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Abstract


This study investigates integrating an air-to-water heat pump (HP) into an existing office building served by a district heating (DH) system to improve energy performance and reduce environmental impact. The system was modelled using Polysun software, considering two operating scenarios: a conventional configuration based solely on DH and a hybrid configuration combining DH with a HP. The analysis was performed using hourly simulations over a typical meteorological year, allowing a detailed evaluation of system behaviour under varying climatic conditions. The results indicate that the hybrid system reduces total energy consumption by approximately 24%, while natural gas consumption decreases by about 36%. Although electricity consumption increases due to HP operation, the overall energy performance is significantly improved. The HP operates efficiently within the analysed temperature range, with COP values ranging from 1.8 to 3.0 and a seasonal performance coefficient of approximately 3.6. The system ensures full coverage of the heating demand, with a negligible deficit, confirming appropriate sizing and control strategy. From an environmental perspective, the hybrid configuration results in approximately 29 t CO2 per year less than the conventional system. These results demonstrate that integrating HPs into existing DH systems can represent a viable solution for similar buildings under comparable operating conditions. Beyond the quantified energy and environmental benefits, the novelty of the study lies in evaluating a hybrid solution under real operating conditions affected by DH instability. The results highlight practical implications for system resilience, operational flexibility, and the applicability of this retrofit strategy to existing buildings connected to conventional DH networks.
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1. Introduction


1.1. Context and Literature Review


Due to rising greenhouse gas (GHG) emissions, climate change and global warming are the world’s biggest concerns of the twenty-first century, with carbon dioxide (CO2) as the major contributor, accounting for 39% of GHG emissions in the construction sector [1]. In the European Union (EU), over 75% of the built stock is considered energy inefficient [2], and about 46% of the energy used in buildings is related to heating, cooling, and domestic hot water (DHW) [3]. Therefore, cutting building energy use and CO2 emissions is essential to stopping global warming [4,5]. In this context, the transition toward sustainable heating solutions is essential for achieving long-term decarbonisation targets [6].



District heating (DH) systems play an important role in this transition, as they enable the efficient supply of thermal energy at a large scale while facilitating the implementation of renewable energy sources (RES). The integration of renewable energy into low-temperature DH systems has been addressed in recent studies, highlighting their potential to improve energy performance and reduce environmental impact [7]. However, in many countries, particularly in Eastern Europe, existing DH systems face significant challenges, including high distribution losses, low efficiency, and supply instability [8].



We need to significantly reduce existing emissions and counter the rising trend in CO2 emissions driven by population growth to meet the 2050 neutrality targets. This can be achieved 70% through increasing the electrification of the thermal sector through heat pumps (HPs) and implementing highly energy-efficient technologies, and the remaining 30% through DH and other renewable sources (photovoltaic, wind, geothermal) [1,9]. The development of high-temperature HPs enables their integration into existing systems and adaptation to building requirements [10].



As to [1], by 2050, more than 85% of buildings will be prepared for zero-carbon status, resulting in a 75% decrease in heating intensity, with around 50% covered by HPs and 10% by DH.



For the 2025–2026 period, the EU is preparing a new Heating and Cooling Strategy, focusing on energy system integration, the development of renewable-based DH networks, and the utilisation of waste heat. At the same time, European policies promote local heat planning, with approximately 1500 cities expected to develop heating and cooling plans in the coming years, supporting the transition toward decarbonised DH systems [11]. In Romania, DH systems are highly inefficient due to several issues across the production, transportation, and distribution chain, compounded by the lack of rehabilitation and modernisation initiatives to enhance their energy and economic efficiency.



Despite the energy efficiency of HP technology, including air-source heat pumps (ASHPs), it still necessitates electrical energy. ASHPs use renewable energy, offering a unique combination of mature technology, economic viability, and environmental compatibility, which aligns with long-term decarbonisation objectives and has found worldwide applications [11]. It is projected that large-scale HP will account for over 50% of the DH in 2050. At least in terms of CO2 emissions, this will make HP considerably more competitive than current DH [12]. The DH energy load and temperature are affected differently by each HP combination in the DH network. As a result, HP will affect building energy demand, the DH network, and the electrical grid, leading to strong interactions among these components. This suggests that the DH-HP-Building system will be dependent on power prices [13].



However, most existing studies rely on theoretical analyses or large-scale models and pay limited attention to real-world implementation under operating conditions, particularly in existing buildings connected to unstable DH systems.



In this context, this article addresses the solution to enhance the performance of the DH system to which an existing office building in Timisoara, Romania, is connected by implementing an air-to-water HP for heating, illustrated through a case study. The study was conducted following multiple failures in the DH company’s thermal energy distribution system and prolonged interruptions in thermal energy supply. The analysis is based on real operational data and considers multiple operating scenarios. The novelty of this article lies in the investigation of a real case study characterised by intermittent DH operation, in which the HP system is used not only to improve energy efficiency but also to ensure the continuity of heat supply.




1.2. Research Gap and Objective


Although the integration of HPs into DH systems has been extensively investigated in the literature, most existing studies focus on theoretical analyses, optimisation models, or large-scale energy system assessments [8,10,14]. While these approaches provide valuable insights into system performance, they do not fully capture the real operating conditions of existing buildings connected to conventional DH systems.



Previous studies have mainly investigated HP integration in DH systems through optimisation models, low-temperature network analyses, or large-scale energy planning approaches, often focusing on energy savings and decarbonisation potential [15]. Empirical studies addressing building-level hybridisation under real operating constraints remain comparatively limited, particularly for existing buildings connected to unstable DH networks that are subject to supply interruptions and temperature variability [16]. Moreover, previous studies rarely assess energy performance, operational resilience, and supply continuity simultaneously under such conditions. This gap motivates this study.



In particular, recent studies on the integration of RES into low-temperature DH systems highlight their significant potential to enhance energy performance and reduce carbon emissions [7]. However, there is still a lack of research addressing the practical implementation of HPs in existing buildings located in areas where operational instability, high distribution losses, and intermittent heat supply characterise DH systems.



Under such conditions, theoretical solutions cannot be directly applied, and performance evaluation is needed under real operating conditions, accounting for temperature variations, operating regimes, and interactions among different energy sources.



In this context, the present study aims to contribute to bridging this gap by analysing a real case of integrating an air-to-water HP into an existing building connected to a DH system. The study is based on real operational data and considers multiple operating scenarios, reflecting actual operating conditions. The main objective is to evaluate the impact on energy performance, operational reliability, and the overall sustainability of the heating system.




1.3. Novelty and Contribution


Beyond energy savings assessment, the novelty of this study lies in evaluating hybridisation under real DH instability conditions, explicitly considering operational resilience and continuity of heat supply as part of system performance. Furthermore, the study proposes a reproducible framework applicable to similar existing buildings connected to conventional DH systems. Table 1 shows the positioning of the present study relative to the literature.



The following are this study’s primary contributions:




	
Analysis of the performance of a hybrid system combining DH and an air-to-water HP under real operating conditions;



	
Evaluation of operational reliability in the context of an unstable DH system;



	
Comparison of multiple operating scenarios for system optimisation;



	
Highlighting the role of HPs in increasing the resilience of heating systems;



	
Providing practical insights for the integration of air-to-water HP in existing buildings connected to DH systems.










2. Theoretical Background and Technological Context


2.1. District Heating Systems


2.1.1. General Characteristics


DH systems are centralised solutions for the production and distribution of thermal energy to consumers and are widely used in urban areas (Figure 1). These systems provide space heating and DHW through a network of pipelines that transport the heat carrier from the production source to end users [7].



DHs are always changing [17]. Steam distribution through concrete pipes was the basis for the first generation of DH (1880s), pressurised hot water over 100 °C in concrete pipes for the second generation (1930s), pressurised hot water below 100 °C in prefabricated insulated pipes for the third generation (1980s), and low-temperature DH for the fourth and fifth generations. A low-temperature (50–70 °C) or ultra-low-temperature (35–45 °C) DH network is the term used to describe the fourth DH generation [18,19].



The fifth-generation DHC network is referred to as the ambient ground temperature (less than 35 °C) DHC network [20,21]. This system’s capacity to deliver heating and cooling services via a single network by reversing the direction of water flow at user terminals is one of its primary features. The widespread use of distributed HPs that can operate in both heating and cooling modes enables this inversion. By employing decentralised HPs, these systems significantly lower supply and return temperatures.



Lowering the DH’s working temperature promotes the incorporation of distributed low-temperature waste and renewable heat sources as well as increased efficiency (i.e., decreased heat losses). Geothermal energy, solar energy, heat from burning biomass, industrial waste heat, combined heat and power (CHP), waste incineration, and other energy sources can all be efficiently utilised thanks to DH [8,22]. Furthermore, modern DH systems (4th and 5th generations) are designed to operate at lower temperatures, enabling efficient integration of HP technologies [18].



The average contribution of renewable energy in DH networks globally is expected to rise from 8% in 2020 to 22% in 2030, according to the IEA [23]. The availability of local sources and each nation’s level of development have a significant impact on the actual percentage of renewable energy [24].




2.1.2. Challenges of Existing Systems


Despite their advantages, many existing DH systems, particularly in Eastern Europe, face significant challenges. These include high distribution losses, low heat generation unit efficiency, and outdated infrastructure [25].



Another critical issue is the instability in heat supply, caused by temperature fluctuations, network failures, or imbalances between supply and demand. These problems negatively affect indoor thermal comfort and increase energy consumption at the building level [26].



Under such conditions, buildings connected to these systems require alternative or complementary solutions to ensure a reliable heat supply.




2.1.3. Modernisation and Integration with Heat Pumps


The modernisation of DH systems is essential for achieving decarbonisation targets. The integration of HPs offers significant opportunities to improve system efficiency and reduce carbon emissions.



HPs can be implemented at both the centralised level, supplying DH networks, and the decentralised level, within buildings, where they can operate as support or backup systems. This approach is particularly relevant for unstable DH systems, where HPs can ensure supply continuity and enhance overall energy performance [6].



Third-generation DH systems typically operate at 70–100 °C and may experience distribution losses above 15–20%, whereas lower-temperature fourth-generation systems can substantially reduce losses and improve compatibility with HPs. These aspects are directly relevant to the analysed hybrid retrofit solution. The integration of these technologies is also supported by current European policies promoting the electrification of heating and the use of RES in DH systems.




2.1.4. Energy Performance and Environmental Impact of a DH System


The following formula can be used to determine a DH system’s energy performance ratio (overall energy efficiency), ηsys, in % [27]:


   η  s y s   =     E U     E D     100  



(1)




where EU is the useful energy, equal to the total heat utilised in buildings plus the heat stored in thermal energy storage (TES) [28] (if applicable), and ED is the provided energy, equal to the total heat produced by the different heat sources plus the heat released from TES (if applicable).



The environmental performance of a DH system can be assessed utilising total CO2-equivalent emissions (   M    CO  2     ) of the heat source during the production of thermal energy, expressed in kg, as follows:


   M    CO  2    =  g f   E f   



(2)




where gf is the CO2 intensity of the heat source, in kg/kWh, and Ef is the thermal energy generated from the heat source fuel, in kWh.



Table 2 includes the CO2 intensities (gf) for several primary heat sources [18,29,30].



The CO2 intensity values presented in Table 2 represent indicative reference values compiled from multiple literature sources and may vary depending on methodology, fuel characteristics, system boundaries, and national energy mixes.





2.2. Air-to-Water Heat Pumps


2.2.1. Operating Principle


ASHPs are thermodynamic systems that transfer thermal energy from a low-temperature source, such as air, to a higher temperature level using electrical energy. This process enables the use of renewable energy from the environment for building heating.



ASHPs can be classified by heat source-to-heat carrier as air-to-air HPs and air-to-water HPs. The operation of an ASHP’s reversed vapour-compression cycle consists of four primary parts: evaporator, compressor, condenser, and expansion valve (Figure 2). In the evaporator, the refrigerant absorbs heat from the environment and evaporates. The compressor then increases the refrigerant’s pressure and temperature. In the condenser, heat is released to the heating system, and the refrigerant condenses. Finally, the expansion valve reduces the pressure, and the cycle repeats.



The reversible ASHP can both heat and cool the building, thereby altering the direction of the thermal path.




2.2.2. Energy and Environmental Performances


The COP and COPsys can be used to describe the ASHP system’s energy efficiency when it is in heating mode [31]:


   COP =      E t     E  HP       



(3)






    COP   s y s   =     E t     E  e l       



(4)




in which:


   E  e l   =  E  HP   +  E p  +  E  a u x    



(5)




where COPsys is the overall system COP (HP unit, water-circulating pumps, and additional equipment); Et is the produced thermal energy; EHP is the electrical energy utilised by the compressor; 3.412 is the conversion factor from watts to Btu/h; Eel is the electrical energy utilised by the system; Ep is the energy used by the circulating pump; and Eaux is the electricity utilised by auxiliary equipment.



SCOP is a weighted-average figure that represents an HP’s overall efficiency for the whole heating season.



Indirect CO2 emissions linked to the production of electrical energy are the largest environmental impact of utilising electric HPs. To determine the indirect CO2 emissions (   M    CO  2     ), in kg, during HP operation, the following equation can be used:


   M    CO  2    =  g  e l    E  e l    



(6)




where gel is the CO2 content of electricity, which is estimated to be 0.400 kg CO2/kWh in Romania [32].




2.2.3. Integration into District Heating Systems


The integration of HPs into DH systems (Figure 3) represents a key pathway for decarbonising the heating sector. HPs can be implemented at both the centralised level within district heating stations and the decentralised level in buildings connected to the network.



A critical aspect of integration is identifying available heat sources, such as wastewater, geothermal sources, and industrial waste heat [33]. The use of these sources enhances system efficiency and reduces carbon emissions.






3. Methodology


The methodology was organised into three main components covering case study description, hybrid system modelling, and simulation scenarios for improved clarity.



3.1. Case Study and Hybrid System Configuration


The case study is carried out on an existing building connected to a central heating system, used to ensure the heating and DHW needs are met. It is an office building (Figure 4) with a heated area of 8600 m2 (B + GF + 7F), located in Timisoara, Romania, and supplied with thermal energy from the DH system, using natural gas as the heat source.



The building is a concrete-framed structure. The exterior walls are 5 cm thick glass curtain type, and the interior walls are 15 cm thick plasterboard. The glazed area is 5280 m2. The indoor and outdoor air design temperatures are +20 and −15 °C, respectively, in heating mode. The building’s heating demand is 1224 MWh, and the DHW heat demand at 45 °C is 4458 kWh. The specific annual energy requirement for heating is 142.3 kWh/m2/a.



The heating of the office building is achieved using a DH substation located in a dedicated space in the building’s basement, which produces 80/60 °C hot water as a heat carrier and features a fully equipped, automated thermal module, circulating pumps, and an expansion installation. A two-pipe system composed of drawn black steel pipe, thermally insulated with a 50 mm-thick mineral wool mattress coated in aluminium foil, is used to distribute the heat carrier.



The office building spaces are heated by an air handling unit (AHU) with unenclosed fan coil units (FCUs) mounted in the false ceiling.



In practice, the operation of the DH system is characterised by significant variations in supply temperature and interruptions, making it difficult to maintain an adequate level of indoor thermal comfort. Thus, over the past three years, the DH system has experienced numerous problems, including extended periods of low-temperature supply and disruptions to the heat carrier. The building was supposed to be supplied with a heat carrier at a constant 90 °C, but during the cold seasons of 2021 and 2022, there were several days when it was supplied at 60–70 °C.



Figure 5 shows the variations in the supply heat carrier temperature recorded by the building’s Building Management System (BMS) over 14 days from February 2022. The heat carrier temperature dropped below 70 °C for approximately 4 days. There were also interruptions in the heat carrier, during which the temperature dropped to around 25 °C for 10–12 h. At these temperatures, the entire heating and DHW supply could not be provided. Following these failures and interruptions in the heat carrier, we propose supplementing the existing heating system with an air-to-water HP.



Operational data used in this study were acquired through the BMS and included supply and return temperatures, indoor temperatures and thermal load indicators, recorded at hourly resolution. These data were used both to define simulation boundary conditions and to support model calibration. The selected representative period illustrated in Figure 6 corresponds to a documented interval of significant DH instability. It is used as a reference period to characterise supply interruptions and support the definition of hybrid system operation. Monitored variables and data used for model input/calibration are presented in Table 3.



Additional analysis of monitored DH operation indicated repeated supply temperature drops below nominal levels and several interruption events lasting 10–12 h each. The 14 days shown in Figure 5 were selected as a representative interval encompassing the most significant instability events and used to support the definition of hybrid system operating conditions and simulation boundary assumptions. Statistical characterisation of DH supply instability is presented in Table 4.



To compensate for the limitations of the DH system, an air-to-water HP unit, type KAPPA V Energy 51.2, was integrated at the building level, creating a hybrid system.



HP uses R134A as its refrigerant and has a scroll electro-compressor. An electronic controller ensures the HP operates by turning the compressor on or off in response to the system’s water return temperature. Table 5 summarises the primary characteristics of the air-to-water HP unit.



In this configuration, the DH system remains the primary source of thermal energy. At the same time, the HP operates as an auxiliary system, supplementing heating capacity and ensuring continuity of supply.



The HP is connected in parallel with the existing system, with minimal modifications to the building infrastructure, and operates in accordance with the DH system’s operating conditions. This approach allows maintaining the existing system architecture and assessing the feasibility of integrating HPs into buildings already connected to DH networks.




3.2. Control Strategy and Simulation Scenarios


The hybrid system uses a technical (bivalent parallel) control strategy, in which the HP and DH systems operate simultaneously when needed. The HP activation is determined by the network-supplied temperature and the building’s indoor temperature. No economic optimisation based on energy prices was considered in this study.



Thus, the HP is activated when the supply temperature drops below a predefined threshold, typically 50–55 °C, or when the indoor temperature cannot be maintained at the desired level. In the event of a DH interruption, the HP partially meets the heating demand, ensuring system continuity. This strategy enables dynamic adaptation to operating conditions and optimisation of energy consumption.



Within Polysun [34], the system is solved through an hourly thermal balance in which the combined contributions of DH and the HP meet building demand. HP activation follows a threshold-based control linked to supply and indoor temperatures.



To evaluate system performance, two operating scenarios were defined to reflect different operating conditions of the DH system. In the first scenario, the building is supplied exclusively by the DH system, without the HP, representing the conventional configuration and serving as a reference for evaluating the existing system’s performance. In the second scenario, the system operates in hybrid mode, with the HP supporting the DH system when operating conditions are insufficient to meet the heating demand. This scenario reflects the integration of renewable-based technologies into existing systems.



These scenarios enable a comparative analysis of system performance and energy savings and highlight HP’s role in improving reliability and energy efficiency.



Although the study is primarily based on two comparative operating configurations, additional sensitivity analyses were conducted to evaluate the effects of variations in HP activation threshold and DH supply conditions. This allows assessment of system behaviour across different operating regimes and complements the baseline-scenario comparison.




3.3. Simulation Model and Boundary Conditions


The analysed system consists of two heating configurations modelled using the Polysun simulation environment: (1) a conventional DH system and (2) a hybrid system integrating an air-to-water HP (Figure 6). The study is conducted to evaluate system performance, energy consumption, and operational behaviour under varying climatic conditions.



The model includes representations of the DH source, the HP, the heat distribution system, and the building, along with their interactions.



The DH source is modelled as a variable-temperature input based on real data or representative profiles. In the simulations, the DH source was modelled using measured operating conditions recorded by the BMS, including supply temperature variations between approximately 60 °C and 90 °C, as well as interruption events lasting 10–12 h. These operating disturbances were introduced as boundary conditions to reproduce the actual instability of the DH system. At the same time, the HP is defined by its performance characteristics, which depend on outdoor temperature and operating conditions. The building model is used to determine heating demand and to evaluate indoor temperature, which are correlated with external climatic conditions.



The simulations were performed with an hourly time step, allowing the system’s dynamic behaviour to be accurately captured.



The conventional configuration relies exclusively on DH, modelled as a thermal source supplying the entire building’s heating demand. Based on the simulation results, the annual thermal energy consumption of the conventional system is approximately 1085 MWh, representing the reference scenario for comparison.



The hybrid configuration combines DH with an air-to-water HP to form a dual-source heating system. In this configuration, the total annual energy consumption is decreased to approximately 821 MWh, with about 690 MWh from DH and 131 MWh from electricity used by the HP.



At the core of the hybrid system lies a buffer tank (BT) with a typical volume of approximately 2000 L, which functions as a hydraulic separator and energy buffer between heat generation and consumption. This component enables the decoupling of heat production and demand, improving system flexibility and operational stability.



The HP subsystem is configured as an air-to-water unit with a nominal thermal capacity of 320–380 kW, depending on outdoor temperature conditions. Its performance varies significantly with ambient temperature, with COP values ranging from approximately 1.8 at −5 °C to 3.0 at 15 °C and a SCOP of about 3.6. The HP operates preferentially during periods with moderate outdoor temperatures, contributing significantly to the heating demand and reducing reliance on DH.



The design peak heating load of the building used for HP sizing is approximately 420 kW. Based on this load, an air-to-water HP with a nominal heating capacity of 530.5 kW and rated electrical power of approximately 142 kW (Air 7 °C/Water 40 °C) was selected, ensuring full coverage of the required heating demand with operational reserve.



The DH system acts as a backup and peak-load source, ensuring full coverage of the building’s heating demand when the HP capacity is insufficient. In the hybrid configuration, it remains the dominant energy source, accounting for approximately 84% of total energy consumption, while the HP contributes around 16%.



Thermal energy is distributed throughout the building via FCUs and AHUs, operating at typical supply and return temperatures of approximately 60 °C and 50 °C, respectively. DHW is produced using a dedicated storage tank with a volume of approximately 1000 L, connected to the primary heating loop.



Climatic input data for the simulation were obtained from the Meteonorm database [35] for the Timisoara location (21.25° E, 45.75° N). This ensures a realistic representation of annual outdoor temperature variations and enables an accurate assessment of system performance over a typical meteorological year.





4. Results and Discussion


4.1. Behaviour of the District Heating System


Figure 7 illustrates the monthly thermal energy supplied by the DH system in the conventional scenario. The results show a strong seasonal dependence, with peak energy delivery during the winter months (January, February, and December), corresponding to the highest heating demand.



During the transitional months (spring and autumn), the supplied energy decreases significantly, whereas, in the summer period, it becomes negligible, reflecting the absence of space-heating demand.



The annual energy balance confirms that the total supplied energy slightly exceeds the useful energy demand, indicating that the system can fully cover the building load without an energy deficit.




4.2. Heat Pump Operation in Hybrid System


Figure 8 illustrates the relationship between the HP operation and the outdoor temperature. The green bars represent the monthly average outdoor temperature, while the blue line indicates the thermal energy provided by the HP.



The HP operates more intensively during periods with moderate outdoor temperatures, when its efficiency is higher. As outdoor temperature decreases, the HP’s contribution decreases, confirming its temperature-dependent performance.



This behaviour highlights the HP’s role as a complementary source within the hybrid system, operating preferentially under favourable climatic conditions.



Figure 9 illustrates the variation in the HP’COP as a function of the outdoor temperature. The results show a clear increasing trend, with COP values rising from approximately 1.8 at low outdoor temperatures (−5 °C) to about 3.0 at higher temperatures (15 °C).



The temperatures of −5 °C and 15 °C were selected as representative boundary operating conditions corresponding to peak winter load and moderate seasonal conditions, respectively. Table 6 summarises COP variation under representative operating conditions.



This behaviour reflects the thermodynamic characteristics of air-to-water HPs, which operate more efficiently under milder climatic conditions. As outdoor temperatures increase, the temperature lift required by the HP decreases, improving performance.



These results are consistent with the operational behaviour observed in the hybrid system, where the HP contributes more significantly during transitional periods.



The seasonal COP (SCOP) of the HP reaches approximately 3.6. This value represents the average seasonal performance obtained from annual dynamic simulation. It should be distinguished from the instantaneous COP values shown in Figure 9, which correspond only to selected representative operating points between −5 °C and 15 °C.



The higher SCOP value is explained by weighted seasonal operation, including part-load conditions and additional operating periods outside the analysed temperature points, where the HP may operate at higher efficiency. Therefore, SCOP should not be directly compared with the maximum point COP, since they represent different performance indicators.




4.3. Comparative Analysis of Scenarios


Figure 10 presents the comparative energy consumption between the conventional district heating system and the hybrid configuration. The blue bars represent the conventional system, while the green bars correspond to the hybrid system.



It is clear that the hybrid system significantly reduces natural gas consumption while increasing electricity use, driven by the heat pump’s operation. Despite this increase, the total energy consumption is considerably lower in the hybrid system. Overall, the hybrid configuration reduces total energy consumption by approximately 24% and natural gas usage by 36%, demonstrating improved system efficiency and a reduced environmental impact compared to the conventional DH system.




4.4. Impact on Energy Consumption (Hybrid System)


Figure 11 illustrates the hybrid system’s monthly energy consumption, highlighting the contributions of natural gas and electricity.



The results show that natural gas remains the dominant energy source during the winter months, when heating demand is highest. In contrast, electricity consumption becomes more relevant during transitional periods, reflecting increased HP operation under favourable outdoor conditions.



This distribution demonstrates the hybrid system’s ability to reduce reliance on fossil fuels by integrating electricity, leading to a more balanced and efficient energy mix.




4.5. CO2 Emissions


Figure 12 compares CO2 emissions between the conventional DH system and the hybrid configuration.



CO2 emissions were calculated separately for natural gas and electricity consumption using the corresponding emission factors presented in Table 2. For the conventional scenario, emissions were determined based on natural gas consumption according to:


   M    CO  2    =  g  g a s    E  g a s    



(7)




where Egas is the annual natural gas consumption, and ggas is the corresponding emission factor.



For the hybrid scenario, total emissions were calculated as the sum of emissions associated with natural gas and electricity use:


   M    CO  2    =  g  g a s    E  g a s   +  g  e l    E  e l    



(8)




where Eel represents the electricity consumption of the HP, and gel is the electricity emission factor.



The comparison was performed consistently for both scenarios using the same system boundaries.



Using the adopted factors (ggas = 0.202 kg/kWh and gel = 0.400 kg/kWh), emissions decrease from approximately 220 t CO2/year in the conventional case to 191 t CO2/year in the hybrid configuration.



The results clearly indicate a significant reduction in emissions when the HP is integrated into the system. This reduction is primarily due to decreased natural gas consumption, partially replaced by electricity used to operate the HP. Despite increased electricity consumption, the overall carbon footprint is lower due to HP’s higher efficiency and the lower electricity emission factor.



These findings confirm that hybrid systems represent an effective solution for reducing GHG emissions while maintaining reliable system performance.




4.6. Contribution of Energy Source


Figure 13 illustrates the contributions of the main energy sources in the hybrid system using a pie chart. DH accounts for the dominant share of total energy consumption, approximately 84%, while HP accounts for about 16%.



This result indicates that DH remains the primary energy source; however, the integration of the air-to-water HP provides a meaningful share of the total energy demand. Despite its lower contribution, the HP plays a crucial role in improving system efficiency and reducing reliance on fossil fuels.



Overall, the results highlight a transition toward a more diversified and sustainable energy mix.




4.7. Load Coverage


Figure 14 compares the heating demand with the energy supplied by the hybrid system. The shaded area between the curves highlights the difference between demand and supply.



The two curves closely overlap throughout the year, indicating that the system effectively meets the heating demand. The shaded regions are minimal, indicating only minor deviations, attributed to system control dynamics and operational variations.



Overall, the results confirm that the hybrid system ensures reliable load coverage with negligible deficit, demonstrating proper sizing and efficient operation.




4.8. Energy and Environmental Performance Analysis


The simulation results demonstrate the operation of both the conventional DH system and the hybrid configuration under realistic climatic conditions, allowing a direct comparison of their energy and environmental performance.



In the conventional scenario (DH only), the total useful thermal energy delivered to the building (Quse) was approximately 1017 MWh. In comparison, the total thermal energy supplied by the system (Qaux) reached about 1019 MWh.



This result indicates that the system can fully meet the building’s thermal demand, with a slight surplus of supplied energy. The difference between supplied and utilised energy is due to distribution losses and the system’s control dynamics.



The total system energy consumption (Etot) was approximately 1085 MWh, with natural gas representing the dominant energy source (Egas ≈ 1076 MWh), while electricity consumption remains negligible (Eel ≈ 9 MWh).



The system energy performance ratio calculated with Equation (1) remains below unity (ηsys ≈ 0.9), which is typical for conventional fossil-fuel-based heating systems.



In contrast, the hybrid scenario (DH + HP) shows a significant improvement in overall performance. The Quse increased to approximately 1090 MWh, closely matching the system output, confirming proper system sizing and reliable operation without an energy deficit. The Etot decreased to about 821 MWh, consisting of Egas ≈ 690 MWh and Eel ≈ 131 MWh.



The HP contributes approximately 440 MWh (57%) of thermal energy, with a SCOP of about 3.6, confirming its high efficiency under favourable outdoor conditions.



As a result, the system energy performance ratio exceeds unity (ηsys ≈ 1.3) due to the integration of renewable energy from the ambient environment. In this study, ηsys represents a system-level energy performance indicator rather than a conventional thermal conversion efficiency. For the conventional DH case, ηsys remains below unity due to distribution losses and conversion inefficiencies. In the hybrid case, ηsys may exceed unity because the HP utilises ambient renewable energy in addition to electrical input, thereby increasing useful delivered thermal energy beyond directly supplied purchased energy. This interpretation is consistent with the thermodynamic behaviour of HP-based systems and should not be confused with the COP or SCOP indicators.



Table 7 summarises the main energy performance indicators of the analysed systems, highlighting reductions in total energy consumption, shifts in the energy mix, and the HP’s contribution in the hybrid configuration.



Table 8 presents the comparison of CO2 emissions between the conventional and hybrid systems. The results show a significant reduction in emissions associated with natural gas consumption, partially offset by an increase in electricity-related emissions from HP operation. Overall, the hybrid system achieves a net reduction in total CO2 emissions.



From an environmental perspective, the hybrid system achieves a significant reduction in CO2 emissions. The results indicate a total emission reduction of approximately 29,000 kg/year, mainly due to the partial replacement of natural gas with electricity-driven HP operation.



Although electricity consumption increases, its lower carbon intensity reduces overall emissions.



The comparisons performed highlight the clear advantages of the hybrid system. While the conventional DH system relies almost entirely on fossil fuels, the hybrid configuration ensures full load coverage, reduces primary energy consumption, and significantly improves operational flexibility and environmental performance. These findings confirm the potential of hybrid systems as an effective transitional solution toward low-carbon heating.



A sensitivity assessment was performed considering moderate variations in key input parameters, including HP control threshold and performance assumptions. The results indicate that while absolute energy savings vary within a limited range, the hybrid configuration’s comparative advantage remains consistent. In addition, climatic variability is inherently captured through the hourly simulation over a typical meteorological year, which captures seasonal fluctuations that affect system performance.



The energy savings and HP performance achieved are also consistent with trends reported in previous studies on hybrid DH systems, which have observed reductions in primary energy use and improved operational flexibility. This comparison supports the plausibility and broader relevance of the results.



The sensitivity analysis of key input parameters is presented in Table 9.



Energy savings remained in the range of approximately 21–26%, confirming the robustness of the observed 24% baseline result.





5. Study Limitations


Although the proposed hybrid solution demonstrates significant energy and environmental benefits, several limitations of the study should be acknowledged. The present analysis focused primarily on technical and environmental performance, while economic aspects such as initial investment, operational costs, maintenance requirements and equipment lifetime were not explicitly evaluated. These factors may significantly influence the practical feasibility and large-scale implementation of such systems. Therefore, future work should include techno-economic analysis and life-cycle cost assessment to provide a more comprehensive evaluation of the proposed hybrid solution.



Additionally, the analysis does not include a detailed assessment of the existing electrical infrastructure. The proposed configuration assumes sufficient electrical capacity for HP integration, while in practical applications, additional assessment and potential upgrades may be required.



The results are specific to the climatic conditions considered in this study. In colder climates, the HP’s performance may decrease, leading to higher electricity consumption and a potential reliance on auxiliary electric heating. Therefore, the overall system performance may be reduced under such conditions.




6. Conclusions


The present study evaluated the integration of an air-to-water HP into an existing office building supplied by a DH system using dynamic simulation with Polysun 4 software.



The results demonstrate that hybridisation significantly improves system performance, leading to approximately a 24% reduction in total energy consumption and 36% in natural gas use, highlighting the effectiveness of combining conventional and renewable technologies.



Although integrating the HP increases electricity consumption, this is offset by the system’s higher efficiency, as reflected in the SCOP of approximately 3.6. This SCOP further confirms the high annual efficiency of the proposed hybrid system under variable operating conditions.



The analysis confirms that the hybrid system can fully meet the heating demand with a negligible deficit, ensuring reliable operation under varying climatic conditions and validating the adopted control strategy.



From an environmental perspective, the hybrid configuration leads to a reduction of approximately 29 t CO2 per year, demonstrating its potential contribution to decarbonisation objectives and sustainable building operation.



The results also highlight the importance of distinguishing between energy input share and thermal contribution, as the HP accounts for a relatively small share of electricity consumption while delivering a significantly higher share of useful thermal energy.



Furthermore, the study demonstrates that integrating HPs can be achieved without major modifications to existing building infrastructure, making it a practical and scalable solution for retrofit applications in urban environments.



Finally, the proposed hybrid approach enhances system flexibility and resilience, particularly when the DH system operates at reduced capacity or under variable conditions, ensuring the continuity of thermal supply.
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The following abbreviations are used in this manuscript:



	AHU
	Air handling unit



	ASHP
	Air-source heat pump



	BMS
	Building Management System



	BT
	Buffer tank



	COP
	Coefficient of performance



	CHP
	Combined Heat and Power



	DH
	District heating



	DHC
	Distric heating and cooling



	DHW
	Domestic hot water



	EU
	European Union



	FCU
	Fan coil unit



	GHG
	Greenhouse gas



	HP
	Heat pump



	IEA
	International Energy Agency



	RES
	Renewable energy sources



	TES
	Thermal energy storage
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Figure 1. Scheme of a district heating system. 
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Figure 2. Operating scheme of a reversible air-to-water HP. 
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Figure 3. Integration of an HP into the DH system. 
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Figure 4. Photo of the reference office building. 
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Figure 5. Variation in the heat carrier supply temperature. 
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Figure 6. Hybrid system configuration for simulation with Polysun program. 






Figure 6. Hybrid system configuration for simulation with Polysun program.



[image: Sustainability 18 04965 g006]







[image: Sustainability 18 04965 g007] 





Figure 7. Monthly thermal energy supplied by district heating. 
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Figure 8. Heat pump operation vs. outdoor temperature. 
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Figure 9. Variation in heat pump performance with outdoor temperature. 
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Figure 10. Comparative energy consumption between DH and DH+HP systems. 
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Figure 11. Impact on energy consumption. 
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Figure 12. CO2 emissions comparison. 
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Figure 13. Contribution of energy sources (hybrid system). 
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Figure 14. Comparison of the heating demand with the energy supplied throughout the year. 
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Table 1. Positioning of the present study versus the literature.






Table 1. Positioning of the present study versus the literature.





	Study
	Energy Analysis
	Real DH Instability
	Resilience Analysis
	Real Case





	Literature
	✓
	Limited
	No
	Mostly no



	Present study
	✓
	✓
	✓
	✓










 





Table 2. CO2 intensity for different primary energy sources.
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	No.
	Fuel Type
	CO2 Emission per kWh of Fuel (kg/kWh)
	CO2 Emission per kWh of Useful Heat (kg/kWh)





	1
	Coal
	0.340
	0.49



	2
	Oil
	0.280
	0.35



	3
	Natural gas
	0.202
	0.24



	4
	Electricity
	0.400
	0.19










 





Table 3. Monitored variables and data used for model input/calibration.
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	Variable
	Source
	Resolution
	Use in Model





	Supply temperature
	BMS
	1 h
	Boundary condition



	Return temperature
	BMS
	1 h
	Calibration



	Indoor temperature
	BMS
	1 h
	Validation



	Thermal load
	BMS/Simulation
	1 h
	Demand input










 





Table 4. Statistical characterisation of DH supply instability.






Table 4. Statistical characterisation of DH supply instability.





	Parameter
	Value
	Observation





	Nominal design supply temperature
	90 °C
	Intended operating condition



	Mean monitored supply temperature
	82 °C
	Below nominal due to instability



	Typical degraded supply range
	60–70 °C
	During reduced performance events



	Minimum observed supply temperature
	25 °C
	During interruption events



	Supply temperature drops from nominal
	≤65 °C
	During critical events



	Duration below 70 °C
	~4 days/14 days
	Reduced supply condition



	Number of interruption events
	2
	Representative monitoring period



	Average interruption duration
	10–12 h
	Per event



	Estimated standard deviation
	~12 °C
	Based on observed fluctuations










 





Table 5. Air-to-water HP unit characteristics.
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	Parameter
	Specification





	ASHP type
	KAPPA V Energy 51.2



	Heating power
	530.5 kW at Air 7 °C/Water 40 °C



	COP
	3.74 at Air 7 °C/Water 40 °C



	Maximum heat carrier temperature
	63 °C



	Outdoor temperature range
	−12 °C to +46 °C



	Refrigerant
	R134A










 





Table 6. COP variation under representative operating conditions.
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	Outdoor Temp
	Water Supply/Return
	COP





	−5 °C
	60/50 °C
	1.8



	0 °C
	60/50 °C
	2.2



	5 °C
	60/50 °C
	2.6



	10 °C
	60/50 °C
	2.8



	15 °C
	60/50 °C
	3.0










 





Table 7. Energy savings and performance indicators for the analysed systems.
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	Indicator
	Conventional System
	Hybrid System
	Variation
	Unit





	Total energy consumption (Etot)
	1085
	821
	−24
	%



	Natural gas consumption (Egas)
	1076
	690
	−36
	%



	Electricity consumption (Eel)
	~9
	131
	+100 *
	%



	Share of gas in total energy
	~99
	84
	−15
	pp



	Share of electricity in total energy
	~1
	16
	+15
	pp



	Energy savings (absolute)
	0
	264
	–
	MWh



	Heat pump thermal contribution
	0
	57
	+57
	%



	District heating thermal contribution
	100
	43
	−57
	%



	Load coverage
	100
	~100
	~0
	% deficit



	System efficiency improvement
	0
	44
	–
	%







* Electricity variation is normalised to 100% due to the negligible electricity consumption in the conventional system. The symbol “–” indicates that the variation is not applicable, as the corresponding indicator is already expressed as an absolute difference or is not defined for the reference system.













 





Table 8. CO2 emissions and environmental impact for the analysed systems.
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	Indicator
	Conventional System
	Hybrid System
	Variation
	Unit





	Natural gas consumption
	1076
	690
	−37
	%



	Electricity consumption
	~9
	131
	+100 *
	%



	CO2 emissions from gas
	217
	139
	−78
	t CO2



	CO2 emissions from electricity
	~3
	52
	+49
	t CO2



	Total CO2 emissions
	220
	191
	−13
	%



	Absolute CO2 reduction
	0
	29
	–
	t CO2







* Electricity variation is normalised to 100% due to the negligible electricity consumption in the conventional system. The symbol “–” indicates that the variation is not applicable, as the corresponding indicator is already expressed as an absolute difference or is not defined for the reference system.













 





Table 9. Sensitivity analysis of key input parameters.
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	Parameter Variation
	Total Energy Savings
	Natural Gas Reduction
	SCOP





	Base case
	24%
	36%
	3.6



	HP performance −10%
	21%
	33%
	3.3



	HP performance +10%
	26%
	38%
	3.8



	Control threshold 50 °C
	21%
	32%
	3.4



	Control threshold 60 °C
	26%
	39%
	3.5
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2026 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.



























media/file13.jpg
Energy (MWh)

300

250

200

150

100

—e— Thermal energy supplied by district heating (Qaux)

Jan

Feb

Mar.

A May jun  jul Aug Sep Ot Nov Dec
Month






media/file4.png
Water
outlet

Water
inlet

———» Heating sense

» Cooling sense

Refrigerant

Electricity supply

Expalnsion valve

> Sy

Filter

Compressor

Connector

P Ip———

Evaporator

\YA A A A"/






media/file18.png
COP

3.0

2.8

2.6

2.4

2.2

2.0

1.8

-3.0

0.0

2.5 5.0 1.5
Outdoor temperature (*C)

10.0

15.0






media/file21.jpg
Energy consumption (MWh)

200

75

150

125

100

7

Jan

Feb Mar

Apr

- Gas
m Electricity

May jun jul Aug Sep Oct
Month

Nov Dec






media/file26.png
District heating

84.0%

Heat pump





media/file27.jpg
Energy (MWh)

200

150

100

@~ Heating demand
—e—Energy supplied

Jan  Feb Mar

Apr

May

Jun i
Month

Aug

sep oct

Nov

Dec






media/file3.jpg
——> Heatingsense  Electricity supply

> [Coglinglsense Equns\nnvalve\

Compressor
Water =
outlet

Three-wayvalve  an

Evaporator

Water
inlet

== ==

Refrigerant  Filter  Connector






media/file22.png
Energy consumption (MVWWh)

200 -

175 -

150 -

125 A

100 A

75 1

BN Gas
BN Electricity

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month






media/file19.jpg
Energy (MWh)

1000

800

600

400

200

District heating
—ybid (OH + HP)

Gas

Electricity

Total






media/file7.jpg





media/file28.png
Energy (MWh)

200

150

100

—&— Heating demand
—@— Energy supplied

Jan Feb Mar

Apr May |

un  Jul
Month

Aug

sep

Oct

Nov

Dec






media/file10.png
— Temperature (°C)

100

90

80

/0

60

50

40

30

20

10

0

1440

2880

4320

5760

7200

8640

10,080

11,520

12,960

14,400 15,840 17,280 18,720

— Time (min)





media/file14.png
Energy (MWHh)

300

250 ~

200 -

150 -

100 ~

50 -

—8— Thermal energy supplied by district heating (Qaux)

Jan

Feb

I I I I I I 1 I I I
Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month






media/file11.jpg
=] Buffer tank (2000 L)

DHW (45 °C)

2

Storage tank (1000 L)





media/file6.png
A1

JE3@ B
nun | - 3, g
L -
DH station DH network .
T Building
Backup / Support

Heat pump





media/file15.jpg
Temperature (°C)

20

15

10

Outdoor temperature (*C)
\{P consumed energy (MWh)

\
i
_-.

| I

Jan

Feb Mar Apr May jun

Jul

Aug Sep Oct Nov Dec

80

HP Energy (MWh)

20





nav.xhtml


  sustainability-18-04965


  
    		
      sustainability-18-04965
    


  




  





media/file29.png





media/file16.png
Temperature (°C)

20 1

15 ~

10 -

. Outdoor temperature (°C)
HF consumed energy (MWh)

1
|||

- 80

- 60

L 40

T
P
o

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

HP Energy (MWh)





media/file2.png
Transmission
network

| DH substation

Distribution
network






media/file20.png
Energy (MWh)

1000 A

800 A

800 -

400 ~

200 -

District heating
B Hybrd (DH + HP)

Electricity

Total






media/file23.jpg
Hybrid (DH + HP)

£
E
H
g
g
5
§

S

2

(21835 aAnefal) SUOISSIWE 70D






media/file5.jpg
H BB
H Jj B

Building

DH station DH network

@»

Heat pump

Backup / Support






media/file24.png
i
o
1%
U
!
Q
2
4
L
£
W
=
2
£
L

Ia
o
o

Conventional (DH)

Hybrid (DH + HP)





media/file1.jpg
Transmission
network

DH substation






media/file25.jpg
District heating

84.0%

Heat pump





media/file12.png
Buffer tank (2000 L
e

—

ILRRR
!ll&‘

.

DHW (45 °C)

Storage tank (1000 L)





media/file9.jpg
— Temperature ("C)

100

W

5780

0 w60

1000

nsm

30

w0 B0 1280 18720
—= Time (min)





media/file8.png
M Ar i ee

4 .
¥ N
W "
3 T
y -
R - L g
o o Fak x i i T
. L e i = S
e ST, e =
P _— FFAT T
v i o LY ey
et . " TS
Fy f ek
ey a7 AR

:,::__..,ﬁf
A r-nm_.___._






media/file17.jpg
cop.

30

28

26

24

22

20

18

00

25 50 15
Outdoor temperature (°C)

100

125

150






