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Abstract: The building sector contributes a large ratio of final energy consumption, and improving building energy efficiency is expected to play a significant role in mitigating its carbon dioxide emission. Herein, we collected the on-site measurement data to investigate the techno-economic performances of different heat pump types that exist in building space heating projects in Qingdao, China. An in-depth analysis revealed the temperature variations of measured low-grade heat sources over the whole heating supply period, and urban sewage water shows high stable heat energy quality compared with seawater and geothermal heat resources. Operational behaviors including cycling inlet and outlet temperature of the selected heat pumps were illustrated, and analysis evaluated detailed effects of operational parameters on energy efficiency performances. Then the relationship between COPs distributions of heat pumps and operational conditions was examined further, and the positive effect of the rising temperature of heat sources on energy efficiency improvement of heat pump is highlighted when the heating supply temperature is higher. Furthermore, we analyzed the economic and carbon emission performance of the heat pump system, and results show that electricity price plays a vital role in the lifespan energy cost saving potential, and the heat pump could serve as a promising approach in reducing CO2 related to the building space heating. Finally, we recommended suggestions for improving the overall energy efficiency and cost competitiveness of decentralized heat pump systems for building space heating.
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1  Introduction

The building sector accounts for a large proportion of final social energy consumption, and the energy efficiency improvement of district heating is expected to play a key role in mitigating carbon dioxide emission [1,2]. For instance, China has undergone rapid industrialization and urbanization since 1980, the building energy consumption experienced a steady growth. According to the Annual Report on China Building Energy Efficiency 2020 [3,4], energy consumption for building construction and operation shared around 37% of the social energy usage in 2018, and central building heating energy consumption in north China is responsible for around 20% of total energy consumption in 2018. The carbon dioxide emission from building sector presents a continuous rising trend and is expected to reach the peak value in around 2040. It may create significant challenges as the Chinese government’s commitment for carbon dioxide emissions to peak by 2030 or making best efforts to peak earlier [5].

The current urban large-scale district heating network is mainly supported by centralized coal-fired heat boiler or combined heating and power plant in China, the energy consumption in district heating increased has tripled over the last decades, and heat energy loss in primary heating network is large due to the high domestic hot water supply temperature and long transmission distance [6]. Meanwhile, fossil fuel burning related fine particulate matter (PM2.5) has brought serious challenges to environmental protection in China, especially when the annual urban central heating supply period begins [7]. Meanwhile, in order to encourage the sustainable development, financial incentives offered by the local government has accelerated the deployment and reform of the “Clean Heating”, exploitation of alternative heat resources is expected to play a crucial role in achieving low-carbon heating supply [8]. Meanwhile, the government also pays rising attention to explore energy efficiency measures in heating sector, including technology innovations and relevant subsidies [9,10]. Heat pump is recognized as one of the promising solution that have attracted increasing attention for realizing energy efficiency in building space heating. Heat pump has been strongly pursued and their installed capacity increased rapidly in China [11–13].

2  Literature Review

In order to make district heating system more energy efficient and flexible, there is a transition toward bidirectional lower temperature networks design in 5th Generation District Heating [14], lower temperature heating system has two implications: improved opportunities to exploit alternatives of low-grade heat sources and less distribution loss that generates heat in close to the end-user [15]. The decentralized low-temperature heating supply system has been widely investigated and applied for the reduction of primary energy consumption [16].

Numerous studies have conducted the modeling design [17], simulation analysis [18] and field test [19] of different heat pump technologies. As temperature-dependent heating upgrading technologies, the energy efficiency of heat pump highly depends on the availability and quality of low-grade heat sources. The heat pump system could extract heat energy from air, water and ground source during the operation process, its overall performance highly depends on the operational conditions [20,21]. In order to achieve cost-effectiveness application of heat pump in building heating, a stable heat source is important [22,23]. Commercial air source heat pumps had gained popularity for space heating or hot water supply in the residential sector over recent decades due to the simple operation and low maintenance cost [24]. However, its coefficient of performance (COP) might drop sharply with the decreasing of the ambient temperature [20,24]. Cold air would reduce the heating capacity of the air source heat pump and lead to unreliable heating generation [25]. Thus, it would be less cost-competitiveness [26], even shorten the lifespan of the compressor in cold region application, due to the frost over the evaporator and large compression ratio [27,28]. To overcome the shortcoming, a combination of heat pumps and solar thermal systems also have been studied in relevant literature [29,30]. However it is important to optimize the size of the components, it would cause a cost burden for the user due to over-sized capacity or low annual load factor [18]. The exploitation of alternative heat source such as water and geothermal have attracted significant attention.

A geothermal heat pumps could be considered as a renewable energy system, mainly because of their use of geothermal energy [31]. And it could perform efficiently when the depth of heat take is enough due to the stable thermal property of the soil [32]. Meanwhile, with continuous capital cost drop and efficiency improvement, geothermal source heat pump is also expected to deliver significant cost savings compared with traditional district heating [33]. It is also worth noting that the decrease in annual mean temperature of the ground becomes is negligible after long-term operation of the heat pump in heating supply mode [34]. Field measurement has found that more heat extraction than rejection leads to falling tendency of ground source water temperature [19]. Therefore, in order to maintain the energy efficiency of the ground source heat pump, balance the seasonal loads of the borehole heat exchanger is essential [35].

The seawater heat pump could be used for domestic heating or cooling supply in coastal cities, and its applications in Sweden, Norway and China were widely reported [11]. However, its expansion is highly constrained by geographical availability, seawater temperature is sensitive to the ambient temperature, a stable heat source is also a concern for successful application of seawater heat pump [36]. Meanwhile, corrosion and microbial attachment on heat exchanger may worsen the heat extraction ability of the heat pump unit. Seawater temperature is a critical factor influencing the energy efficiency of the heat pump, it is also important to prevent freezing when the outside is severely cold [37,38]. In order to extract heat more reliable, researchers suggested renovations in the heat exchange process [37,39].

Urban sewage water is generally composed of bathing, cooking and cleaning, etc., and the temperature is high due to the urban domestic and industrial activities. The temperature value of wastewater is generally not lower than 10°C in heating period, there existed the great potential for heat recovery [40]. For example, urban wastewater temperature could be 20°C higher than the ambient temperature during the winter period in Beijing, China, and almost 40% of the urban produced heat is sent to the sewerage system as waste heat [41]. Harnessing heat of reclaimed water from the sewage treatment plant is becoming a sustainable choice for the development of energy-efficient heat pump. Urban sewage water contains considerable thermal energy and its annual flow rate remains almost constant, which can play a positive role in the efficiency improvement of the heat pump [42]. Compared with other type of heat pumps, the wastewater heat pumps could run efficiently due to the relatively stable and high temperature of the waste heat source, especially when the outdoor temperature is low and the heat load is large [43]. However, it is also worth noting that prime mover, pipeline and space construction in the substation would cause high initial investment, it may be more suitable or constrained for large-scale heating supply application.

The heating capacity of different heat pumps varies with the weather condition during the heating period, COP of the heat pump would be highly influenced by the temperature lift, and quality of heat sources and annual utilization ratio would play crucial role in influencing energy and economic feasibility of heat pump applications [44]. However, practical heating system operation is rarely monitored and compared in detail. Regarding the promotion of heat pump competitiveness for building space heating, it is essential to help the energy operator or manager to acquire a better understanding of how and what extent the heat pumps different in real-world operations, the field measurement is required to compare and evaluate heat pump technologies explicitly, further propose possible recommendations.

The aim of this study is to assess and compare the operational performances of different real-world heat pump technologies in existing building heating supply projects. Firstly, we presented detail thermodynamic behaviors of examined heat pump technologies, thermal quality of heat source and effects of operating condition on performances of heat pumps were compared based on the measured data. Then revealed the detailed thermodynamic behaviors of the heat pumps, as well as power consumptions and COPs under various situations. After that, a sensitive analysis of heat pump was carried out from the NPV performance and carbon emission reduction perspective. Finally, we discussed the obstacles and problems existing in real-world heat pump applications, provided insights for improving heat pump performance.

3  Objective and Methodology

3.1 Objectives and Datasource

Qingdao is the largest city in Shandong Province, North China, which features a long coastal line, the average outdoor temperature is −0.5°C in January (the coldest month) that belongs to the cold zone, Fig. 1 presents the geological location of the research objectives. The current primary pipe network of Qingdao urban central heating supply system mainly extracts 80–100°C hot water from the central large thermal power plant, then pumps hot water from the secondary heat exchange station to terminal heating devices (i.e., radiators and floor heating coil) that set-point temperature is around 50°C. It provides a favorable chance for heat pump as heat alternative for building heating supply. Different heat pump technologies had been implemented for residential, office and commercial space heating in Qingdao City.
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Figure 1: Geographic and climate condition of study site

The photograph of selected measured heat pump projects and monitoring platform is shown in Fig. 2, the measuring transducers were installed on-site that measure circulating water temperatures, volumetric flow rates in supply and user sides, as well as electricity consumption. Fluid temperature is measured by PT100 with ±0.3°C, the uncertainties of flow meter and electric consumption meter are both ±1.5%. Measured data would be automatically recorded by the data acquisition system and transmitted via the Internet of things to the building energy consumption and renewable project monitoring platform. Data including heat source and hot water supply temperatures, water mass flow rate as well as electricity consumption were obtained at 15 min intervals from the monitoring platform. The measurement period lasted from 6th November of 2014 to 6th April of 2015, which covers the whole heating season.
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Figure 2: Scene of the measured heat pump system and monitoring platform

3.2 System Description

The schematic diagram of the heat pump heating supply system: heat pump unit, outdoor and indoor parts as shown in Fig. 3. Heat pumps extract heat from heat sinks including outdoor wastewater, seawater or groundwater at evaporator part, then releases the heat energy to the buildings through water circulating cycle, The temperature of inlet heating source and hot water supply play as critical factors influencing the operational performances of heat pumps. In the field measurement, thermal flow can be obtained by multiplying temperature differences and real-time water flow rate, power meters monitor simultaneously electrical consumption. Basic information of measured heat pump projects was listed in Table 1, buildings feature with different area, indoor side installed radiant floor heating or air handling unit terminal.
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Figure 3: Schematic diagram of monitored heat pump district heating systems
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4  Result and Discussion

4.1 Heat Quality Comparison

The time-series temperature profiles of the selected heat sources during the heating period were shown in Fig. 4. The ambient temperature varied significantly over the heating period, and it varied both in magnitude and variance. The temperature decreasing and rising trend of the test heat sources including wastewater, seawater and ground source water tracked the variation of ambient temperature. Seawater temperature decreased more under lower ambient temperature, wastewater temperature exhibited most stable and high thermal properties, the absent data value in ground source temperature profile presents school holiday period that heat pump stopped.
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Figure 4: Measured temperature profiles of ambient air, wastewater, seawater and ground sides during the whole heating period

Fig. 5 depicted the daily temperature profiles of heat pumps’ evaporator inlet, the temperature variations shown a close relationship with their scheduling schemes of heat pump systems. The temperature distributions of measured seawater and groundwater had a close relationship with occupancy of the buildings during the day, and temperatures of seawater and ground sides experienced an obvious drop when the heat pump operated. Blank and daily uniform distribution part in the ground source presents the holiday period that heat pump system had shut down. Operation of seawater heat pump had shaped the periodic valley period that concentrated at noon and an early night, it was more obvious in colder days. Wastewater heat pump for residential space heating operated continuously throughout the day, the inlet temperature of wastewater remained stable and constant, seawater temperature fluctuated more with the change of ambient temperature, even in a daily period. Fig. 6 compared the variations and ranges of measured outdoor and heat resources temperatures at specific 12:00 AM of each day that corresponds to the all running time of selected heat pumps, the maximum, minimum and average temperature at the inlet of evaporator were clearly observed during the whole heating supply period. Seawater temperature fluctuated more with the variation of the outdoor temperature. Urban wastewater exhibited as the most stable heat source compared with other heat resources, its lowest temperature was the highest among the heat sources, indicated wastewater is more thermal resistant to variations of ambient temperature.
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Figure 5: Daily distribution of ambient temperature and inlet temperature at evaporator inlet of selected heat pumps during whole heating season
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Figure 6: Boxplot for ambient temperature and inlet temperature of heat pumps’ evaporators

4.2 Thermodynamic Behaviors

Heating load and operating conditions have significant effects on the overall energy efficiency of heat pump systems. Figs. 7 and 8 displayed the dynamic characteristics of water flow velocity at the supply and user sides of selected heat pumps, respectively. Wastewater heat pump and geothermal heat pump presented an intermittent running mode that depends on their occupancy scenarios, their water mass flow remained almost constant during the whole heating season. Relatively slow flow velocity in ground side may be attributed to the low thermal transfer efficiency between soil and pipeline.
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Figure 7: Measured velocity of water flow at evaporator side
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Figure 8: Measured flow velocity at condenser side

Hot water supply temperature plays a crucial role in meeting variable heating demand, heat pumps mainly adjust suitable supply temperature to meet variable building heat demand during the whole heating period. Wastewater heat pump operated continuously for residential heating supply, heating supply temperature dependency on outside temperature is shown in Fig. 9. It is possible to maintain residential indoor thermal comfort at lower water supply temperature under higher ambient temperature, the measured heating supply temperature presented a linear rising trend with decreasing ambient temperature, the maximum constraints would be compensated on the required supply temperature when the ambient temperature decreased further.
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Figure 9: Scatter distribution of measured heating supply temperature of wastewater heat pump with outdoor temperature

As described in Figs. 10–12, the blue and orange lines present dynamic inlet and outlet temperatures at the evaporator part measured at 15 min intervals, respectively. As shown in Fig. 10, the temperature of the wastewater supply remained 14.4°C approximately, which exhibited as a relatively stable heat source. The daily cycling pattern of seawater temperature profile had a close relationship with business hours of hotel mainly opening for lunch and dinner as illustrated in Fig. 11. We could observe the sharp drop in outlet seawater temperature when the heat pump started up in the afternoon, around 3.5°C temperature step occurred from 15:45 to 16:00, and the weekly range of supply temperature varied from 11.6 to 5.9°C, it fluctuated more during an operating time and its average value was lower compared with wastewater and ground source water. Fig. 12 illustrated how the temperature of water from the ground source varied over a day, with the continuous heat extraction from the soil, there is a gradual temperature decrease of supply temperature at the evaporator that associated with the time when the heat pump started to operate. The measured maximum and minimum temperatures of supply water were 15.6 and 12.8°C, respectively. The temperature of the ground source would rise smoothly when the heat pump shut off and finally reached a stable balanced condition at weekend, that the heat extraction from the soil was continuous and finally reached the balanced scenario between the soil and ground pipe.
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Figure 10: Temperature distribution of cycling water in evaporator of wastewater heat pump from 3th February to 9th February of 2015
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Figure 11: Temperature distribution of cycling water in evaporator of seawater heat pump from 3th February to 9th February of 2015
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Figure 12: Temperature distribution of cycling water in evaporator of geothermal heat pump from 3th February to 9th February of 2015

In order to clearly observe scheduling characteristics of heat pumps, Fig. 13 shown thermal dynamic cycling behaviors of the outlet and inlet water temperature in the wastewater heat pump’s condenser part. Residential floor heating radiator device enabled lower return temperature to meet thermal comfort in residential buildings. And there existed a relatively stable and larger temperature difference between the supply and return temperature of hot water at the condenser part. The temperature difference in user side and operation period was less in hotel and school as displayed in Figs. 14 and 15. They featured higher return temperature from the user side, these scenarios may be owing to the radiator type, hydraulic and thermostat control of the heating system.
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Figure 13: Temperature distribution of cycling water in condenser of wastewater heat pump from 3th February to 9th February of 2015
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Figure 14: Temperature distribution of cycling water in condenser of seawater heat pump from 3th February to 9th February of 2015
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Figure 15: Temperature distribution of cycling water in condenser of geothermal heat pump from 3th February to 9th February of 2015

The COP of the heat pump unit is defined as the relationship between thermal output and electricity input under the heating condition:


COP=QW
(1)


Q=13600m⋅cp⋅(Ts−Tr)
(2)

where, m is the mass flow rate in user side, kg/s; cp is water specific heat, kJ/(kg · °C); Ts is supply temperature,°C; Tr refers to return temperature,°C; Q is the heating load of heat pump unit, kW; W is input power of the unit, kW.

The weekly heating and COP profiles of heat pump units at 60-min interval were calculated and displayed, as shown in Figs. 16 and 17. The average value of the COPs during this period for wastewater, seawater and geothermal heat pumps reached 7.3, 5.3 and 4.4, respectively. The dynamic characteristics of measured COPs presented close relationships with their on-off schedule strategies, heating COPs of seawater and ground source heat pump exhibited considerable fluctuations during their daily operating period, at the early stage of the period the value was higher, then it presented a dropping trend. The COPs of wastewater heat pump varied less, which could be largely attributed to the stable- and high-temperature heat source. The “on” and “off” behaviors of the heat pumps during a day were obviously presented and the effects of intermittent or continuous operating modes on COPs were also illustrated, we found the variations of the energy performances of the wastewater and geothermal heat pumps during daily operation period, degradation phenomenon in COPs has observed corresponding to the largest temperature step took place at initial starting period. This effect could be attributed to the decreasing in the inlet temperature of the evaporator, which had lowered the heat extraction ability of the heat pump unit.
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Figure 16: Hourly heating load profiles of different heat pump projects from 3th February to 9th February of 2015
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Figure 17: Hourly COPs of different heat pump units measured from 3th February to 9th February of 2015

4.3 Discussion and Suggestion

To reveal the effects of detailed operating conditions on energy performances of the heat pumps, the ranges of measured COPs of heat pump systems in correlation with the operational conditions were investigated as illustrated in Fig. 18. COPs were against with rising trend of outlet water temperature from the condenser. It could also obviously find the degradation in COP with decreasing in temperature of heat sources, COPs of the geothermal heat pump was more sensitive to the inlet temperature at evaporator, indicated importance of efficient thermal transfer design, such as optimal flow rate at ground side. Larger nominal capacity and stable heat source enabled the wastewater heat pump performed high energy efficiency, its energy efficiency was sensitive to operating conditions, including inlet temperature at evaporator and outlet temperature from the condenser. Less correlation of a geothermal heat pump’s COPs with hot water supply temperature might be attributed to heat inertia and lower heating generating capacity. Energy performance of heat pump system was determined by the thermal quality of the heat source and detail operational conditions. COP distributions of different heat pump technologies under various operating conditions were calculated and depicted in Fig. 18. The x-axis represented the range of heat source supply temperature, y-axis was the dimensionless in condenser supply temperature. Measured data points of the main heating period last from 22nd November to 15th March, COP color-scale range of specific heat pump unit was displayed on the right of the graph. The COPs was as a function of evaporator temperature lift for building space heating, it penalized more in wastewater and seawater heat pumps with relatively large capacity. The COPs of the heat pump illustrated inefficient choice under the operational conditions with a lower-temperature heat source and higher supply temperature to cover the heating load. The positive effect of the rising temperature of heat sources on improving the energy performance of heat pumps was more obvious when the heating supply temperature was higher.
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Figure 18: Distributions of unit COPs with temperature of heat source and hot water supply, (a) Wastewater heat pump, (b) Seawater heat pump and (c) Geothermal heat pump

The net present value (NPV) performance of heat pump within assumed 20 years lifespan was calculated according to Eq. (3), discount rate r is 0.04. The annual cash flow Ci refers to the cost difference between electricity consumption and central heating supply mode, 43 yuan/Gj heat price is set based on the current energy market, I0 presents the initial capacity cost, 2000 yuan/kW.


NVP=∑i=1mCi(1+r)i−I0
(3)

Fig. 19 presents the NPV performances of heat pump systems under different operational scenarios taking account of annual operating hours, parameter COP value, heat pump capacity investment cost and electricity price. The cost feasibility scopes of heat pumps for space heating are outlined under different electricity price values. The attractiveness of efficient heat pumps arises with longer heating hours, the effect of the difference in capacity investment cost is relatively low in long-term performance. It is also concluded that heating load share among different customers can improve its cost competitiveness further, higher electricity price would limit economic feasibility of heat pump for space heating, cost-saving performance drops sharply for inefficient heat pump, especially under longer operating hours.
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Figure 19: NPV performances of heat pump system under different electricity price and heat pump per capital costs

From an economic point of view, the feasibility of the heat pump for building space heating is associated with heating supply temperature and its annual utilization factor. Building heating load share and efficient terminal heating devices selection would favor the cost competitiveness of heat pump as an alternative space heating solution, especially under transition towards ultra-low temperature heating supply system.

From the carbon emission reduction perspective, the annual CO2 reduction of heat pump per kW capacity can be calculated according to Eq. (4), T is the annual operational period, 
fco2H
is carbon emission intensity of conventional district central heating supply per GJ, 110 kg/MJ [4]. 
fco2E
is carbon intensity of electricity per kWh.


COre=COP⋅T⋅3.6⋅fco2H−T⋅fco2E
(4)

The detailed effects of annual operational hours, heat pump COP and CO2 intensity of electricity on the carbon emission reduction performance are illustrated in Fig. 20. Heat pumps can play as an effective approach to reduce the carbon emission in district building heating supply. Ensure of the longer operational period and improvement in COP improve the carbon reduction benefit considerably.
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Figure 20: Annual CO2 reduction performance of heat pump per capacity under different scenarios

5  Conclusions

There is a transition towards low-temperature and clean heating supply in building space heating development. This study investigated the operational energy performances of different heat pump technologies for existing building space heating projects in Qingdao, China. The detailed dynamic behaviors of heat pump systems during the whole seasonal heating period were statistically exhibited and compared based on measurement data.

Firstly, measurement results compared the temperature range and fluctuations of the different low-grade heat sources including wastewater, seawater and geothermal heat sources. Statistical analysis presented that wastewater presented the highest average temperature and stable heat source during the whole heating season. Meanwhile, the results also revealed how the operational parameters and thermal characteristics of heat sources influenced the energy performances of the heat pumps.

The choice of the heat pump type has a significant impact on the energy efficiency of the building space heating projects. The operational performance of heat pump highly relies on the quality of heat sources, the temperature of the urban wastewater is generally above 15°C, which enables the heat pump as efficient building space heating technology during the whole winter period, the measured COP value is over 7.0.

Measurement provided evidence that COPs of seawater and geothermal heat pump highly depended on the dynamic heating extraction process, we observed an obvious degradation in time-series COP profile of heat pumps at their initial operating stage in response to the temperature drop of the heat source. The energy performances of heat pumps under various conditions were also examined, the decreasing hot water supply temperature was favorable for improving the competitiveness of the heat pump system for building space heating. The rising temperature of the heat source could efficiently reduce the degradation in COP when the heating supply temperature increases.

The NPV performances of the heat pump system were carried out, the result indicated that the longer operating hours would play a positive role in the economic feasibility of an energy-efficient heat pump system, the efforts towards the energy-efficient design of heat pump, and low-temperature indoor terminal heating devices application is favorable. The electrical heat pump can play a promising role in reducing building space heating related CO2, especially with a longer annual operating period.

The periodic occupant of buildings has a significant impact on the utilization factor of the heat pump system, we can see that commercial and school buildings generally feature with intermittent or shorter annual heating supply modes, in this respect heating load shares among aggregated different customers towards rising annual utilization ratio and introduction of a flexible price are possible options to shorten the payback period, offering improved energy and cost efficiency performance.
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Table 1: Basic information of field measured heat pump projects

Variables Project 1 Project 2 Project 3

Building exterior

Building type Residential

Building area m* 250000 18200 9770
Heat sources Sewage water Seawater Geothermal
Heat transfer 0.50 0.60 0.55

coefficient of

exterior wall, W/

(m*K)

Area ratio of 0.30 0.65 0.35
window to wall

Terminal heating Radiant floor Air handling unit Radiant floor+
device Air handline unit
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