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Abstract

:

This article presents the potential of heat recovery from wastewater with an example of a wastewater treatment plant (WWTP) in Mokrawica, which is located in the West Pomeranian region of Poland. A thorough literature review discusses the relevance of the topic and shows examples of heat recovery conducted with heat pumps. Raw and treated wastewater are mostly used as heat sources, with the latter achieving higher thermal capacities. Heat recovery from a biological treatment process is rarely implemented and requires more detailed studies on this subject. The proposed methodology for estimating possible heat recovered from wastewater, requiring heating and cooling capacities, as well as the coefficient of performance (COP) of a heat pump, is based on only three parameters: wastewater volumetric flow, wastewater temperature, and the required temperature for heating or air-conditioning. The heat recovery potential was determined for different parts of WWTP processes, i.e., the sand box, aeration chamber, secondary sedimentation tank, and treated sewage disposal. The average values of 309–451 kW and a minimum of 58–68 kW in winter were determined. The results also indicate that, depending on the location of the heat recovery, it is possible to obtain from wastewater between 57.9 kW and 93.8 kW of heat or transfer to wastewater from 185.9 to 228.2 kW. To improve biological treatment processes in the winter season, wastewater should be preheated with a minimum of 349–356 kW that can be recovered from the treated wastewater. The heat transferred to the wastewater from the air-conditioning system amounts to 138–141 kW. By comparing the required cooling and heating capacities with the available resources, it is possible to fully recover or transfer the heat for central heating, hot water, and air conditioning of the building. Partial preheating of wastewater during the treatment process requires further analysis.
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1. Introduction


In recent years, there has been a growing interest in using low-temperature heat found in wastewater, right from the wastewater generation point, along the sewage pipes, and up to the wastewater treatment plant [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25]. This is due to the fact that traditional conventional heating technologies based on the combustion of solid, liquid, or gaseous fuels are limited in terms of availability and quantity of fossil fuel, the efficiency of combustion heat utilization, and environmental pollution. Therefore, the development of low-carbon energy generation technologies in accordance with the idea of sustainable development is gaining momentum. A significant increase in the application of heat pumps as alternative high-efficiency heating devices has been observed [26,27,28,29].



Municipal wastewater is considered a very good, stable source of heat, with relatively high temperature and volume flux [30,31,32]. The heat from wastewater does not have a high enough temperature to be used directly for heating domestic hot water or buildings but can be used to recover heat with heat pumps [1,12,33]. Heat can be recovered from both raw wastewater, during the treatment process, and after treatment [34,35].



An important limitation when using untreated wastewater for the purpose of heat recovery is the influent temperature, which is a parameter that closely affects the rate of pollutant decomposition in biological treatment processes. These processes die down when the temperature is lowered below 5 °C [36,37]. Elias-Maxil [38] describes a case where a rapid decrease in the temperature for a few hours (due to precipitation) did not negatively affect the biological processes due to the high thermal inertia of the wastewater and the retention time in the tanks. In case of a longer decrease in temperature (longer precipitation), a slowing down of the nitrification process by 10% was observed for a temperature decrease of 1 °K.



It is worth noting that the solubility of oxygen and the related amount of air necessary for the aeration process change with the change in wastewater temperature [39,40,41,42]. The aeration process is one of the most energy-consuming processes in a WWTP [39,43]. As a result of heat recovery, the temperature decreases, which causes a reduction in the amount of aeration air, and thus a reduction in the energy consumption of the treatment plant.



A study conducted by Cecconet et al. [44] has shown that in case of increased widespread wastewater heat recovery for buildings’ own use, there is a risk of a significant change in the temperature of the wastewater entering the treatment plant.



Kretschmer et al. [45] presented a procedure for identifying and evaluating potential wastewater heat recovery sites based on temperature changes along the sewer network. The proposed evaluation criteria include both the correlation between the heat recovery potential and the heat demand, as well as the effect of recovery on the temperature of the wastewater flowing into the treatment plant.



Different studies [1,7,12,27,30,34,44,46,47,48,49] presented a review of possible solutions for obtaining residual heat for central heating and hot water of buildings.



Shen et al. [31] discussed heat pump exchangers used for heat recovery in a wastewater treatment plant (WWTP), along with a description of their surface cleaning capabilities. The authors also indicated that contaminants smaller than 4 mm in size are the main cause of surface contamination. Typical solutions for indirect or direct heat exchange between wastewater and heat pump are compact exchangers: plate, shell-and-tube, spray, or immersion type. In addition to the previously mentioned, HDPE coils can also be used.



Thermal energy can be recovered from wastewater in a direct or indirect way [49,50]. The direct method faces the issue of the size and volume of refrigerant for the heat pump installation or the need to pump the wastewater through the heat pump exchanger. On the other hand, the indirect method is regarded as more universal, also enabling heat recovery from unprocessed wastewater [51]. However, this method requires higher initial investments due to the use of heat exchange intermediary circuits and the problems of contamination of the exchanger’s surfaces [34].



Examples of heat recovery using a heat pump are listed in Table 1. Generally, both raw and treated wastewater are used as a heat source, with the latter achieving higher thermal capacities. Heat recovery from biological treatment sites is a rare solution and there are no detailed studies on this subject.



This paper explores the potential of heat recovery from a WWTP by integrating a heat pump system. A methodology for estimating heat resources and the required heat capacities of a heat pump was proposed based on only three parameters: wastewater volumetric flow, wastewater temperature, and the required temperature for heating purposes.



Based on the measurement data, the heat recovery potential of the WWTP at specific locations and for different stages of wastewater treatment was determined. The calculations show: (1) how much heat could be supplied by a heat pump under the existing conditions over the year; (2) what cooling capacities can be provided by the heat pump for air-conditioning; (3) how much heat is needed for preheating of wastewater to improve biological treatment processes in the winter season.




2. Methodology


2.1. Facility/System Description


Wastewater test results were obtained from PGK in Kamien Pomorski, Poland. Based on those results, the possibility of heat recovery from the Mokrawica wastewater treatment plant (WWTP) was calculated for the different stages of wastewater treatment.



The studied site is located in Mokrawica village, which is situated in West Pomeranian Voivodeship, Kamień Pomorski County and Municipality.



Pollution load is estimated to be about 10,000 people equivalents (P.E.), without local heavy industry.



The quality of treated sewage meets the following requirements [54]:



BOD: 15 g O2/m3, COD: 125 g O2/m3, total suspension: 35 g/m3, nitrogen total: 15 g N/m3, phosphorus total: 2 g P/m3,



Wastewater influent [55]:



without rainfall: Qh,max = 359 m3/h,



with rainfall: Qh,max = 669 m3/h.



The facility implements the wastewater treatment process using a modification of the Bardenpho (A2/O) three-stage system, involving the use of additional chambers: transitional nitrification, providing extended aeration time with enhanced biological phosphatation, and predenitrification/retention, for initial denitrification of recycled sludge or wastewater collection [55].



The basic layout of the studied WWTP is shown in Figure 1.




2.2. Meteorological Data


According to the data [56,57], the Kamien Pomorski commune is located in region A—Baltic Climate—which occurs in a narrow strip along the coast and is characterised by warm winters, generally cool summers, and relatively frequent strong winds. The climate is mild, with a long growing season with plenty of precipitation. The average annual temperature: 8–8.5 °C; average January temperature: −0.5–−1.0 °C; average July temperature: 17–17.5 °C; average annual precipitation: 525–575 mm.




2.3. Measurement Data of Wastewater Treatment Process Parameters


The facility uses a system for monitoring parameters at various stages of the wastewater treatment process, which makes it possible to observe and evaluate the correctness of its course.



The location of the measurement points of selected parameters is marked on the installation diagram (Figure 1). This paper analyzes the results of measurements recorded over a period of one year (September 2019–October 2020).



Figure 2 summarizes the average monthly wastewater flow rates and temperature recorded over a one-year period (September 2019–October 2020). The lowest average temperatures and wastewater flow rates were recorded in February (9.5 °C) and April (33.1 m3/h), respectively. The annual variability profiles of the parameters at the input and output of the WWTP are similar. The effluent temperature at the outlet of the WWTP is slightly higher during the warmer seasons, which may be due to more sunshine during this period. The difference in the values of raw and treated wastewater streams is almost constant over the studied period and may be due to the failure to account for the amount of wastewater being hauled to the disposal station and/or the measurement uncertainty of the large volume streams.



The relationship between the monthly average outdoor air temperature and the temperature of raw wastewater flowing into the treatment plant is shown in Figure 3. There is a strong correlation between outdoor temperature and wastewater temperature. The lowest average raw wastewater temperature occurs in February (9.5 °C). This indicates the possibility of heat recovery from influent wastewater even in the coldest seasons of the year. It is important to remember not to excessively inhibit or stop the processes of biological treatment of wastewater below a certain temperature (below 5 °C).



Wastewater flowing into the plant is characterized by relatively high temperature and volume flux, which predisposes it to be a stable source of waste heat for the heat pump. The application of a heat pump as a low-emission, highly efficient heating device is consistent with the EU climate policy and fits well with the idea of sustainable development.




2.4. Calculation Model


The heat flux recoverable from wastewater (    Q ˙   h r    ) depends on the amount and specific heat of the wastewater and the wastewater temperature reduction in the heat recovery exchanger:


    Q ˙   h r   = ρ ·  V ˙  ·  c w  · Δ T  



(1)




where:



ρ—wastewater density, assumed as 1000 (kg/m3),



  V ˙  —wastewater volume flux, (m3/s),



cw—wastewater specific heat, assumed as 4.19 (kJ/kgK),



ΔT—temperature difference of wastewater at the inlet and outlet of the heat recovery exchanger (K).



As a result of heat recovery, the temperature of wastewater will change. The resulting temperature difference (ΔT) was calculated with the following limitations: (1) in order to maintain a safety margin for the proper process of wastewater treatment, a minimum wastewater temperature of 8 °C was assumed; (2) in the case of heat discharge, the upper limit of the temperature to which the wastewater can be heated cannot exceed 30–35 °C, due to the rapid decline and decay of the treatment processes [37].



As part of the analysis, the following locations for installing the heat recovery installation at the Mokrawica WWTP will be considered: sand box, aeration chamber, secondary sedimentation tank, and treated sewage disposal (Figure 1).



The recovered heat can be used for the plant’s own needs, e.g., heating of the building and hot water preparation, heating of wastewater at the beginning of the biological treatment process, e.g., in the sand box or aeration chamber, as well as for air conditioning of the office buildings.



In the case of utilizing the heat recovered from wastewater for the plant’s own needs, it was assumed that this process would be carried out by a heat pump. Knowing the coefficient of performance (COP) of the unit and the heat capacity of one of the heat sources, the other one can be determined from the formula:


   Q c  =  Q h  ·  (  1 −  1  C O P    )   



(2)




where:



Qc—heat output of the heat source (cooling capacity) (kW),



Qh—heat output of the heat sink (heating capacity) (kW),



COP—coefficient of performance (-).



Depending on the heat pump’s operating parameters, the power required for running the compressor in order to meet the heating demand differs. The COP can be calculated as:


  C O P =    Q h   P   



(3)




where:



Qh—heat supplied by a heat pump (W),



P—compressor power (W).



Determining COP from Equation (3) requires thermodynamic simulations of a heat pump cycle at various operating conditions. The performance prediction of different working fluids can be obtained from system modeling and experiments [48]. Determination was performed with the use of REFPROP software [58]. Basic input data for the calculation of the heat pump’s COP include evaporation and condensation temperatures, superheating of vapour refrigerant, subcooling of liquid refrigerant, isentropic efficiency of a compressor, type of working fluid (refrigerant properties), and type of vapour compression cycle. Full system modeling or detailed experimentation are costly and time-consuming.



Based on a comparison of 155 case studies on the use of industrial heat pumps, Schlosser et al. [59] proposed an empirical model to determine, with high accuracy, the COP of a heat pump depending only on the values of the heat sink temperature and the temperature difference of a heat source and sink over a wide range of variation of these parameters. The COP is determined from the formula [59]:


  C O P = a ·    (  Δ  T  l i f t   + 2 · b  )   c  ·    (   T h  + b  )   d   



(4)




where:



ΔTlift—temperature difference between the heat source and heat sink (K),



Th –heat sink temperature (K),



a, b, c, d—regression coefficients (-), assumed as a = 1.4480 × 1012, b = 88.730, c = −4.9460, d = 0.0000—as for standard and high-temperature heat pumps with HFC or HFO refrigerant [59].



Heat can be transferred from wastewater to the heat pump with a direct expansion heat exchanger (direct system) or a secondary fluid circuit (indirect system). The latter is less efficient due to additional heat exchange and temperature difference between the refrigerant and secondary fluid, as well as extra pump work required in the secondary circuit. To calculate COP from Equation (4) for the indirect system, an additional 5 K difference between heat transfer fluid and wastewater temperature must be taken into account [59].



This method of determining COP is convenient for use in general analyses because it is based on existing systems and does not require additional calculations of the heat pump thermodynamic cycle at various operating conditions.





3. Results and Discussion


3.1. Evaluation of the Heat Recovery Potential


Based on Equation (1), a general function of the available waste heat resource was determined as a function of the wastewater flow rate and temperature reduction rate. The results are illustrated in Figure 4 and are in line with the available literature [45].



The available heat resource increases with the increase in wastewater flow and the temperature difference. Knowing the heat demand, the expected decrease in wastewater temperature due to heat recovery can be determined. Knowing how much the wastewater can be cooled determines the resources available for use.



The results can also be used to estimate the amount of heat that can be discharged to wastewater, e.g., from the air conditioning system. In this case, ΔT will mean the difference between the temperature to which the wastewater is heated as a result of transferring heat to it, and the temperature of the wastewater.



During the analyses, it is important to remember the limits of wastewater temperature changes due to the processes of biological treatment taking place in the WWTP. Wastewater temperatures recommended in Polish conditions should not exceed the range of 5–35 °C [36,37].



Figure 5 and Figure 6 show measurement data for the flow and temperature of raw and treated wastewater, respectively, at the inlet and outlet of the treatment plant. Based on that information, the available heat resource was determined from Equation (1). The minimum value of the temperature to which the wastewater can be cooled as a result of heat recovery was assumed as 8 °C.



A large fluctuation of instantaneous wastewater flow and proportionally related variation of heat recovery potential is observed. Such large deviations from the average value may result from the occurrence of periodic precipitation or be due to measurement error. The trend line of the average heat resource is similar to that of the wastewater temperature, but with a higher amplitude. The average flow of influent is between 33.1 m3/h (in April 2020) and 57.5 m3/h (in February 2020). The lowest mean wastewater temperature recorded occurred in winter (February) and was 9.5 °C. The average values of heat recovery potential are about 0.31 MW and 0.45 MW, with a minimum of 0.068 MW and 0.058 MW for raw and treated wastewater, respectively. Considering the possible reduction in exchanger performance (up to 50% [34]) as a result of surface fouling, it is advisable to introduce an appropriate safety factor and/or a heat exchanger that allows for periodic cleaning of its surface. In practice, the heat recovery potential of treated wastewater is higher due to the absence of temperature limitations on the wastewater discharge.




3.2. Analysis of Selected Solution Alternatives


Thermodynamic simulations of a heat pump cycle were performed for different refrigerants. The COP was calculated according to Equation (3) with the following assumptions. The heat sink temperature level was considered to be at a constant level required to supply heating. Depending on the type of heat exchanger and transfer system (direct, indirect), the temperature difference between the wastewater and evaporating refrigerant will vary, typically in the range of 5–10 K. A value of 8 K was assumed in the calculations. The values of superheating, subcooling, and isentropic efficiency in a single-stage heat pump cycle were adopted as typical for the operation of a compact unit with the heat source and heat sink at a constant temperature. Depending on the operating parameters, those values might vary, and could be optimized [60,61,62]. The operating parameters of the heat pump used in the analysis are summarized in Table 2.



The results of thermodynamic simulations of heat pump cycles with different refrigerants are shown in Figure 7. The COP varies depending on the refrigerant and month (wastewater temperature in a given period of time). The lowest values occur in winter and the highest in summer. Absolute differences in the COP values are up to ΔCOP = 0.5–0.64 for selected refrigerants. This shows that the choice of refrigerant used in the heat pump has a significant impact on the ratio of heating capacity to compressor power input.



Additionally, the COP calculated from Equation (4) was also shown in Figure 7. The obtained results are within the average value of COP for different refrigerants. Hence, Equation (4) can be used as a general prediction of the COP variability for further analysis.



Heat recovery was considered for the following locations along the technological process of the Mokrawica WWTP (Figure 1): (A) sand box, (B) aeration chamber, (C) secondary sedimentation tank, and (D) treated sewage disposal. In these places, the heat recovery potential (Qhr) was determined from Equation (1). Calculations were made for the minimum values of wastewater temperature (tmin) and flow (Vmin) recorded in the considered period. It was assumed that as a result of recovery, the wastewater can be cooled down to 8 °C. The input data and results are in Table 3.



Depending on the choice of heat recovery location, between 57.9 kW and 93.8 kW of heat can be obtained.



Similarly, the potential for heat removal from an air-conditioning system was determined. Considering that wastewater can only be heated to 25 °C in summer, between 185.9 kW and 228.2 kW of heat can be transferred to the wastewater. The results are shown in Table 4. A greater amount of heat can be transferred to wastewater in the summer, compared to the amount that can be recovered in winter, which results from the greater temperature difference (ΔT) between the actual (tmax) and allowed temperature (25 °C).



The heating and cooling demand of the building is 60 kW and 120 kW, respectively [55]. When analysing the possibility of heating wastewater to the temperature optimal for biological processes in winter, the target temperature of 20 °C was adopted. Data for calculations and results are presented in Table 5. The capacity required for the heating and cooling needs inside the facility range from 60 to more than 400 kW. The demand for central heating, hot water, and air-conditioning is much lower than for optimizing the conditions of the biological process.



The capacity of the heat pump’s source (Qc) and sink (Qh) was estimated using Equation (2), based on the required heating and cooling demand (Table 5) and the COP determined from relation (4). It was assumed that the heat pump will provide a temperature of 50 °C for heating and hot water of the building (case 1, Table 6) and 20 °C for heating wastewater in the sand box and aeration chamber (cases 2 and 3, Table 6) by recovering heat from wastewater at 9.5 °C. The air-conditioning system (case 4, Table 6) will produce chilled water at 7 °C and transfer the heat taken from the building to the wastewater at 20 °C. Direct expansion (direct) and indirect (secondary fluid circuit) heat transfer systems were considered (cases a and b, Table 6), with an additional 5 K temperature difference (ΔTlift) between heat transfer fluid and wastewater for the indirect system. The heat source (tc) and heat sink (th) temperatures and the results are summarized in Table 6.



Calculation results indicate that 43–45 kW of heat must be recovered from wastewater for heating and hot water, depending on the choice of direct or indirect system. In order to heat the wastewater at the beginning of the biological treatment process, it is necessary to recover about 349–356 kW from the treated wastewater. The heat transferred to wastewater from the air-conditioning system amounts to 138–141 kW. Indirect heat transfer systems have lower COP values than direct ones, which will result in higher energy consumption. The heat pump COP is within the range reported in Table 1 for heating and domestic hot water. A small temperature difference between the heat source and heat sink for other purposes results in high COP.



In the investigated treatment plant there are small heat resources compared to the installations listed in Table 1. However, a comparison of determined waste heat resources (cases A–D) with needs (cases 1–4), indicates the possibility of full realization of cases 1 and 4. The partial realization of cases 2 and 3 requires further analysis.





4. Conclusions


Heat recovery from wastewater is an interesting and current topic. The paper explores the potential of heat recovery from a WWTP by integrating a heat pump system, presented on the example of the Mokrawica wastewater treatment plant, located in the West Pomeranian region of Poland. The proposed methodology for estimating heat resources and the required heat capacities and COP of a heat pump is based on only three parameters: wastewater volumetric flow, wastewater temperature, and the required temperature for heating or air-conditioning purposes. The heat recovery potential is determined for different stages of wastewater treatment in the studied WWTP. The results also indicate what cooling capacities can be provided by the heat pump for air-conditioning in the summer. The amount of heat that could be supplied by a heat pump under existing conditions over a year for purpose of heating and domestic hot water, as well as for preheating wastewater to improve biological treatment processes in the winter season was also evaluated.
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Figure 1. Operational diagram of the Mokrawica WWTP: 1. Wastewater inflow, 2. Screen, 3. Sand box, 4. Predenitrification/retention chamber, 5. Anaerobic chamber, 6. Anoxic chamber, 7. Transitional nitrification, 8. Aeration chamber, 9. Secondary sedimentation tank, 10. Treated sewage disposal; A, B, C, D—Proposed heat recovery location, F—flowmeter, T—temperature measurement. 
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Figure 2. Wastewater flow and temperature variation during the year. 
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Figure 3. Correlation between wastewater temperature and air temperature. 
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Figure 4. Available waste heat resource. 
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Figure 5. Heat recovery potential of raw wastewater. 
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Figure 6. Potential for heat recovery from treated wastewater. 
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Figure 7. COP variation of a heat pump with selected refrigerants over a year. 
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Table 1. Heat recovery from sewage—examples from around the world [4,34,47,51,52,53].
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	City/Country
	System Supplier
	Arrangement
	HP Capacity/COP
	Purpose
	Year





	Southeast False Creek, BC, Canada
	IWS Sewage SHARC
	Raw wastewater, screened, passed to shell and tube heat exchanger
	2.7 MW
	Heating + Hot water
	2010



	Wintower, Winterthur, Switzerland
	Huber Technology RoWin
	Raw wastewater, screened and passed to a collector with a heat exchanger
	1.5 MW,

COP 5–6
	Heating + Hot water + Cooling
	2011



	Dietikon (Zürich), Switzerland
	Huber Technology ThermWin
	Raw wastewater, screened and passed to a collector with a heat exchanger
	4.0 MW COP 5,5
	Heating + Hot water NH3 supply 40 °C
	2018



	Sandvika, Oslo, Norwey
	Friotherm AG
	10 °C raw wastewater, screened, passed to shell and tube heat exchanger
	2 × 6.5 MW + 2 × 4.5 MW, COP 3.10
	Heating R 134a supply 68 °C + Cooling
	1998 (2008)



	Sköyen Vest, Oslo, Norwey
	Hafslund Fjernvarme AS
	10 °C Raw wastewater, screened, passed to shell and tube heat exchanger
	28 MW,

COP 2.8
	Heating R 134a supply 90 °C
	2005 (2008)



	Budapest Military Hospital, Węgry
	Thermowatt Ltd.
	Raw wastewater screened and passed to a collector with a heat exchanger
	3.8 MW + 3.4 MW, COP 6–7
	Heating/Cooling
	2014



	Budapest Sewage Works, Hungry
	Thermowatt Ltd.
	Raw wastewater screened and passed to a collector with a heat exchanger
	1.23 MW,

COP 4,5
	Heating/Cooling
	2012



	Postal office of Muelligen/Schliern, SwitzerlandDH
	EWZ utility
	8 to 102C effluent pumped into an evaporator of HP
	5.5 MW
	Heating + Cooling, uses NH3, hot water supply 65 °C
	2006



	Suomenoja Espoo, Finland
	Fortum Energi
	Effluent pumped into an evaporator of HP
	2 × 20 MW + 2 × 14.5 MW, COP 3.0
	Heating + Hot water
	2014



	Katri Vala, Helsinki, Finland
	Friotherm AG
	10 °C effluent pumped into an evaporator of HP
	3 × 30 MW + 2 × 30 MW, COP 3.5
	Heating + Cooling, uses R 134a, hot water supply 88 °C
	2006



	Kakola, Turku, Finland
	Friotherm AG
	10 °C effluent pumped into an evaporator of HP
	2 × 10 MW + 2 × 30 MW, COP 3.3
	Heating + Cooling, uses R 134a, hot water supply 78 °C
	2006



	Ryaverket, Gothenburg, Sweden
	Gӧteborg Energi
	Effluent pumped into an evaporator of HP
	2 × 50 MW + 2 × 30 MW, COP 3
	Heating + Hot water
	2009



	Hammarby Stockholm, Sweden
	Fortum Energi
	Effluent pumped into an evaporator of HP
	5 HP producing a total of 131 MW, COP 3.0
	Heating + Hot water
	1986–1991–1997



	Lund, Sweden
	Lund Energi
	8 to 16 °C effluent pumped into an evaporator of HP
	1 × 13 MW + 2 × 40 MW, COP 3.3
	Heating + Hot water + Cooling uses R-134a, hot water supply 80 to 90 °C
	1984 (2003)



	Helsingborg,

Sweden
	-
	Sewage water
	1 × 27 MW,

COP 3.0
	Heating + Hot water + Cooling
	1996



	Kalundborg Denmark
	Kalundborg Forsyning A/S
	20 °C effluent pumped into an evaporator of HP
	10 MW,
	Kalundborg Denmark
	2017



	Lillestrøm, Norway
	-
	Sewage water
	4.3 MW

COP
	Heating + Hot water + Cooling
	2003



	Harbin,

China
	-
	Recovery heat from sewage treated into the feedwater stream
	Cooling capacity—580 kW

COP 4.2

Heating capacity 714 kW
	Heating of untreated sewage
	-



	Grudziądz,

Poland
	-
	Sewage treated
	2 × 82.6 kW

COP 4.0
	Heating + Hot water
	2002



	Dziarny,

Poland
	-
	Sewage from the secondary settling tank
	-
	drying of sewage sludge
	2006
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Table 2. Parameters for a single-stage heat pump cycle.
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	Parameter
	Unit
	Value





	Evaporation temperature
	°C
	raw wastewater temperature −8 K



	Condensation temperature
	°C
	55



	Superheating of vapour at the evaporator outlet
	K
	4



	Subcooling of liquid at the condenser outlet
	K
	2



	Compressor isentropic efficiency
	-
	0.7
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Table 3. Results of calculations of the heat recovery potential from wastewater at different locations at the treatment plant.
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	Case
	Heat Recovery Location
	Vmin (m3/h)
	tmin (°C)
	ΔT (K)
	Qhr (kW)





	A
	Sand box
	33.1
	9.5
	1.5
	57.9



	B
	Aeration chamber
	33.1
	9.5
	1.5
	57.9



	C
	Secondary sedimentation tank
	53.8
	9.5
	1.5
	93.8



	D
	Treated sewage disposal
	44.4
	9.5
	1.5
	77.4
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Table 4. Results of calculating the potential for heat discharge to wastewater at different locations at the treatment plant during summer.
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	Case
	Heat Rejection Location
	Vmin (m3/h)
	tmax (°C)
	ΔT (K)
	Qhr (kW)





	A
	Sand box/Anaerobic chamber
	33.1
	19.1
	5.9
	228.2



	B
	Aeration chamber
	33.1
	19.2
	5.8
	223.7



	C
	Secondary sedimentation tank
	53.8
	21.4
	3.6
	225.2



	D
	Treated sewage disposal
	44.4
	21.4
	3.6
	185.9
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Table 5. The required heating and cooling capacity at different locations at the treatment plant.
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	Case
	Location
	Vmin (m3/h)
	tmin (°C)
	ΔT (K)
	Qh (kW)





	1
	Heating and hot water
	-
	-
	-
	60



	2
	Sand box
	33.1
	9.5
	10.5
	405



	3
	Aeration chamber
	33.1
	9.5
	10.5
	405



	
	
	Vmin (m3/h)
	tmin (°C)
	ΔT (K)
	Qc (kW)



	4
	Air-conditioning
	-
	-
	-
	120
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Table 6. Calculation results for the required capacity of the heat pump’s heat source and sink.
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	Case
	Heat Transfer System
	Qh (kW)
	th (°C)
	tc (°C)
	ΔTlift (K)
	COP
	Qc (kW)





	1a
	direct
	60
	50
	9.5
	40.5
	3.94
	44.8



	1b
	indirect
	60
	55
	9.5
	45.5
	3.52
	43.0



	2a, 3a
	direct
	405
	20
	9.5
	10.5
	8.19
	355.6



	2b, 3b
	indirect
	405
	25
	9.5
	15.5
	7.19
	348.7



	
	
	Qc (kW)
	th (°C)
	tc (°C)
	ΔTlift (K)
	COP
	Qh (kW)



	4a
	direct
	120
	20
	7
	13
	7.67
	138.0



	4b
	indirect
	120
	25
	7
	18
	6.75
	140.9
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