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Abstract:



Ground source heat pump (GSHP) systems stand for an efficient technology for renewable heating and cooling in buildings. To optimize not only the design but also the operation of the system, a complete dynamic model becomes a highly useful tool, since it allows testing any design modifications and different optimization strategies without actually implementing them at the experimental facility. Usually, this type of systems presents strong dynamic operating conditions. Therefore, the model should be able to predict not only the steady-state behavior of the system but also the short-term response. This paper presents a complete GSHP system model based on an experimental facility, located at Universitat Politècnica de València. The installation was constructed in the framework of a European collaborative project with title GeoCool. The model, developed in TRNSYS, has been validated against experimental data, and it accurately predicts both the short- and long-term behavior of the system.
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1. Introduction


Ground source heat pump (GSHP) systems represent an efficient and comfortable alternative for the air conditioning of any kind of space [1]. In this kind of systems, the ground is used as a heat source in winter and as a heat sink in summer, which provides a notable increase of the global energy efficiency of the system [2].



Most of the research currently carried out in the field of GSHP systems is focused on the optimization of the energy performance of the installations [3], so they can become a competitive alternative to other more conventional solutions for the air conditioning in buildings. Successive works in this field have led to a progressive increase in the energy efficiency of GSHP installations, improving both the design and the operating control strategies [3,4,5].



In this context, a model of the whole system becomes a very useful tool. With an appropriate model, it is possible to simulate and test different design improvement and optimization strategies to be carried out in the system, before actually implementing them in a real installation. In addition, a complete model of the system will provide a prediction of the experimental results for a long period and under different working conditions, in considerable less time than would be required to obtain these results from the experimental plant.



The control algorithms implemented in an air conditioning system usually take into account the instantaneous values of the temperatures and other representative variables of the system, and their short-term evolution. Therefore, a model should be able to reproduce the dynamic response of every component of the system, so that it can be useful enough for optimization purposes.



Previously, specific models for GSHP system components have been developed and used for design and optimization purposes. In [6], a model for the heat pump of a GSHP system was developed to evaluate the control strategy for predicting the optimal water flow rate under part load conditions.



Regarding the Borehole Heat Exchangers (BHEs), some classical models have been used to aid in the design and performance assessment using analytical expressions: the Infinite Line Source model (ILS), Infinite Cylindrical Source model (ICS), Finite Line Source model (FLS) and Finite Cylindrical Source model (FCS). To consider several boreholes and different heat sources in time, superposition techniques are used [7]. However, more complex BHE models have been developed to obtain a more accurate prediction of their behavior. Some examples are the thermal response factor-based models and numerical thermal models. Thermal response factor models use the approaches of ILS and FLS theory to calculate the borehole temperature on the wall of the borehole using the net heat rate per borehole length and some special functions called “g-functions” [8], while the numerical models are based on 1D, 2D, and 3D finite volume or finite element approaches [9]. According to [10], some of the computer programs that are usually used for the modeling of BHEs are Multyphysics tools such as COMSOL [11] and TOUGH2 [12] or the DST model [13] implemented in TRNSYS software [14].



In [15], a borehole heat exchanger finite difference model was developed to study the effect of multiple ground layers on a thermal response test analysis. A 3D numerical analysis model of a horizontal spiral-coil-loop heat exchanger was developed in [16] to aid in the optimum design of the GSHP system; in [17], a review of BHE models is presented with the main existing simulation models.



On the other hand, while models are usually developed for specific components or parts of the system, complete system models are rarely available. One example of an air conditioning system model can be found in [18], where a model for solar assisted district heating systems is presented. In [19], a model of a variable-refrigerant-volume air conditioning system is developed. In [20], a dynamic model of a hybrid system (heat pump and condensing boiler) was implemented in TRNSYS to study how the choice of the cut off temperature can influence the annual efficiency of the system.



Regarding GSHP systems, there exist several computer programs for their design and simulation [17]. Some of the most known programs are the Earth Energy Designer (EED) [21] or GLHEPRO [22]. Most of them are based in the line-source model, but the majority of them are not able to reproduce the short-term dynamic behavior of every single component and the entire system with accuracy. According to [10], some other computer programs that are usually used to model GSHP systems are TRNSYS or EnergyPlus [23].



A review of different models for GSHP systems can be found in [9], for example, artificial neural network models and state-space models. In [24], a TRNSYS model of a GSHP system with horizontal ground loop was developed for several twin houses located in Ontario, Canada, and to compare the performance of a variable capacity air source heat pump with the GSHP.



In [25], a quasi-steady state model of a GSHP installation, located at Universitat Politècnica de València, in Valencia, Spain, was presented. In this work, the installation was modeled using the Engineering Equation Solver (EES) software. The building was modeled with a global UA value, and the ground source heat exchanger (GSHE) was represented as a constant water return temperature. Afterwards, in [26], a preliminary version of a TRNSYS model for the same installation was presented. In this case, the building model was included, while the GSHE was represented using the experimental values for the water return temperature from the ground loop.



This work presents for the first time the complete and detailed model of the GSHP installation located at Universitat Politècnica de València. This model includes all the relevant components of the system, from the building with the fancoils and the heat pump to the GSHE, all together conforming a very detailed dynamic model of the installation. More concretely, for the GSHE, the novel B2G (Borehole-to-Ground) model has been used, which was specially developed for this application and presented in [27,28]. The B2G dynamic model is a single U-tube borehole heat exchanger model and it is able to predict the short-term behavior of the GSHE with a high accuracy at a low computational cost. Furthermore, when coupled with a long-term model (for example, a g-function), it is also able to simulate the long-term behavior of the heat exchanger and the surrounding ground response to the injection/extraction of heat [29].



The complete system model is able to reproduce both the short- and long-term effects on the ground with high accuracy, as well as the evolution of the different energy performance parameters of the system. For this purpose, the model will be developed taking into account the dynamic behavior of each component, which will be introduced and experimentally validated in a progressive way in the model (component by component) thus ensuring a good adjustment of the results obtained at every step.



In this work, this complete system model is presented as a dynamic tool that can act as a virtual demonstration site. For instance, it allows testing and assessing different control strategies before actually implementing them in the real system, thus being able to find an optimal strategy in a faster way without having to make modifications in the installation and avoiding any impact in the end user comfort. On the other hand, it helps analyzing the feasibility and impact of implementing a new system and/or modifying the system components. In this context, a complete model of a dual-source heat pump system has been adapted to the conditions of the city of Valencia, in Spain, to test if it would be profitable to implement the system in this location.




2. GSHP System


The ground source heat pump installation analyzed in this paper provides the air conditioning in a set of offices located at the Applied Thermodynamics Department at the Universitat Politècnica de València (UPV), in València, Spain. The facility was constructed within the framework of the FP5 European project GeoCool [30], whose main objective was to adapt the geothermal pump technology to areas where energy demand for cooling prevails over the heating demand. The implementation of this pilot plant was completed in late 2004, and, starting in February 2005, the regular operation of the system commenced. Since then, the facility has been monitored by a sensor network which allowed characterizing the most relevant parameters of its operation and determining its energy efficiency along the different years of operation.



Figure 1a shows the schematic diagram of the installation. The system mainly consists of a water-to-water reversible heat pump which is coupled to the building through an internal hydraulic circuit and is coupled to the ground through an external hydraulic circuit. The different components of the system can be distinguished in Figure 1a: the heat pump (HP); the external circuit (EC) consisting of an external circulation pump (ECP), an external storage tank of 371 liters (which ensures a substantially constant temperature at the inlet of the ground source heat exchanger (GSHE) according to one of the purposes of the GeoCool project where the influence of the grout in the heat exchanger efficiency was analyzed), and the GSHE; and finally, the internal circuit (IC) consisting of an internal circulation pump (ICP), a buffer tank of 160 liters, and twelve fancoil units in the building whose distribution can be observed in Figure 1b.


Figure 1. GSHP installation at UPV: (a) schematic diagram; and (b) fancoils distribution in the building.
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The air-conditioned area comprises approximately 250 m2, and, as can be observed in Figure 1b, includes nine offices located in the east façade of the building, a computer lab, and a coffee room. The heating/cooling distribution system in the building consists of a series of 12 parallel connected fancoil units. There is one fancoil unit per office, except for the computer lab where two fancoils are installed. The corridor is not air-conditioned. Each fancoil can be individually regulated by means of a thermostat and comfort temperature and fan speed can be selected by the user. A three way valve, which is controlled by the thermostat of the room, regulates the control for each fancoil allowing the heating/cooling water to be modulated through the fancoil in such a way that, when there is no need to keep on heating or cooling the room, the water flow rate is by-passed in the fancoil. The overall system operation is controlled by a timer which is programmed to operate between 7:00 a.m. and 9:00 p.m., five days per week, as the system is switched off during the weekends.



The heat pump that was installed in the framework of the GeoCool project consists of a water-to-water reversible heat pump, single-stage ON/OFF controlled working with propane, with a nominal heating capacity of 17 kW (35 °C water return temperature from the building loop/17 °C water return temperature from the ground loop), and 14.7 kW (14 °C water return temperature from the building loop/25 °C water return temperature from the ground loop) of nominal cooling capacity.



It should be noted that, in May 2011, in the framework of another FP7 European project called Ground-Med [31], the former heat pump was replaced with a new one consisting of two compressors of the same capacity in tandem, working with R410A. The new nominal heating and cooling capacities are 18 kW (35 °C water return temperature from the building loop/17 °C water return temperature from the ground loop) and 15.4 kW (14 °C water return temperature from the building loop/25 °C water return temperature from the ground loop), respectively. Another important change in the system was the removal of the external storage tank, as it was not necessary for the Ground-Med project purposes, and it was creating an extra pressure loss with the consequent increase in the ECP power consumption. Another modification was the change in the position of the internal buffer tank that was placed on the supply line to be able to control the supply temperature to the building and improve this way the user comfort.



The GSHE itself consists of six vertical boreholes arranged in a rectangular grid (2 × 3) with a 3 m separation between boreholes. Each borehole has a depth of 50 m and contains a single polyethylene U tube of 25.4 mm internal diameter and 32 mm of external diameter, with a 70 mm separation between the upward and downward tubes. The boreholes are backfilled with sand and, to avoid intrusion of pollutants in the aquifers, all of them are finished with a bentonite layer at the top. The values of the ground thermal properties (conductivity of 1.43 W/mK and volumetric heat capacity of 2.25 MJ/m3K) were obtained by means of a laboratory analysis performed on dry soil samples [32]. However, it should be pointed out that, as the phreatic level at UPV is 3.5 m, higher conductivity and volumetric heat capacity values are expected, as the surrounding soil might be saturated.



The operation of the heat pump is governed by an electronic controller which, depending on the temperature of the return water from the internal circuit (fancoils), switches on or off the compressor of the heat pump. The default values for the water return temperatures at the internal circuit can vary between 37 °C and 43 °C for heating mode and 12 °C and 15 °C for cooling mode. The ECP is governed by the controller of the heat pump, which activates the external circulation pump sixty seconds before activating the compressor and turns it off sixty seconds after the compressor. To vary the flow of water at the internal and external circuit, the circulation pumps’ speed is controlled by means of two frequency inverters, one for each circulation pump. The system is fully monitored by a sensor network, and the data have been collected by a data acquisition unit since February 2005. The experimental data have been deeply analyzed in [32,33].



Figure 1a shows the location of temperature sensors and flow meters on the hydraulic circuits, as well as the power meters. Values for the water temperature at the inlet and outlet of the heat exchangers existing in the heat pump are measured by means of four-wire PT100 with accuracy ±0.1 K. The water flow rate is measured at both the internal and external hydraulic circuits by means of two Coriolis flow meters with accuracy <0.1%. To measure the power consumption, two multifunctional power meters with accuracy ±0.5% of the nominal value are used, one for each circuit. The power meter of the internal circuit measures the power consumption of the fancoil units and the internal circulation pump; and the power meter for the external circuit measures the compressor and the external circulation pump power consumption. Additionally, the temperature and relative humidity in the offices is measured as well.



The installation that will be modeled and experimentally validated in this paper corresponds to the GeoCool installation. The experimental data considered for the model validation correspond to the year 2008. It should be noted that, in the results presented in this paper, the frequency for each circulation pump kept constant at 50 Hz in all the experimental measurements is considered. Consequently, the mass flow rate measured by both Coriolis flow meters (one for each hydraulic loop) was constant and equal to 3000 kg/h for the ICP and 2700 kg/h for the ECP approximately. As there are 12 fancoils connected in parallel, the water flow rate per each fan coil will be approximately 250 kg/h in the case that the fancoil is working. In case that the water is by-passed, the bypass has been designed to have the same pressure drop as the coil, so the total pressure losses in the internal circuit will keep constant and so will do the total flow rate.



The TRNSYS model was developed in such a way that the system design modifications that took place in the framework of the Ground-Med project during year 2011 can be easily implemented in the model, making it a useful tool to assist in the design and the development of energy optimization strategies in the system.



2.1. Typical Daily Performance


The control algorithm existing at the GSHP installation produces a very specific behavior of the different parameters of the system. More concretely, the influence of this control algorithm can be observed in the instantaneous response and the short-term behavior of the water temperatures at different points of the hydraulic loops.



Figure 2 shows an example of the evolution of the water temperatures during two typical heating days, with different thermal load conditions. Figure 2a corresponds to a high load day and Figure 2b corresponds to a low load day. The main difference between both days is the duration of the ON and OFF periods of the heat pump. For higher load days, the period of time when the HP is switched on is higher than that of the lower load days. On the other hand, the internal circuit water temperatures vary between the same maximum and minimum values, depending on the temperature setting and deadband established in the control board of the system for each day. However, the external circuit water temperatures mostly depend on the ground temperature response. Therefore, the evolution of the water temperatures at the external circuit will reflect that of the ground temperature, which varies depending on the thermal load extracted in heating mode and injected in the case of cooling mode.


Figure 2. Daily temperature evolution in heating mode: (a) high load; and (b) low load.
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Looking at the instantaneous response of the temperatures, it is possible to identify the characteristic evolution corresponding to the ON/OFF cycling of the compressor and the ECP. Figure 2 also shows an augmented section of the daily evolution of the temperatures. To simplify the study of the cycles, several strategic points of the temperature evolution have been identified and labeled (A–E).



Looking at Figure 2, it is possible to detect, for the internal circuit temperatures evolution, a delay corresponding to the time that the water takes to circulate through the pipes. Thus, when the HP switches on (at point B), the temperature of the water returning from the IC still decreases for some more time, until the hotter water sent to the IC at point B has circulated through the fancoils and returns to the HP. Then, temperatures start increasing (point C). An analogous behavior can be observed when the HP is switched off. Since the ICP is continuously switched on, once the HP is switched off, the supply temperature equals the return temperature.



On the external circuit side, the behavior is slightly different, since the ECP pump cycles with the HP. Once the ECP switches on (at point A), and after some time (corresponding to the time that the water takes to circulate from the GSHE to the HP) it is possible to observe an increase in the return temperature, corresponding to the temperature of the water that was inside the GSHE during the OFF period. On the other hand, due to the delay between the switching of the HP and the ECP, the inlet temperature to the EC also equals the return temperature once the HP is switched off.



The short-term behavior of the water temperatures when the installation is working in cooling mode is analogous to that of the heating mode. However, in cooling mode, the temperatures of the EC correspond to the condenser in the HP and those of the IC correspond to the evaporator. Therefore, in cooling mode, the water temperatures of the EC will be higher than the IC ones.





3. TRNSYS Model


The main objective of the present work is to develop a complete model of the GSHP system located at UPV. To be able to correctly reproduce both the short-term and long-term behavior of the installation, a very detailed model is needed, which includes all the main components of the system.



For developing this model, TRNSYS [14] simulation software was chosen. TRNSYS interface allows combining individual models (types) for each component of the system and connecting them in a modular way to conform a complete model. Besides, it is also possible to modify the predefined types and create new ones, which provides a high versatility to the software. For these reasons, TRNSYS becomes one of the best options for developing a complete and very detailed system model.



To ensure a good accuracy of the results, a progressive incorporation strategy has been followed while developing the model. Thus, the first step consisted in creating the building model. Once the building was adjusted and validated with experimental measurements, the different components of the system were added to the model progressively, in three stages: fancoils, heat pump and IC components, and, finally, GSHE with the EC components. At each stage, the simulation results were compared to the experimental measurements to adjust and experimentally validate each single component of the installation. Using this strategy, it is possible to adjust each component individually. It also allows identifying the effect that each component has on the overall results of the simulation, thus simplifying the error detection and correction.



This section shows the different steps carried out during the model development and the main solutions adopted to reproduce the dynamic behavior of the system accurately. Section 4.1 shows the results of the model adjustment at each step and its experimental validation with the thermal load corresponding to the year 2008. Finally, Section 4.2 presents the validation of the complete model with the experimental data for the rest of the characteristic performance parameters.



3.1. Building


The building was the first component introduced in the model. All the constructive characteristics of the building, the offices and rooms have been considered to obtain a model of the air-conditioned area.



For this purpose, the TRNSYS building modeling complement, TRNBuild, has been used. In the TRNBuild application, the characteristics of the different spaces of the building were introduced, together with the information about the user’s behavior: lighting and usage schedules. Some parameters can still be adjusted to obtain a load profile of the building that corresponds to the experimental measurements: ventilation, infiltration, and temperature settings.



The building model developed with TRNBuild is included in a TRNSYS project. To be able to simulate the model, it is also necessary to include the information of weather conditions, which was taken from one of the TRNSYS meteorological libraries for the city of Valencia due to the lack of complete and detailed experimental information that was needed for the model On the other hand, the weather data from the TRNSYS libraries allow making the model more general as these libraries stand for an average of many representative years and not a specific one. Besides, it is also necessary to implement the basic control parameters of the installation: the schedules of operation of the installation for each day and the operation mode along the year.



The resulting TRNSYS model is presented in Figure 3.


Figure 3. TRNSYS scheme for simulation of the building model.
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3.2. Fancoils


Once the building is correctly modeled, it is possible to include the fancoils in the model. Each fancoil in the installation will be modeled individually and coupled to the corresponding room in the building. Moreover, since the behavior of the fancoils depends on the working mode, the model will be different for the fancoils in heating mode than in cooling mode.



Figure 4 shows the two options used for modeling the fancoils. On the cooling mode model (Figure 4a), the fancoil is represented by the TRNSYS type 52, including the heat exchange and dehumidification functions. On the other hand, for the heating mode model (Figure 4b), the TRNSYS type 5 has been used, which only considers the sensible heat exchange between water and air in the fancoil.


Figure 4. Fancoils model in TRNSYS: (a) cooling, and (b) heating.
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The control of the fancoils has been implemented with the TRNSYS type 2, which models a differential ON/OFF controller. With this type, the reference temperature is compared to an upper and a lower bound. When the temperature increases above the upper bound, the control signal switches to 1. Then, when the temperature decreases below the lower bound, the control signal switches to 0. This control signal can be used directly for governing the fancoil switching in cooling mode, but it has to be inverted for the fancoil control in heating mode.




3.3. Heat Pump and Internal Circuit


The next step in the construction of the model of the system consists of including the heat pump. This involves including all the components existing between the fancoils and the heat pump: the internal circuit components. Therefore, in this step, the ICP, the internal storage tank and the distribution pipes will also be included in the model. The dimensions and geometrical characteristics of each of these components were checked in the real installation, and they were introduced in the model.



All these components are collected in a TRNSYS macro, with the scheme shown in Figure 5. For the ICP, the power consumption will be represented by an experimental correlation, depending on the water mass flow rate, which will be an input for the model, taken from the experimental data. The internal tank has been duplicated in the model to allow the user to choose if the tank is located at the supply (Ground-Med configuration) or at the return pipe (GeoCool configuration).


Figure 5. Heat Pump and other IC components in TRNSYS.
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The model of the heat pump is based on the experimental correlations presented in [25]. To implement those correlations, a new TRNSYS type has been specifically developed for this application. The type includes, as a parameter, a scale factor that allows changing the size of the heat pump to analyze its impact on the system energy performance and/or to adapt it to other system configurations. The inputs of this type are the inlet mass flow rate and inlet temperature of the internal and external circuits. With these inputs and the scale factor, the heat provided to each circuit, as well as the power consumption of the heat pump, are calculated thanks to the correlations implemented in the type. The outlet temperature of each circuit is calculated from the inlet temperature and the heat injected/extracted to the fluid.



The same differential controller used in the fancoils model has been used also for the control of the heat pump, depending on the setting and deadband established for the reference temperature, which are taken as inputs for the model from the experimental data.




3.4. GSHE and External Circuit


The last step corresponds to the GSHE model, and all the remaining components of the EC: ECP, external storage tank and external distribution pipes.



Again, for the ECP power consumption, an experimental correlation has been used, depending on the water mass flow rate. The electronic on/off control of this pump is taken from the controller of the heat pump, adding a delay of one minute using TRNSYS type 93.



For the GSHE, initially, type 557 was used, which implements the Duct Ground Heat Storage Model (DST) model [13]. However, this type only reproduces the steady-state response of the water temperatures of the GSHE, which produces significant differences on the shape of the temperature curves [34,35]. Therefore, it becomes necessary to use a dynamic model precise enough to model the instantaneous, short-term, and long-term responses of the GSHE, without excessively increasing the computational cost of the whole model. For this purpose, a new model was developed, called B2G (Borehole-to-Ground) model [27,28], that can predict the behavior of a borehole heat exchanger for a short period (10–15 h) with a great accuracy. This model can be combined with a long-term model to conform a complete GSHE model. The B2G model has been previously validated against experimental data from different installations [27,28], and compared with the DST model in the short-term prediction under two different conditions: a step-test (10 h of continuous heat injection) and the normal ON/OFF operation of a GSHP system, using experimental data from the installation located in Valencia. It was found that the DST was not able to predict the temperature delay in the outlet of the U-tube that occurs due to the water advection, while the B2G was able to reproduce it. Regarding the typical operation of the GSHP system, the DST does not reproduce correctly the response of the fluid inside the BHE, because it is based on a steady-state approach [35]. In the global model presented in this work, the B2G model will be coupled to the g-function model [8], which will be used only for the calculation of the long-term response of the GSHE. The coupling of B2G and g-function models has been presented and validated in [29].



The resulting scheme for the EC model is presented in Figure 6.


Figure 6. EC components with GSHE model in TRNSYS.
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Figure 7 shows the final complete model in TRNSYS. As can be seen in Figure 7, the layout of the model is simplified using some TRNSYS macros to group the different types, which makes it more user friendly. Thus, all the schedules and timetable types (shown in Figure 3) are grouped inside a macro, and the same happens with the weather types. The macro corresponding to the fancoils contains all the fancoils modeled as shown in Figure 4. The heat pump macro contains all the components presented in Figure 5, and, finally, the external circuit macro contains the components from Figure 6. The corresponding types for establishing the settings and deadbands for the simulation are connected outside the macros, as can be observed in Figure 7.


Figure 7. Complete TRNSYS model for the GSHP system.
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At each of the steps considered in the model construction, an experimental validation was carried out to ensure the correct adjustment of each component. The different results obtained at each step as well as the ones corresponding to the final complete model are presented in Section 4.





4. Experimental Validation Results and Discussion


To simulate the complete system in TRNSYS, the different adjustment parameters for all the components were established taking into account the real values existing at the experimental installation. The control parameters (setting and deadband) were taken from the experimental measurements of the IC water temperatures. The simulation time step is one minute, corresponding to the sampling period of the DAQ system. The holidays were modeled by switching off some of the fancoils during these periods.



Section 4.1 presents the results of the adjustment at each step of the model construction. For the adjustment, the monthly average thermal load has been taken into account. It should be noted that the objective of the progressive incorporation strategy is not to obtain a perfectly accurate prediction at each step but to allow the individual adjustment of each component and, even more important than that, to study the way each of them affects the final results of the model. Once each component is correctly adjusted, the validation will be extended to the remaining parameters, in Section 4.2.



4.1. Progressive Incorporation


The experimental measurements allow the calculation of the thermal load of the heat pump. The actual building thermal load will be lower than the one measured at the heat pump, due to the thermal losses always present in these systems. Therefore, the first two steps in the model development (only considering the building and the fancoils) should produce thermal load values below the experimental ones.



Figure 8 shows the thermal load results corresponding to the first step of the model (series named Building in Figure 8), as described in Section 3.1, compared to the experimental calculation (series named Experimental in Figure 8). It should be noted that the values shown in Figure 8 stand for the average of the daily values of each month. Thus, they would stand for a typical daily load of each month. As can be observed in Figure 8, the experimental thermal load takes higher values in cooling season (from May to October) than in heating season. However, during August, there is an important reduction in the average thermal load, since most of the users are out of the office. This is the main reason why the total thermal load injected/extracted in the ground at the end of the year is balanced. The general evolution of the thermal load along the year is somewhat sinusoidal, with some exceptions for those months corresponding to vacation periods or unusual ambient conditions that affect the total thermal load. At this step, the simulated building thermal load is obtained directly from the building type (created with TRNBuild). As can be observed in Figure 8, the thermal load of the building correctly represents the behavior of the experimental one, always with a lower thermal load value as previously explained.


Figure 8. Thermal load simulation results for the first three steps of the model development.
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Figure 8 also presents the results corresponding to the second step (Section 3.2): including the fancoils (series named Fancoils in Figure 8). In this case, the thermal load also corresponds to the building thermal load, but it is obtained from the fancoils model. It should be noted that the temperature setting that was used to control the thermostat of the fancoils was calculated as the average between the surface of one of the walls of each room (in which the control sensor is located in reality) and the temperature of the air inside the room. Under these conditions, it is to be expected that the total modeled fancoils load is slightly higher than the building load calculated in TRNBuild. This is mainly because TRNBuild uses as the control temperature setting for heating and cooling that of the air located in a central point of the room. However, for the thermostats of the fancoils, the control temperature has been calculated taking into account not only the temperature of the air but also the surface temperature of one of the walls of each office, which presents a greater thermal inertia than the air. It is precisely this greater inertia that will cause an increase of the thermal load to be supplied by the fancoils. It can be observed in Figure 8 that, in months of greater thermal demand (January, February, July, August and December), the result obtained is similar in both cases. This is because the thermal capacity of the heating and cooling system considered in TRNbuild for calculating the thermal loads of the building is assumed to be infinite, while that of the fancoils is limited by the characteristics of the fancoil and by the selected operating speed of the fan. Thus, although at first the load of the fancoils should be greater than that of the building (due to the difference in the control temperature used), when the demand is high, the fancoils are not able to completely satisfy it, so the total thermal load supplied by the fancoils is less than what one would expect. On the other hand, for those periods in which the thermal demand is lower than the maximum thermal capacity of the fancoils (periods from March to April and from September to November), it is possible to observe an increase in the thermal load delivered by the fancoils with respect to that calculated only with the building in TRNbuild, as it is expected in these conditions of low building thermal load. Finally, it can be concluded that the results presented in Figure 8 for the fancoils thermal load still correctly reproduce the evolution of t the experimental thermal load.



Adding the heat pump to the model (Section 3.3) allows a fair comparison for the thermal load. In Figure 8 (series named HP in Figure 8), it can be observed that the thermal load measured at the simulated heat pump correctly predicts the experimental one, with very accurate values for most of the months.



The final step consists of including the GSHE as described in Section 3.4, and both the internal circuit and external circuit thermal loads will be compared to the experimental ones. Figure 9 presents the corresponding results. The highest deviation from the experimental values corresponds to the thermal load of November. However, the experimental value of this month in year 2008 is greater (in module) than the typical one, mainly due to atypical ambient temperatures, cooler than usual. For the rest of the months, the complete model provides a very good prediction of the evolution and the trend of the thermal load along the year.


Figure 9. Thermal load simulation results of the complete GSHP system model.



[image: Energies 10 01510 g009]






Since the model is aimed at representing a typical year of performance, the validation is considered satisfactory.




4.2. Global Model Results


The validation of the model will be extended taking into account the rest of the characteristic energy performance parameters of the installation.



First, looking at the short-term evolution of the water temperatures, it is possible to validate the dynamic behavior of the model. Figure 10 shows a comparison between the simulated results on a typical day in heating mode and the experimental ones.


Figure 10. Short-term simulated temperature evolution: experimental (dashed line) vs. simulated (continuous line).
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As can be observed in Figure 10, the evolution of the simulated water temperatures along the day correctly reproduces the experimental ones. Continuous lines correspond to simulated results and discontinuous lines correspond to the experimental measurements. Moreover, as shown in Figure 10, it is possible to observe the simulated evolution of the instantaneous response of the water temperatures caused by the ON/OFF control algorithm implementation. It can be concluded that the model is able to perfectly reproduce the same dynamic behavior observed in Section 2.1 for the evolution of the water temperatures during a heat pump cycle.



Looking at the long-term behavior of the system, one of the characteristic performance parameters to be studied is the average partial load ratio (α) for each month along the year, defined as the ratio between the thermal load and the maximum capacity of the heat pump. Therefore, the partial load ratio should present the same characteristics as the thermal load, provided that the heat pump capacity is correctly modeled. Looking at the partial load ratio evolution presented in Figure 11, it is possible to observe that this parameter perfectly reflects the evolution of the thermal load of the system. As can be seen in Figure 11, the evolution of the simulated partial load ratio is similar to the experimental one. The small deviations observed in Figure 11 reflect the ones observed in the thermal load (Figure 9); thus, it is concluded that the partial load ratio is correctly calculated by the model.


Figure 11. Partial load ratio simulation results.
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Besides analyzing the short-term evolution of the water temperatures, it is also interesting to observe the evolution of the average water temperatures along the year. Figure 12 shows the evolution of the average water temperatures at both sides of the heat pump. The IC temperatures mainly depend on the control setting values, so the adjustment will be correct as long as the setting in the simulation corresponds to the experimental one. On the other hand, the EC temperatures depend on the ground temperature and the thermal load. As can be observed in Figure 12, the simulated EC water temperatures present a good accuracy with respect to the experimental ones.


Figure 12. Average water temperature simulation results.
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Finally, the last parameter to consider in the analysis is the energy efficiency of the GSHP system. This efficiency will be expressed as daily performance factors (DPFs), defined as presented in [33,34]. The DPF1 takes into account only the power consumption of the compressor. The remaining DPFs are obtained including in the calculation the other components of the installation: the ECP (DPF2), the ICP (DPF3), and the fancoils (DPF4). It should be noted that DPF4 includes the consumption of all the components in the system (HP, ICP, ECP and fancoils). The DPF prediction is one of the main features of the model. Figure 13 shows a comparison between simulated and experimental DPFs. The experimental values correspond to the dashed lines; and the simulated ones, to the continuous lines. As can be observed in Figure 13, DPF1 and DPF2 take higher values in cooling mode (around 25% higher) than in heating mode, since the pressure drop that the compressor has to overcome is lower for this operating mode. When the ICP is included in the calculation, the heat that this component introduces into the IC water is also taken into account. This effect is positive in heating mode, but negative in cooling mode. Therefore, DPF3 and DPF4 have the seasonal variation compensated by the ICP heat load. On the other hand, as expected, including the power consumption of the different components has the overall effect of reducing the corresponding DPF value. Therefore, including the ECP results in a reduction of around 12% of the DPF2 with respect to the DPF1; the ICP produces an average decrease of around 13% of the DPF3 values; and the inclusion of the fancoils results in a 10% reduction of the DPF4 value.


Figure 13. DPF simulation results (monthly average).
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As can be observed in Figure 13, the four DPFs calculated with the TRNSYS model follow the experimental results very accurately. The seasonal variation observed in the experimental results is reproduced on the simulated DPF1 and DPF2, and attenuated in DPF3 and DPF4. The influence of each component on the global efficiency is also correctly modeled, since the variation between the different DPFs in the simulation is the same as the experimental one.



In overall terms, the complete model developed has proven to be able to correctly reproduce the long-term and short-term behavior of the GSHP system located at UPV. The main performance parameters of the installation can be predicted by the model. Among them, the DPFs have a great importance, since they represent the energy efficiency of the system, thus, should be considered when improving the system’s performance. The model is able to correctly predict the evolution of the DPFs and the effect that the different components have over the global system’s efficiency. Therefore, this TRNSYS model will be a very useful tool for both the design and the energy optimization of the installation.





5. Applications of the Dynamic Tool Developed


The main utility of having an experimentally validated complete dynamic system model is that it fairly reproduces the reality acting as a virtual demonstration site. Therefore, it can be a tool to test and assess different modifications or operation strategies in the system without the need of implementing them in the real installation. Against this background, the model of the UPV system presented in this paper was used to assist in the development of optimization strategies and control algorithms before testing them experimentally. This was possible thanks to the fact that the system model is able to represent with a high accuracy the evolution of the DPFs, as presented in Section 4.2. Furthermore, it is possible to test the user comfort when the system is working under these optimization strategies, since it includes the coupling of the building to the rest of the system. With these control strategies, an improvement in the seasonal performance factor of the system ([image: ]) around 33% was achieved during the cooling season, always ensuring the user comfort [5].



Following the same methodology as the one presented in this paper, the dynamic system model was adapted to simulate the performance of a complete hybrid dual source heat pump system that was developed in the framework of the GEOT€CH European project [36]. In this case, the dual source heat pump is able to work using the air or the ground as a source/sink, depending on which one is the most favorable. The system includes, apart from the user and the ground loop, a Domestic Hot Water (DHW) loop with a storage tank and a free-cooling heat exchanger to use directly the fluid coming from the ground loop to provide cooling using only this heat exchanger instead of the heat pump. The model also includes a mid-season working mode, in which it assumes that the demand is met by natural ventilation and there is no need to use the heat pump or the free-cooling loop. This mid-season mode is enabled when the outside temperatures are close to the comfort temperatures in the building.



To adapt the TRNSYS model to the new hybrid dual source heat pump system, some minor modifications were carried out, thanks to the modularity of the model. First, the type of the heat pump was replaced for another heat pump model with the correlations corresponding to the hybrid heat pump. These correlations where obtained in a similar way than the previous ones.



The DHW loop that was included is similar to the internal circuit loop. In this case, a bigger water storage tank was implemented instead of the buffer tank and the building thermal loads were replaced with a DHW demand profile for an office building, using the same profile as the one considered in [37].



On the other hand, the free-cooling loop is modeled just by adding a simple model of a brazed plate heat exchanger. Finally, regarding the operation of the system, simple control strategies were implemented using differential controllers with hysteresis. Thus, the system selects the most favorable source depending on the temperature coming from the ground loop or the air temperature and it works in mid-season mode when the ambient temperature is close to the comfort one.



An analysis of the results calculated with the GEOT€CH system model applied to a demo-site that will be installed in Amsterdam, Netherlands, is presented in [37]. In this system, the ground would be used as a source 69% of the time in heating mode. During summer, the ground would also be the most used sink.



To see the applicability of this type of hybrid dual source heat pump in a different location, the system model has been adapted to the weather conditions in Valencia, Spain. It was agreed in the GEOT€CH project that the efficiency of the system would be analyzed by means of the SPFs defined in the SEPEMO European project [38]. SPF1 (Equation (1)) considers the heat provided to the user and DHW and the heat pump consumption; SPF2 Equation (2)) also considers the source consumption (fan and ground circulation pump); SPF3 (Equation (3)) also considers the backup heater consumption; and SPF4 (Equation (4)) also considers the consumption of the user and DHW loop circulation pumps.
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The SPFs obtained for the winter and summer season, as well as the yearly overall SPF are shown in Figure 14. It can be seen that the SPF obtained during the summer season is quite high (>6.5), which happens mainly due to the use of the free-cooling heat exchanger and the natural ventilation (mid-season mode). During the winter, the obtained SPF is lower (around 3). Finally, the yearly SPF has values between 4.6, for SPF4, and 4.9, for SPF1. A conclusion that can be extracted from this study is that there is a need to optimize the system operation during heating mode as it means around a 30% reduction in the yearly SPF4 compared to cooling mode. For this purpose, the dynamic system model could serve as an optimization tool for this system.


Figure 14. Seasonal Performance Factor (SPF) values during cooling season (summer), heating season (winter) and the whole year according to the SEPEMO project definition [38].
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Figure 15 shows the mode in which the system is operating during the year. During the heating season, the air is the most used source because of the mild weather existing in Valencia during the winter. On the other hand, during the cooling season, the ground is the most used sink, although the air is the one used for DHW production, because the air is at a higher temperature than the ground. However, the system is working mostly in mid-season mode (only natural ventilation is needed) to meet the cooling demand.


Figure 15. Working modes: (a) heating mode (winter); and (b) cooling mode (summer).
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Thus, it can be concluded that the use of this type of system would be convenient for a Mediterranean location such as Valencia, as it would lead to a reduction in the size of the ground source heat exchanger, and it would mean a higher yearly seasonal performance factor.




6. Conclusions


A complete model of a real GSHP system has been developed and presented in this paper. The model, developed in TRNSYS, is complete and detailed, including each of the installation components, modeled individually as well as their interaction in the system. For the development of the model, a progressive incorporation strategy was followed starting from the building and ending with the ground loop. The resulting model has proven to accurately simulate the performance of the system, in both the short-term and the long-term. Therefore, it constitutes a dynamic tool that can act as a virtual demonstration site. In this context, it will be possible to use the model to predict the effect that different modifications, either in the design or in the operation strategies, will have both in the dynamic and steady-state performance of the system. Besides, the model could be easily adapted to other GSHP systems by modifying the necessary components in TRNSYS or simply varying the adjusting parameters. As a practical case, the model was adapted to reproduce a complete hybrid dual source heat pump system to test its feasibility in the city of Valencia. It is concluded that the hybrid system is a good option for this type of Mediterranean climates, as it would lead to a reduction in the size of the ground source heat exchanger needed, and it would mean a higher yearly seasonal performance factor. Thus, the dynamic system model developed becomes a key tool for design and energy optimization purposes of low enthalpy geothermal energy systems for heating, cooling and DHW production.
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Nomenclature








	Acronyms
	



	DHW
	Domestic Hot Water



	DPF
	Daily performance factor



	DST
	Duct Ground Heat Storage



	EC
	External circuit



	ECP
	External circulation pump



	GSHE
	Ground source heat exchanger



	GSHP
	Ground source heat pump



	IC
	Internal circuit



	ICP
	Internal circulation pump in inlet



	Symbols
	



	T
	Temperature, °C



	Greek Letters
	



	α
	Partial load ratio



	Subscripts
	



	out
	outlet







References


	1. 
Environmental Protection Agency. Available online: http://www.epa.gov/region1/eco/energy/re_geothermal.html (accessed on 14 March 2013).

	2. 
Urchueguía, J.F.; Zacarés, M.; Corberán, J.M.; Montero, Á.; Martos, J.; Witte, H. Comparison between the energy performance of a ground coupled water to water heat pump system and an air to water heat pump system for heating and cooling in typical conditions of the European Mediterranean coast. Energy Convers. Manag. 2008, 49, 2917–2923. [Google Scholar] [CrossRef]

	3. 
Montagud, C.; Corberán, J.M.; Montero, Á. In situ optimization methodology for the water circulation pumps frequency of ground source heat pump systems. Energy Build. 2014, 68, 42–53. [Google Scholar] [CrossRef]

	4. 
Cervera-Vázquez, J.; Montagud, C.; Corberán, J.M. In situ optimization methodology for the water circulation pumps frequency of ground source heat pump systems: Analysis for multistage heat pump units. Energy Build. 2015, 88, 238–247. [Google Scholar] [CrossRef]

	5. 
Cervera-Vázquez, J.; Montagud, C.; Corberán, J.M. In situ optimization methodology for ground source heat pump systems: Upgrade to ensure user comfort. Energy Build. 2015, 109, 195–208. [Google Scholar] [CrossRef]

	6. 
Edwards, K.C.; Finn, D.P. Generalised water flow rate control strategy for optimal part load operation of ground source heat pump systems. Appl. Energy 2015, 150, 50–60. [Google Scholar] [CrossRef]

	7. 
Conti, P. Dimensionless Maps for the Viability of Analytical Ground Heat Transfer Models for GSHP Applications. Energies 2016, 9, 890. [Google Scholar] [CrossRef]

	8. 
Eskilson, P. Thermal Analysis of Heat Extraction Boreholes. Ph.D. Thesis, University of Lund, Lund, Sweden, 1987. [Google Scholar]

	9. 
Atam, E.; Helsen, L. Ground-coupled heat pumps: Part 1—Literature review and research challenges in modeling and optimal control. Renew. Sustain. Energy Rev. 2016, 54, 1653–1667. [Google Scholar] [CrossRef]

	10. 
Lanahan, M.; Tabares-Velasco, P.C. Seasonal Thermal-Energy Storage: A Critical Review on Systems, Modeling, and System Design for Higher System Efficiency. Energies 2017, 10, 743. [Google Scholar] [CrossRef]

	11. 
COMSOL Multiphysics®. Modeling Software. Available online: https://www.comsol.com/ (accessed on 7 September 2017).

	12. 
Research-Projects-TOUGH-Software-TOUGH2. Available online: http://esd1.lbl.gov/research/projects/tough/software/tough2.html (accessed on 7 September 2017).

	13. 
Hellström, G. Duct Ground Heat Storage. In Manual for Computer Code; Department of Mathematical Physics, University of Lund: Lund, Sweden, 1989. [Google Scholar]

	14. 
University of Wisconsin-Madison. A TRaNsient SYstems Simulation Program. Available online: http://sel.me.wisc.edu/trnsys/ (accessed on 21 July 2017).

	15. 
Lee, C.K. Effects of multiple ground layers on thermal response test analysis and ground-source heat pump simulation. Appl. Energy 2011, 88, 4405–4410. [Google Scholar] [CrossRef]

	16. 
Gyu-Hyun, G.; Seung-Rae, L.; Seok, Y.; Min-Jun, K. Optimum design of horizontal ground-coupled heat pump systems using spiral-coil-loop heat exchangers. Appl. Energy 2016, 162, 330–345. [Google Scholar]

	17. 
Yang, H.; Cui, P.; Fang, Z. Vertical-borehole ground-coupled heat pumps: A review of models and systems. Appl. Energy 2010, 87, 16–27. [Google Scholar] [CrossRef]

	18. 
Raab, S.; Mangold, D.; Muller-Steinhagen, H. Validation of a computer model for solar assisted district heating systems with seasonal hot water heat store. Sol. Energy 2005, 79, 531–543. [Google Scholar] [CrossRef]

	19. 
Zhou, Y.P.; Wu, J.Y.; Wang, R.Z.; Shiochi, S.; Li, Y.M. Simulation and experimental validation of the variable-refrigerant-volume (VRV) air-conditioning system in EnergyPlus. Energy Build. 2008, 40, 1041–1047. [Google Scholar] [CrossRef]

	20. 
Bagarella, G.; Lazzarin, R.; Noro, M. Annual simulation, energy and economic analysis of hybrid heat pump systems for residential buildings. Appl. Therm. Eng. 2016, 99, 485–494. [Google Scholar] [CrossRef]

	21. 
EED-Earth Energy Designer. Available online: http://www.buildingphysics.com/index-filer/Page1099.htm (accessed on 7 September 2017).

	22. 
GLHEPro. Available online: https://igshpa.org/software#glhepro (accessed on 7 September 2017).

	23. 
EnergyPlus. Available online: https://energyplus.net/ (accessed on 7 September 2017).

	24. 
Safa, A.A.; Fung, A.S.; Kumar, R. Comparative thermal performances of a ground source heat pump and a variable capacity air source heat pump systems for sustainable houses. Appl. Therm. Eng. 2015, 81, 279–287. [Google Scholar] [CrossRef]

	25. 
Corberán, J.M.; Finn, D.P.; Montagud, C.; Murphy, F.T.; Edwards, K.C. A quasi-steady state mathematical model of an integrated ground source heat pump for building space control. Energy Build. 2011, 43, 82–92. [Google Scholar] [CrossRef]

	26. 
Montagud, C.; Corberán, J.M.; Ruiz-Calvo, F. Experimental and modeling analysis of a ground source heat pump system. Appl. Energy 2013, 109, 328–336. [Google Scholar] [CrossRef]

	27. 
Ruiz-Calvo, F.; De Rosa, M.; Acuña, J.; Corberán, J.M.; Montagud, C. Experimental validation of a short-term Borehole-to-Ground (B2G) dynamic model. Appl. Energy 2015, 140, 210–223. [Google Scholar] [CrossRef]

	28. 
De Rosa, M.; Ruiz-Calvo, F.; Corberán, J.M.; Montagud, C.; Tagliafico, L.A. A novel TRNSYS type for short-term borehole heat exchanger simulation: B2G model. Energy Convers. Manag. 2015, 100, 347–357. [Google Scholar] [CrossRef]

	29. 
Ruiz-Calvo, F.; De Rosa, M.; Monzó, P.; Montagud, C.; Corberán, J.M. Coupling short term (B2G model) and long-term (g-function) models for ground source heat exchanger simulation in TRNSYS. Application in a real installation. Appl. Therm. Eng. 2016, 102, 720–732. [Google Scholar] [CrossRef]

	30. 
GeoCool Project (EU 5th Framework Programme, NNE5-2001-00847). Available online: http://cordis.europa.eu/projects/rcn/86940_en.html (accessed on 21 July 2017).

	31. 
Ground-Med: Advanced Ground Source Heat Pump Systems for Heating and Cooling in Mediterranean Climate. Available online: http://www.groundmed.eu/ (accessed on 21 July 2017).

	32. 
Montagud, C.; Corberán, J.M.; Montero, Á.; Urchueguía, J.F. Analysis of the energy performance of a Ground Source Heat Pump system after five years of operation. Energy Build. 2011, 43, 3618–3626. [Google Scholar] [CrossRef]

	33. 
Ruiz-Calvo, F.; Montagud, C. Reference data sets for validating GSHP system models and analyzing performance parameters based on a five-year operation period. Geothermics 2014, 51, 417–428. [Google Scholar] [CrossRef]

	34. 
Ruiz Calvo, F. Análisis y Modelado de una Instalación Geotérmica Para Climatización de un Conjunto de Oficinas. Ph.D. Thesis, Universitat Politècnica de València, Valencia, Spain, 2015. [Google Scholar]

	35. 
De Rosa, M.; Ruiz-Calvo, F.; Corberán, J.M.; Montagud, C.; Tagliafico, L.A. Borehole modelling: A comparison between a steady-state model and a novel dynamic model in a real ON/OFF GSHP operation. J. Phys. Conf. Ser. 2014, 547, 012008. [Google Scholar] [CrossRef]

	36. 
Geothermal Technology for €conomic Cooling and Heating, GEOT€CH (subprogramme H2020-LCE-2014-2, 656889). Available online: http://www.geotech-project.eu/ (accessed on 21 July 2017).

	37. 
Corberán, J.M.; Cazorla, A.; Marchante, J.; Montagud, C.; Masip, X. Modelling and energy analysis of a dual source heat pump system in an office building. In Proceedings of the 16th International conference on Sustainable Energy Technologies, Bologna, Italy, 17–20 July 2017. [Google Scholar]

	38. 
SEasonal PErformance Factor and MOnitoring for Heat Pump Systems in the Building Sector (SEPEMO-Build), (IEE/08/776/SI2.529222). Available online: http://sepemo.ehpa.org/ (accessed on 21 July 2017).





































© 2017 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 (http://creativecommons.org/licenses/by/4.0/).







media/file13.jpg
Schedules

Weather
e
settings supply @
1
1
Losses
deadbands supply |
— |3 -
h—’— ‘Heat Pump Control Settings.
settingsreum |
h * @ -
deadbands rerum

Configuration selection

GSHE~EC





media/file4.png
Temperature (2C)

Temperature (2C)
9
-

14/01/2009

60 -
50 - ’ o ru 1) SNTY

//l 1/ 4’/| ,”AI”,, "”HI | 'lII I,

!

/ \
40 | N

" - 2 I \\\

30 - 2 ’
20 i P T
O | [ [ | I [ I I

0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00
Tirhe (hh:mm)
60 - W V

D
-
|

N
o
|

—
-

9:36 9:50 10:04 10:19 10:33 10:48
Time (hh:mm)

— —TInIC ——ToutlC ——TinEC

0:00

CJ

23/03/2009

NIII’I'IIII'I'I‘I
\\\

My
/

9:00 12:Q0 15:00
Time (hh:mm)

(o))
()
|

Ul
()
|

S
()
|

Temperature (2C)
w
o

N
o
|

[HY
o
|

o

0:00 3:00 6:00 18:00 21:00 0:00

60 -

Temperature (2C)
W A Ul
o o =)
I I I

N
o
|

—
-
I

O I I I I I
12:00 12:14 12:28 12:43 12:57 13:12
Time (hh:mm)

— —=TIinlIC ——ToutlC ——TIinEC ----- ToutEC





media/file30.png
bk
ot
L
ety
b
bty
e

Ly
i

e
bttt
eyt
e

et
Lt
Y
iy

o+
o

o+

S
ht
e
bty

Ly
S
Ly

&
pry
&

T
¥

o T

) o

L e
L e
Ll e

|:-I--I-
b

!
!
y
iy
iy

iy

gl

iy
e

L
L

ok

o+
e e e

et
Ty

Ty

l':.:‘i-n::I--|--I--|--l--l-5|-.‘:‘l-'
y o

L
g, e e
EINEANRS TR

o+

Ty

bty
£

K

ﬂﬁqua,.#,f
e S S e
S
S

LY ey 11 R

EEEEE B Sy e

o

Ly

&
ey
S
it

b)

o e e R T e
e e B e e






media/file18.png
Q (M)

800

600

400

200

&

o

o
¥
@/'
s,

2
0
ef(\ <}°

> )

— @ -Exp-IC = -Exp-EC —®—TRNSYS-IC ——TRNSYS-EC





media/file21.jpg
rexp —e— a-TRNSYS





media/file26.png
DPF Value

—e— DPF1-TRNSYS --=--DPF2-Exp
—e— DPF3-TRNSYS --=--DPF4-Exp

—e— DPF2-TRNSYS
—+— DPF4-TRNSYS





media/file27.jpg
Summer
7028

Summer
978

Yearty
P

winte

6578

Yearty

a7

Summer

vearty
a6

Wmt|

= summer
@winter
Qreary





media/file3.jpg
L2 o o

g gw
% g3
£ £
g2 g2 o =
10
0
10:04 10:19 10:33 10:48 12:00 12:14 12:28 12:43 12:57 13:12
Time (hh:mm) Time (hh:mm)

—TinC — ToutiC —Tin€C.

TouteC





media/file22.png
0.70

- ® -q-exp —&— a-TRNSYS





media/file19.jpg
()

s

T

e ®

SIS IEEPOIIGIFIIIISFEIPS






media/file7.jpg





media/file28.png
Sumimer Summer Summer

7.028 6.978 6.978 Summer
6.661
Yearly
4.928 Yearly
4.618 HSummer
BWinter
Bl vearhy






media/file10.png
I~

ICP conéumpﬁon ICP flow @
Lot *
— E control signal
r—— @
v Swntch \Itcroclnllet
ICe | | On/Off Heat Pump
lﬁ ~— l‘a -
ICP control O . 1 .
1 +—
+ + l Input HP 3 Olnput}ieatPtmp
e —F —
. Heat Pump Supply tank
ICP Retum tank = -






media/file14.png
Schedules

k 4
L
= "
Building
k 4
4

settings supply

=)
e
4
h Losses ! Fancoils +IC

deadbands supply 1

=

8 > > -

& . L .
+ -

.

Heat Pump Control Settings Hea
 §
settings retum +
i_’_ E R
deadbands retum

Configuration selection GSHE +EC





media/file11.jpg





media/file6.png
-
Weekend

iht

Weekdays winter

ih

Weekdays summer

Winter penod Control

b ‘ '

Holidays

0;\

:
Weather data Weather processor Bl s






media/file15.jpg
a(m)

&
o

- & ~Experimental

Ea

—e—HP ——Fancoils

o Building





nav.xhtml


  energies-10-01510


  
    		
      energies-10-01510
    


  




  





media/file16.png
Q (MJ)

500
400
300
200
100

-100
-200
-300
-400
-500

— ® - Experimental

—e—HP —#— Fancoils

~—— Building





media/file2.png
COAIDLIS Flow meter

@ Power meter

Temperature
Sensor






media/file20.png
TinEC

——— ToutEC

TinlC

— ToutlC

-=====TinIC -====- TOULEC - TinEC

=== ToutlC

g

"

S

S

1]

D 0 0 D ﬂ-
uw =t (a3 o~ -

(D) 2amyesadway

q‘gp GQ.‘P .\;.dh

S mgp L EL LS

& &P
DT AT AT A A

$
"

S

.m
-

] .
W, B

AT

T i -

Ll = d
E

r” {

%
- i

o B —
"
1
'

' {

o
B ettt el n ‘.—-i
e

...\J D

\ o

- -
s iy
t
‘ "

> ] -

‘e | ] e
Iﬂ Illl‘

q\.\ﬁ ....................... o

. ,_..--:.
1_ i
J* 1&

9:20 9:40 10:00

9:00

7:20 7:40 8:00 8:20

7:00

6:40






media/file23.jpg
B

T(°)

&

P ‘“‘i\jgﬁf&‘f*ff@‘f

o ToWICED <X -THICER® —e—ToWICTRNSYS  ——TInCTRNSYS

I S I o
FEF SIS SSS

ToWECEXp - X ~TINECExp  —e—TSCETRNSYS  —— TECETRNSYS






media/file5.jpg
-
Weekend:






media/file24.png
60

T (°C)

35

T (2C)

—&— ToutIC-TRNSYS  —>¢—TinIC-TRNSYS

—— TSCE-TRNSYS  —>¢—TECE-TRNSYS





media/file29.jpg





media/file1.jpg
(b)





media/file25.jpg
DPFLEXD  ———DPFLTRNSYS -+ DPF2-EXp o DPF2TRNSYS

-DPF3Exp  ——DPF3TRNSYS - DPF4-Exp - DPFA-TRNSYS





media/file12.png
¥ ECP flow —r—

— a B
v

ECP consumption
—p v

.
Reset t
Type93-2 ECP delay I i
2 ; Typeldh-3
@,_._I Borehole
ECP EC tank

Ambient T





media/file9.jpg





media/file0.png





media/file8.png
a)

oy
, @ Type33c

4 Flow D1 cool +

— B

gl

Control D1 Cool 0utput§ Cool D1 Fan coil_cooling_s'nnpliﬁed

L

Inlet air conditions cooll

b)

T e

Control.Dl Heat

=

Setting-1

Flow D1 Heat

Fancoil D1

8 —

Outputs D1 Heat





media/file17.jpg
a(m)

Exp-IC

=% ~ExpEC —e—TRNSYS-IC —>—TRNSYS-EC





