks, which progressively decreases flow passage area (𝑆 ), sewage mass flow rate (�̇� ), and 173 
ultimately heat transfer rate. Cleaning is thus necessary to periodically restore the nominal 174 
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performance. To calculate the influence of performance degradation, a model for the prediction of 175 
sewage flow rate is developed starting from the balance equation for the mass of sludge: 176 

𝑑𝑚

𝑑𝑡
= �̇� − �̇�  (1)

where �̇�  is sludge deposition, �̇�  is sludge removal and 𝑚  is the mass of sludge accumulated at 177 
the entrance region of the tubes bank. According to the fouling model of Kern & Seaton [17], �̇� ∝178 
�̇�  and �̇� ∝ 𝜏  𝑚  where 𝜏  is the shear stress. With the hypothesis of i) negligible removal, ii) 179 
constant pressure drop across inlet and outlet sections, iii) constant friction factor and iv) constant 180 
hydraulic diameter (i.e. assuming occlusion of one pipe at a time), expression (1) can be recast as:  181 

𝑑𝑚

𝑑𝑡
= (𝛼√Δ𝑃)𝑆  (2)

where 𝛼 is a constant,  Δ𝑃 is the pressure drop across inlet and outlet sections, and 𝑆  is the flow 182 
passage area which is equal to 𝑆  after cleaning. The reduction of 𝑆  is not directly proportional to 183 
sludge accumulation because initially sludge is likely to accumulate in stagnation zones which do 184 
not contribute to flow passage area. For the derivation of an approximated empirical law, a critical 185 
sewage mass (𝑀 , ), after which −𝑑𝑆  becomes proportional to 𝑑𝑚  through a constant 186 
proportionality factor (𝛽), is assumed: 187 

𝑀 , = �̇� 𝑑𝑡 (3)

In conclusion, a differential equation for 𝑆   is obtained in the form: 188 

𝑑𝑆

𝑑𝑡
= − 𝛼𝛽√Δ𝑃 𝑆   ;   𝑡 > 𝑡  (4)

Since under the current simplifying assumptions �̇� ∝  √Δ𝑃 𝑆 , the following expressions for 189 
�̇�  can be derived: 190 

�̇� = �̇� ,    ;   0 ≤ 𝑡 < 𝑡  (5)

�̇� = �̇� , 𝑒    ;   𝑡 ≤ 𝑡 < ∞ (6)

where 𝑡 and 𝜏 = 1/(𝛼𝛽√Δ𝑃) are identified experimentally (see Figure 6) and their values are 191 
provided in Table A2. 192 

 193 
Figure 6. Comparison of SHX model result with experimental sewage flow rate. 194 

The result can be generalized to the case of variable pressure drop, assuming constancy of 195 
pressure drop during a timestep interval [(𝑖 − 1)Δ𝑡; 𝑖Δ𝑡]: 196 
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�̇� , = �̇� , 𝑒  /  (7)

�̇� , , = 𝑓 �̇� ,  (8)

where 𝑓  = Δ𝑃 /ΔP. Expressions (7) and (8) are easily implemented in transient simulations and allow 197 
considering variable flow control (𝑓 ≤ 1) and periods during which the SHX is not in operation (𝑓 =198 
0). Lastly, the UA value of the SHX is determined from the well-known expression of 𝑁𝑇𝑈(𝜀, 𝐶 ) valid 199 
for counterflow heat exchangers, with 𝐶  the fraction of the heat capacities of the media considered 200 
smaller than 1:  201 

𝑁𝑇𝑈 =
1

𝐶 − 1
ln 

𝜀 − 1

𝜀𝐶 − 1
 (9)

Effectiveness (𝜀) and the mass flow rates of each stream are measured in clean conditions and 202 
the corresponding UA is calculated. With the accumulation of sludge at the entrance sections, the 203 
degradation of the UA is idealized as the consequence of the decrease in effective heat transfer area 204 
resulting from the progressive blocking of the internal tubes. Therefore, it is assumed that UA is 205 
directly proportional to 𝑆 . 206 

3.3. District heating and cooling network 207 

The pipeline diameter is sized according to the design volumetric flow rate and pressure drop. 208 
Since the simulation timestep (one hour) is about four/five times as large as the water transition time 209 
through the pipeline, a one-node lumped capacity model with heat losses is used for both forward 210 
and return pipes. The control law of the mass flow rate (𝑚)̇  is based on the return temperature and 211 
assumes that load (�̇�) is initially modulated by lowering the mass flow rate in the attempt to keep 212 
constant the temperature difference across supply and return (Δ𝑇), and by lowering the Δ𝑇 when 213 
mass flow rate is towards its minimum value. A suitable, arbitrary mathematical formula that 214 
reproduces the control law of Δ𝑇 with �̇� is expression (10), from which expression (11) can be derived: 215 

Δ𝑇

Δ𝑇
= 1 −

�̇�

�̇�
− 1  (10)

�̇�

�̇�
=

Δ𝑇

ΔT
1 − 1 −

Δ𝑇

Δ𝑇

/

 (11)

The parasitic consumption of the pump is estimated based on mass flow rate, hydraulic 216 
characteristic of the pipeline, and pump efficiency. The hydraulic characteristic can be estimated 217 
based on the network design parameters, whose values are presented in section 4.3. 218 

3.4. Heating and cooling loads 219 

The district heating plant must be sized according to both heating and cooling loads, therefore 220 
suitable heating and cooling hourly profiles must be generated using a building energy model. The 221 
two-node capacitive building model is shown in Figure 7, whose states are room air temperature (𝑇 ) 222 
and inner building envelope temperature (𝑇 ) and 𝑇  refers to the ambient temperature. 223 

 224 
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Figure 7. Two-node capacitive building model. 225 

Such model is selected because, as compared to more sophisticated models, it requires a 226 
minimum set of input data that can be easily tuned based on floor area, indoor volume, building 227 
envelope insulation characteristics, and target specific heating and cooling demands: 228 
 UA between room air and outdoor ambient air (𝑈𝐴 , W/K) 229 
 UA between room air and the inner building envelope (𝑈𝐴 , W/K) 230 
 Thermal capacity associated to the room air (𝑀𝐶 , J/K) 231 
 Thermal capacity associated to the inner building envelope (𝑀𝐶 , J/K) 232 
 Occupation density (p/m2) 233 
 Internal gain, e.g. lights (W/m2) 234 
 Ventilation (vol/h) 235 
 Infiltration (vol/h) 236 
 Fraction of solar radiation transmitted to room air (-) 237 
 Daily comfort hours (from-to h) 238 
 Heating and cooling daily schedule (from-to h) 239 
 Cooling setpoint temperature (°C) 240 
 Heating setpoint temperature (°C) 241 

Based on outdoor ambient temperature and radiation on the horizontal plane, the model 242 
calculates solar input (�̇� ), internal gain (�̇� ), heat gain of the occupants (�̇� ), sensible and latent heat 243 
gain of ventilation and infiltration (�̇�  and �̇� ), and predicts heating (�̇� ) and cooling (�̇� ) loads 244 
applying the following energy balances: 245 

𝑀𝐶
𝑑𝑇

𝑑𝑡
= �̇� − �̇� + �̇�  + �̇� + �̇� + �̇� + �̇� − 𝑈𝐴 (𝑇 − 𝑇 ) (12)

𝑀𝐶
𝑑𝑇

𝑑𝑡
= 𝑈𝐴 (𝑇 − 𝑇 ) (13)

3.5. Key performance figures 246 

The following energy and economic performance figures are introduced to evaluate the 247 
performance of the system. 248 
1. Heat pump seasonal COP: 249 

𝐶𝑂𝑃 = 𝑄 , /𝐸  (14)

where 𝑄 ,  is the cumulated heat delivered by the condenser in heating mode operation and 𝐸  is 250 
the associated electrical consumption of the compressor. 251 
2. Heat pump seasonal EER: 252 

𝐸𝐸𝑅 = 𝑄 , /𝐸  (15)

where 𝑄 ,  is the cumulated cool delivered by the evaporator in heating mode operation and 𝐸  is 253 
the associated electrical consumption of the compressor. 254 
3. System level seasonal COP:  255 

𝐶𝑂𝑃 = 𝑄 , /(𝐸 + 𝐸 + 𝐸 + 𝐸 + 𝐸 ) (16)

where 𝑄 ,  is the cumulated heat delivered to the users net of heat losses through storage and 256 
network and the denominator comprises the associated electricity consumption of the heat pump 257 
compressor (𝐸 ) and all pumps (𝐸 , 𝐸 , 𝐸 , 𝐸 ). 258 
4. System level seasonal EER: 259 

𝐸𝐸𝑅 = 𝑄 , /(𝐸 + 𝐸 + 𝐸 + 𝐸 + 𝐸 ) (17)
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where 𝑄 ,  is the cumulated cool delivered to the users net of cool losses through storage and 260 
network and the denominator comprises the associated electricity consumption of the heat pump 261 
compressor and all pumps. 262 
5. Full load equivalent hours: 263 

𝐹𝐿𝐸𝐻 =
𝑄 ,

�̇� ,

+
𝑄 ,

�̇� ,

 

where �̇� ,  is the nominal power of the condenser and �̇� ,  is the nominal power of 
the evaporator. 

(18)

6. Levelized cost of heating and cooling:  264 

𝐿𝐶𝑂𝐻𝐶 =
𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋 − 𝐵

𝑄 , + 𝑄 ,

 (19)

where 𝐶𝐴𝑃𝐸𝑋  is calculated for each plant component by dividing investment cost times annuity 265 
factor, function of discount rate and useful life. 𝑂𝑃𝐸𝑋 includes maintenance costs, evaluated as a 266 
percentage of the investment costs on machineries, and cost of cleaning for the sewage heat recovery 267 
system. Moreover, annual purchases of electricity contribute to total 𝑂𝑃𝐸𝑋. Annual benefits (𝐵) 268 
include the sales at wholesale price (𝑊𝑃) of PV electricity generated in excess and the contribution 269 
related to avoided cost of transmission and distribution (𝐶𝑈), calculated according to the following 270 
expression [14]:  271 

𝐵 = min 𝑃𝑈𝑁 ∙ 𝐸 ; 𝑊𝑃 ∙ 𝐸 + 𝐶𝑈 ∙ min(𝐸 ; 𝐸 ) (20)

where the valorization of the electricity sold to the grid (𝐸 ) is capped by the electricity purchased 272 
(𝐸 ) and valorized at the national average selling price (PUN). 273 

4. Case study  274 

The study focuses on a commercial district located in Milan, Italy and comprising distinct 275 
department stores. The Milan area is characterized by a large per capita water consumption, about 276 
175 liter per day, and a large sewage network that collects wastewaters and supplies three wastewater 277 
treatment plants located in the external ring of the city. With an estimated total average wastewater 278 
flow rate of about 19,000 m3/h, the potential sewage heat recovery amounts to about 110 MWt 279 
(assuming a temperature difference of 5 K). In the following, the external conditions and the input 280 
figures of the study are presented. 281 

4.1. External conditions 282 

The external conditions for the selected location (Milan, Italy) consist in the following sets of 283 
hourly data: 284 
 Outdoor ambient temperature 285 
 Global solar radiation on the horizontal plane 286 
 Diffuse solar radiation on the horizontal plane 287 
 Wholesale electricity price 288 
 Sewage water temperature 289 

The hourly profiles have been collected for the same reference year, 2017. Such profiles are 290 
needed to calculate heating and cooling loads, predict PV electricity generation, and estimate sales of 291 
PV electricity generated in excess. A specific year (2017) has been selected instead of a meteorological 292 
standard year because actual electricity prices are considered and the deviations in heating and 293 
cooling degree days of 2017 were minor compared to the typical meteorological year.  294 

Monthly solar irradiation and outdoor temperatures for Milan [18] are shown in Figure 8. The 295 
weather conditions in Milan are characterized by an average daily irradiation on the horizontal plane 296 
equal to 3.8 kWh/m2, mild cold temperatures during most of winter months and hot temperatures in 297 
the central summer months. 298 
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 299 
Figure 8. Monthly solar irradiation on the horizontal plane and outdoor temperatures. 300 

Energy prices on the electricity wholesale market [19] are shown in Figure 9, including the 301 
national average selling price and minimum, maximum, mean zonal prices for northern Italy. The 302 
maximum selling price deviates significantly from the average selling price, thus showing the 303 
potential economic margin deriving from PV electricity sold to the grid. The overall tariff related to 304 
the excess electricity sold to or purchased from the grid includes the contribution related to system 305 
charges and transmission and distribution costs, which is estimated equal to 55 €/MWh. 306 

  307 

Figure 9. Electricity wholesale market price. 308 

Concerning sewage water, its temperature is subject to seasonal variation due to the influence 309 
of weather. Based on direct measurements of treated water temperatures in Milano [12], a sinusoidal 310 
fluctuation from 13 °C in winter to 23 °C in summer can be assumed. This assumption is also 311 
supported by the measurements of the sewage temperature at the DHC in Budapest corrected by the 312 
shift between the average ambient temperatures of Budapest and Milano (2.5 K).  313 

4.2. Heating and cooling loads 314 

The total floor area of the commercial district is estimated at 12,000 m2. Based on the building 315 
model input figures (see Table A3), heating and cooling hourly loads are calculated. The 316 
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corresponding monthly values are shown in Figures 10–11. The specific annual heating and cooling 317 
demands are 104 kWh/m2 and 76 kWh/m2, while the respective specific peak thermal loads are 87 318 
W/m2 and 83 W/m2. These values are in line with the typical heating and cooling demands in the 319 
commercial sector in northern Italy. The overall heating and cooling annual demands are 1251 MWh 320 
and 912 MWh, and the peak loads are respectively 1050 kWt and 1000 kWt. 321 

 322 

 323 
Figure 10. Monthly heating demand and peak loads. 324 

 325 

 326 
Figure 11. Monthly cooling demand and peak loads. 327 

4.3. Plant sizing 328 

The DHC network supplies heat at 50 °C / 40 °C and cool at 6 °C / 13 °C. Based on the temperature 329 
differences and thermal loads, mass flow rates are derived. The preliminary sizing of the heat pump 330 
is performed according to the peak loads. As a first design value, a heat pump of 𝑄 ,  equal to 331 
1100 kW is selected, and the heat duty of the sewage heat exchanger is determined as the maximum 332 
between evaporator heat duty in heating mode and condenser heat duty in cooling mode. Concerning 333 
the DHC network, the main design parameters are diameter and length of the pipeline. Pipeline 334 
diameter influences pressure drops and, ultimately, the parasitic energy consumption associated to 335 
the circulation pump of the DHC network. To limit this consumption, the design pressure drop at the 336 
circulation pump is fixed at 350 kPa, of which 50 kPa are associated to heat exchangers. Thus, the 337 
pipeline dimeter is selected to meet the net design pressure drop of 300 kPa at the required design 338 
volumetric flow rate. The DHC network design parameters are shown in Table A4. The PV system 339 
area is an optimization parameter, since the remuneration of PV electricity sold the grid is penalized 340 
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if the electricity in excess is larger than the electricity purchased. The optimum is achieved when total 341 
electricity exported to the grid is equal to the total electricity imported from grid on a yearly basis. 342 

4.3. Cost parameters 343 

The estimated specific investment costs [20,21,22] are reported in Table A5, along with the 344 
associated useful life and the resulting annuity factor, evaluated at an interest rate of 2.5%. 345 
Concerning maintenance, yearly maintenance costs are estimated equal to 1.5% of the investment 346 
cost of machineries. Lastly, the cost of each cleaning operation of the sewage heat exchanger is 347 
estimated at 500 €, assuming that the cleaning operation requires the work of one specialized 348 
technician for ten hours. 349 

4.4. Reference system 350 

A reference system based on multiple, independent, reversible air-to-water heat pumps of small 351 
capacity is chosen as term for comparison with the system of interest (see Figure 12).  352 

 353 
Figure 12. Reference system layout DHC system layout: reversible air-source heat pump (AHP), 354 

buildings (B1, B2, B3, …, BN). 355 

The individual heat pumps are assumed to deliver hot water at 50 °C for heating and chilled 356 
water at 7 °C for cooling. The specific investment cost of each unit is estimated at 340 €/kWh [23]. 357 
Hydraulics and electrical wiring costs are 30% of investment, and yearly maintenance is set to 1.5% 358 
of the investment. Since air-to-water units are installed outdoor, useful life is set to 10 years. At 2.5% 359 
interest rate, the corresponding annuity factor amounts to 8.97. In the reference scenario, the average 360 
cost of electricity for commercial users, equal to 150 €/MWh [24], is used. The overall installed 361 
capacity is determined by the peak heating load, since the heating capacity of air-to-water heat pumps 362 
is greatly reduced at the heating design condition. The installed heating capacity amounts to 1500 363 
kWt (at air temperature equal to 7 °C), which corresponds to 1150 kWt at heating design condition 364 
(air temperature equal to -5 °C). The seasonal energy performance in heating and cooling is calculated 365 
dividing the heating and cooling hourly loads respectively by the instantaneous values of COP and 366 
EER, as provided by the manufacturer of a typical air-to-water heat pump [23]. The calculated 367 
seasonal COP and EER achieve respectively 2.41 and 3.27. The costs and the energy performance of 368 
the reference system are shown in Tables A6 to A8, while the calculation of its LCOHC, equal to 95.6 369 
€/MWh, is reported in Table A9. 370 

5. Results 371 

5.1. Parametric analysis 372 

The main goal of the parametric analysis is to perform an economical optimization of the DHC 373 
system by varying design parameters the mostly affect energy performance and life cycle cost. As a 374 
starting point, the preliminary size of the heat pump is set in order to satisfy both the heating and the 375 
cooling peak loads. Two other main parameters that greatly influence the overall investment cost are 376 
the volume of the storage (𝑉 , m3) and the nominal sewage flow rate of the SHX (𝐹 , m3/h). As rule 377 
of thumbs, the volume of the storage is set to the volume of water crossing a section of the network 378 
in one hour, and the nominal sewage flow rate of the SHX is set equal to two-thirds the nominal flow 379 



Energies 2019, 12, x FOR PEER REVIEW 13 of 22 

 

rate of the heat pump (about 150 m3/h). Moreover, due to the progressive degradation of the SHX 380 
performance, periodical cleaning must be scheduled. The condition for cleaning is the maximum 381 
percentage reduction of flow passage area, set to a constant limiting value (50%). Lastly, it is decided 382 
to exclude the effect of PV during the optimization of heat pump capacity, storage volume and SHX. 383 
The base values of the main design parameters are reported in Table 1.  384 

Table 1. Initial configuration of the system. 385 

Parameter Value Unit 
heat pump heating capacity 1100 kWt 

heat storage volume 150 m3 
sewage flow rate 100 m3/h 

reduction of flow passage  50 % 
 386 
The first optimization step (see Figure 13) consists in decreasing heat pump capacity and 387 

simultaneously increasing storage volume. With a reduced capacity, the heat pump will work at full 388 
load for a larger number of hours, thus the FLEH is expected to increase. At the same time, a larger 389 
storage volume will be needed to cover the thermal peak loads. For each value of heat pump capacity, 390 
the minimum storage size is found iteratively until the yearly thermal demands are satisfied. It shall 391 
be noticed that the size of the sewage heat recovery system is maintained fixed at 100 m3/h. 392 

 393 

Figure 13. Effect of varying heat pump capacity on storage volume (left axis), FLEH (right axis) and 394 
LCOHC (data label). 395 

It is observed that, although all the different configurations are cost competitive with respect to 396 
the reference system, the LCOHC increases with decreasing heat pump capacity because the benefit 397 
deriving from a smaller heat pump is offset by the cost of a larger storage.    398 

The second step concerns the optimization of the size of the SHX (see Figure 14). Increasing its 399 
size while setting the same limiting flow passage area (in absolute terms) has an influence on the 400 
frequency of cleaning operations, since in a larger SHX that processes an equal amount of water the 401 
operating time needed to reach the critical flow passage area is prolonged. This lowers maintenance 402 
cost but also increases investment cost. In fact, cleaning maintenance decreases and LCOHC 403 
increases, showing that more frequent cleaning is always more economical than larger SHX size. 404 
However, it is also noticed that a larger SHX provides better energy performance with an increased 405 
system COP. This is because the heat pump is forced to operate in partial load whenever the sewage 406 
flow rate is reduced by effect of the SHX degradation. Therefore, as a best compromise between 407 
economic performance and risks associated to frequent cleaning, an optimal SHX size is selected at 408 
110 m3/h.  409 
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Lastly, the contribution of PV is considered by progressively increasing the installed peak 410 
capacity until the minimum value for LCOHC is obtained. With 480 kWp of installed PV, the LCOHC 411 
decreased from 89.9 €/MWh to 79.1 €/MWh.  412 

 413 

 414 
Figure 14. Effect of varying SHX size (with fixed limiting passage area) on frequency of cleaning 415 

(left axis), system COP (right axis) and LCOHC (data label). 416 

The final configuration of the system is reported in Table 2.  417 

Table 2. Final configuration of the system. 418 

Parameter Value Unit 
heat pump heating capacity 1100 kWt 

heat storage volume 150 m3 
sewage flow rate 110 m3/h 

reduction of flow passage  55 % 
PV capacity 480 kWp 

 419 

5.2. Transient operation 420 

During the coldest winter days, the heat pump operates for several hours at its maximum 421 
heating capacity, as shown in Figure 15, where the profile of the heat supplied by the condenser (Q 422 
cnd) is shown, along with the heating load (Q use), for 21st Jan. The time shift between Q cnd and Q 423 
use is due to the thermal capacity of the storage and the pipeline. In the graph, the profile of different 424 
temperatures is also shown. T cnd,o and T use,i represent the hot water temperatures at condenser 425 
outlet and the user substation inlet, respectively. Their time shift and mean difference are an effect of 426 
thermal capacity and heat losses. T use,o, the return temperature at the user substation, is 427 
approximately 10 K lower than T use,i, even if the heating load profile varies between 400 kW and 428 
1000 kW. This is the effect of the variable flow rate control strategy of the DHC network. In winter, 429 
the sewage water supplied to the SHX (T shx,i) is at about 13 °C. With the SHX clean, the sewage flow 430 
rate is high, as demonstrated by the limited temperature drop of about 7 K across the SHX between 431 
T shx,i and T shx,o. As consequence, the chilled water temperature leaving the heat pump evaporator 432 
T evp,o varies in the range from 2 °C to 6 °C, depending on the heat pump load. The difference 433 
between T shx,o and T evp,o is the pinch temperature difference, determined by the effectiveness of 434 
the SHX.     435 
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 436 

Figure 15. Transient operation in heating mode (clean SHX). 437 

The behaviour of the system is investigated also when the SHX is fouled and the sewage water 438 
flow rate is reduced with respect to its nominal value (see Figure 16). The heat pump is forced to 439 
operate in partial load for the whole day to keep the chilled water in the heat pump evaporator 440 
sufficiently far from its freezing point. In this critical condition, storage thermal capacity is essential 441 
in order to cover the peak heating load.  442 

 443 

Figure 16. Transient operation in heating mode (fouled SHX). 444 

Differently from the heating mode operation, during the hottest summer days the heat pump 445 
operates only for a few hours at its maximum cooling capacity, as shown in Figure 17, where the 446 
profile of the cool supplied by the evaportor (Q evp) is shown, along with the cooling load (Q use), 447 
for 27th Jul. This is due to the substantial difference in the way heating and cooling loads originate. In 448 
summer, the sewage is supplied to the SHX at a higher temperature of about 23 °C. With the SHX 449 
clean, the sewage flow rate is high, as demonstrated by the limited temperature rise of 10 K across 450 
the SHX between T shx,i and T shx,o. As consequence, the hot water temperature leaving the heat 451 
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pump condenser T cnd,o varies in the range from 35 °C to 38 °C, depending on the load. The 452 
difference between T cnd,o and T shx,o is the pinch temperature difference, determined by the 453 
effectiveness of the SHX. 454 

 455 

Figure 17. Transient operation in cooling mode (clean SHX). 456 

When the SHX is fouled, the sewage water flow rate is reduced with respect to its nominal value 457 
(see Figure 18) and the heat pump is forced to operate in partial load even when the cooling load is 458 
at its peak value to limit the temperature lift between evaporator and condenser. This strategy allows 459 
maintaining a good energy performance while limiting the temperature increase of the sewage.  460 

 461 

Figure 18. Transient operation in cooling mode (fouled SHX). 462 

 463 

5.3. Energy, economic and environmental performance 464 
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The details about the calculation of LCOHC and the energy performance are reported in Tables 465 
3 to 6. The CAPEX contribution to the total costs (i.e. CAPEX annuity plus OPEX) in the LCOHC is 466 
about 64%, with the SHX system representing the largest share (37%) of the total annuity cost of the 467 
system. Concerning OPEX, the estimated maintenance and cleaning costs are responsible for annual 468 
expenses of nearly 31 k€, about 42% of the total operating and maintenance costs. Despite the high 469 
investment costs, the overall economic performance is competitive, with a LCOHC of 79.1 €/MWh 470 
against 95.6 €/MWh for the reference system. The reasons for this are found in the superior energy 471 
performance of the DHC system, with system COP and EER of 3.10 and 3.64, higher than the 472 
respective values for the reference system (respectively 2.41 and 3.27), in the higher useful life of the 473 
DHC system, and in the largely positive contribution of the PV system that lowers LCOHC by 10.8 474 
€/MWh. If PV is not installed, the superior energy performance of the DHC system alone can justify 475 
the investment with a LCOHC of 89.9 €/MWh. In this case, the electricity saving amounts to 211 476 
MWh/y. Considering the carbon intensity of the Italian electric grid, which is estimated in 370 477 
gCO2/kWh and includes the share of renewable electricity [25], the associated avoided CO2 emission 478 
amounts to 78 tCO2/y. 479 

Table 3. CAPEX of the DHC system. 480 

Item Amount (€) Annuity (€/y) 

PV system 480 kWp 672,840 35,628 

heat pump 1100 kWt 165,000 13,001 

district H&C network   

pipeline 1 km 600,000 23,319 

storage 150 m3 101,532 3,946 

substations 1000 kWt 35,000 2,190 

sewage heat recovery 110 m3/h   

a) machinery 416,240 32,798 

b) construction & installation 551,760 17,416 

electrical connections 80,000 5,007 

total 2,622,372 133,306 

 481 

Table 4. Energy performance of the DHC system. 482 

Figure Value Unit 

annual heating demand 1251 MWh 

annual cooling demand 912 MWh 

annual heating and cooling demand 2162 MWh 

heating demand including losses 1355 MWh 

cooling demand including losses 922 MWh 

heat pump COP (heating, seasonal) 3.74 - 

heat pump EER (cooling, seasonal) 4.03 - 

system COP (heating, seasonal) 3.10 - 

system EER (cooling, seasonal) 3.64 - 

electricity demand 634 MWh 

PV electricity generation 637 MWh 

electricity exported to grid 360 MWh 
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electricity imported from grid 356 MWh 

 483 

Table 5. OPEX and annual benefit of the DHC system. 484 

Cost item Value (€) 
maintenance  24,213 
SHX cleaning 6,500 

electricity purchase  43,169 
electricity sale  -32,264 

 485 

Table 6. LCOHC of the DHC system. 486 

Cost item 
Value 

(€/MWh) 
CAPEX  61.7 
OPEX 34.2 

benefits -16.8 
total  79.1 

 487 

6. Conclusions 488 

According to the results of the present research, which are based on the detailed modelling of 489 
partial load operation and year-round simulations, a power to heat/cool system comprising sewage 490 
heat recovery, heat pump, storage, distribution network with substations, can be competitive with 491 
respect to individual, distributed, electricity driven heat pumps. With the addition of large-scale PV, 492 
the system can be even more competitive thanks to the remuneration of electricity sold to the grid 493 
and the large share of self-consumed PV electricity associated to the heating and cooling. 494 

In the case of interest of this study, a commercial district located in northern Italy, the proposed 495 
DHC system can be an attractive solution. The overall LCOHC is 79.1 €/MWh against 95.6 €/MWh 496 
for the reference system considered (individual heat pumps). The reasons for this are found in: the 497 
superior energy performance of the DHC system, with system COP and EER of 3.10 and 3.64, higher 498 
than the respective values for the reference system (respectively 2.41 and 3.27); the longer useful life 499 
of the DHC system; and the largely positive contribution of the PV system that lowers LCOHC by 500 
10.8 €/MWh. It shall be noticed that the superior energy performance of the DHC system can justify 501 
the investment even in absence of PV, with a LCOHC of 89.9 €/MWh. In this case, the electricity 502 
saving and the associated avoided CO2 emission amount to 211 MWh/y and 78 tCO2/y, respectively.     503 

Although the results are specific for the location of interest and the regulation on distributed 504 
renewable electricity generation currently in place, they are promising. Commercial districts are 505 
interesting targets for DHC since heating and cooling intensity is expected to remain high. With new 506 
energy efficiency measures in buildings, cooling is expected to gain more importance than heating. 507 
Moreover, sewage is available with continuity of flow in large cities and represents an interesting 508 
thermal medium for heat source (in heating) and rejection (in cooling). The coexistence of heating 509 
and cooling loads in commercial buildings with sewage availability should be the driver for future 510 
researches on the potential of heating and cooling technologies complimented by sewage heat 511 
recovery.  512 

However, the analysis has also shown that the sewage heat recovery system is a rather expensive 513 
technology, and margin should exist to lower the associated investment costs and foster the 514 
replication of this solution. Moreover, frequent cleaning operations are needed. Cleaning frequency 515 
is tightly linked to sizing and an optimum size of sewage heat recovery system, heat pump and heat 516 
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storage that allows maintaining cleaning at a manageable, cost-effective frequency must be pursued 517 
at design stage.  518 
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Appendix A 530 

Table A1. Model results and manufacturer’s data in heating mode (H) and cooling mode (C). 531 

𝑻𝒄𝒘𝒊 

(°C) 
𝑻𝒄𝒘𝒐 

(°C) 
𝑻𝒉𝒘𝒊 

(°C) 
𝑻𝒉𝒘𝒐 

(°C) 
�̇�𝒄𝒘 

(kg/s) 
�̇�𝒉𝒘 

(kg/s) 

mode 

(H/C) 

EER/COP 

model 

EER/COP 

manuf. 

error 

(%) 

12.0 7.0 50.0 60.0 28.2 19.1 H 3.62 3.64 -0.6 

13.0 9.3 52.5 60.0 28.2 19.1 H 3.7 3.56 3.9 

14.0 11.5 55.0 60.0 28.2 19.1 H 3.48 3.43 1.4 

15.0 13.8 57.5 60.0 28.2 19.1 H 3.05 3.14 -2.7 

12.0 7.0 30.0 35.0 34.6 41.0 C 5.24 5.09 3 

10.7 7.0 26.0 29.7 34.6 41.0 C 6.36 5.98 6.4 

9.5 7.0 22.0 24.4 34.6 41.0 C 6.89 6.77 1.7 

8.2 6.0 18.0 20.2 34.6 41.0 C 5.68 5.84 -2.9 

 532 

Table A2. Sewage heat exchanger model parameters. 533 

Parameter Value Unit 
𝑒  0.1 kWh/kg 

𝜏 260 h 
𝑡  33 h 
𝜀 0.6 - 

 534 

Table A3. Building model input figures. 535 

Parameter Value Unit 

UA room air-outdoor air 26.8 kW/K 

UA room air-envelope 120 kW/K 

thermal capacity of room air 87 MJ/K 

thermal capacity of envelope 1448 MJ/K 

occupation density 0.07 p/m2 
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internal gain 15 W/m2 

ventilation 1 1/h 

infiltration 0.2 1/h 

solar radiation gain ratio 0.005 - 

comfort hours 8–21  

heating/cooling active hours 4–21  

cooling setpoint temperature 24 °C 

heating setpoint temperature 22 °C 

 536 

Table A4. Network design parameters for the reference scenario. 537 

Parameter Value Unit 

peak heating load 1050 kW 

peak cooling load 1000 kW 

temperature difference, heating 10 K 

temperature difference, cooling 7 K 

volumetric flow rate 123 m3/h 

pipe length (one way) 1000 m 

water velocity 1.6 m/s 

backbone pipe internal diameter 160 mm 

backbone pipe external diameter 168 mm 

backbone insulation diameter 250 mm 

pressure drop (pipeline only) 300 kPa 

pressure drop (total, including HXs) 350 kPa 

 538 

Table A5. Specific investment costs. 539 

Item Cost Unit 
Useful 
life (y) 

Annuity 
factor (2.5%) 

heat storage 13344 𝑉 .  €/m3 40 25.7 

substation 35 €/kW 20 16 

pipeline 600 €/m 40 25.7 

sewage screening and HX     

a) machinery 3784 € h/m3 15 12.7 

b) construction 5016 € h/m3 60 31.7 

PV plant 1400 €/kWp 25 18.9 

screw chiller / heat pump 150 €/kWt 15 12.7 
 540 

Table A6. CAPEX of the reference system. 541 

Item Cost 
Useful 
life (y) 

Annuity 
(2.5%) 
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air-source HPs (15 x 100 kW) 510,000 10 56,851 

hydraulics and electrical wiring 153,000 10 17,055 

total 663,000  73,906 

 542 

Table A7. Energy performance of the reference system. 543 

Figure Value Unit 

annual heating demand 1266 MWh 

annual cooling demand 912 MWh 

annual heating and cooling demand 2178 MWh 

heating demand system level (+5% losses) 1330 MWh 

cooling demand system level (+5% losses) 957 MWh 

COP (heating, seasonal) 2.41 - 

EER (cooling, seasonal) 3.27 - 

Electricity demand 845 MWh 

 544 

Table A8. OPEX of the reference system. 545 

Cost item Value (€) 

maintenance (1.5%) 7,650 

electricity purchase 126,708 

total 134,358 

 546 

Table A9. LCOHC of the reference system. 547 

Cost item 
Value 

(€/MWh) 

CAPEX  33.9 

OPEX  61.7 

total 95.6 

 548 
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