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Abstract

:

This paper presents the methodology for conducting a cost-optimal energy performance calculation of a solar hot water system, used for space heating and domestic hot water needs. The calculation is based on dynamic hourly methods, according to the new Energy Performance of Buildings’ (EPB) set of standards EN 15316:2017, and a revision of the standard EN 15316-5:2017 from the year 2021, dealing with storage-tank water temperature calculations. The paper provides proposals for modifications to these newly introduced standards, in order to overcome the observed ambiguities and shortcomings. The calculation of annual energy performance of a building was performed on an hourly basis over a year for the reference of an nZEB multi-apartment building, for a climate area of the city of Zagreb, taking into account water temperature change in the layers of the storage tank connected to solar collectors and hot water boilers. The cost-optimal solution was then determined by varying individual parameters of the building technical system. The influence of these parameters on the energy efficiency of the building was analyzed in detail. Furthermore, the results were compared against those obtained by the Croatian calculation algorithm based on the previous set of EPB standards, EN 15316:2008, currently used EU-wide for the energy performance certification of buildings. The results indicated that the calculation methods of the present algorithm underestimated the consumption of building primary energy by 12%. The energy delivered by solar collectors was underestimated by 18%.
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1. Introduction


In the context of tackling climate change and a possible energy crisis, the European Union (EU) has recognized that a significant share of CO2 emissions (36%) and energy consumption (40%) in Europe can be attributed to the building sector [1]. Consequently, the EU has adopted a legislative framework that includes the first recast of the Energy Performance of Buildings Directive, 2010/31/EU (EPBD), and the Energy Efficiency Directive 2012/27/EU (EED). The goal of these directives was to promote the energy efficiency and decarbonization of buildings. One of the EPBD recast key requirements was that all new buildings by 31 December 2020 (31 December 2018 for public buildings) should be nearly zero-energy buildings (nZEBs). An nZEB is defined as a building that is highly energy efficient, with almost zero or a very low amount of required energy, which should be covered to a very significant extent by renewable energy sources (RES) [2].



When designing nZEBs, the cost-effectiveness of building elements and their technical systems should be considered. The cost-optimal energy efficient nZEB design is the result of an optimal interaction between energy demand, energy supply and financial cost. In that regard, a calculation procedure of the cost-optimal analysis has been established according to EU regulations [3]. The comparative methodology of cost-optimal analysis, described in the guidelines [4] supplementing regulation, is used to compare different design alternatives. In short, investment and operation costs (for the period of the estimated building renovation cycle) are determined for different design solutions, and the global cost is calculated for each. The solution with the lowest global cost is declared as the optimal building design.



The complexity of such an approach has prompted the development of computer-based simulation and optimization methods. By combining a building performance simulation software (BPS) with an optimization engine, it is possible to find a cost-optimal solution quickly and inexpensively. This computer-automated process allows any number of building parameters to be varied at the same time. In an effort to shorten the calculation time and reduce computational effort, only a few significant parameters are usually varied. Such an approach allows the determination of the building’s proper design and its technical system configuration, as well as prevention of over- or under-sizing of the system.



The advantage of computer-aided simulation and optimization was demonstrated as early as 1976, when Wilson and Templeman [5] presented a method for determining an optimal thermal design for an office building. Since then, BPS and optimization tools have become widely available. In the literature, the most common software used for detailed dynamic building simulation are TRNSYS (Solar Energy Laboratory, UW-Madison), IDA ICE (EQUA Simulation AB) and EnergyPlus (U.S. Department of Energy). Mazzeo et al. [6] compared simulation results obtained from those BPSs against the real measured data, operating under real conditions. The comparison, carried out on the small-scale solar test boxes, showed relatively high overall accuracy in the prediction of operating conditions. In the open literature, MATLAB (MathWorks Inc., Natick, MA, USA) and GenOpt (U.S. Department of Energy) are most commonly used for optimization purposes. Listed software can be used for determining the optimal level of energy demand [7,8], the optimal level of energy supply [9,10], or both [11,12]. As presented by Ferrara et al. [13] a considerable number of additional studies concerning the use of simulation-based optimization software in nZEB design are available. In this paper, authors acknowledge that, in addition to detailed dynamic simulations, simplified and standardized methods for calculating the building’s energy needs, such as the quasi-steady state monthly method, or the simple hourly method defined by the European Committee for Standardization (CEN) in EN ISO 13790:2008, are also used in practice. In order to assess a building’s technical system energy requirements and efficiency, the results obtained by those methods can be directly linked to the calculation procedure based on the EN 15316:2008 standard series, providing EPBD complying methods for determining delivered and primary energy. Although detailed dynamic simulations provide more comprehensive and precise hourly calculations, such simulations require additional computational power, and are usually associated with high software cost and a steep learning curve, which renders them impractical for everyday use. Moreover, due to non-standardized input data and methodology, the results between individual projects are not comparable to the desired level. In contrast, the previously mentioned simplified methods (EN ISO 13790:2008 and EN 15316:2008 standard series) are less accurate, due to the errors introduced in order to ease the application, speed up calculation, and standardize the input data. On the other hand, these methods can be easily implemented into an expert own-calculation tool for energy performance evaluation (e.g., spreadsheet calculations). Moreover, numerous cheap or even free commercial tools are available on the market. Furthermore, these methods are, in general, compliant with national methodologies which are more or less harmonized with European Standards. Therefore, in addition to the early stages of building design, these methods can also be used to obtain building Energy Performance Certificates (EPCs).



The evolution of standardized procedure started with the first set of European Standards, developed by CEN and published between 2007 and 2008 (EN ISO 13790:2008, series of standards EN 15316:2008 et al.). This set of forty standards was designed to implement the first EPBD 2002/91/EC. Its application has been shown to be difficult due to the variable quality of individual modules and inadequately described interconnections. Berković-Šubić et al. [14] presented calculation methods implemented into Croatian Algorithms for calculating the energy performance of a building based on the standards EN ISO 13790:2008 and EN 15316:2008, and proved that overwhelming parts of available methods from standards can be successfully applied if certain improvements and modifications to the original calculation procedure are applied. Horvat and Dović [15] compared the results obtained by these methods to those obtained with their own developed dynamic model, and differences of up to 33% were found in the analysis of individual subsystems. The comparison was conducted on the well-insulated single-family house located in the Zagreb area. Vujnović and Dović [16] compared the results of energy performance calculations of the reference nZEB hotel performed by a detailed dynamic simulation in IDA ICE and MGIPU Energetski Certifikator (RH—Ministarstvo prostornoga uređenja, graditeljstva i državne imovine), a government-approved software based on Croatian algorithms. The authors showed that the calculated gap between energy need for heating was only 5%, but the gap between the energy need for cooling was as high as 50%. Although the error introduced by simplified standardized procedures proved to be almost negligible in the case of existing buildings, the same error can be significant in the case of nZEBs, as shown by the present literature review. Therefore, after the EPBD recast, the European Commission decided for CEN to revise these standards. The new set of standards, published in 2017, contains the common modular framework and revised, consistent calculation methods, which now involve hourly time steps, designed for easy implementation in BPS software. Although a revision was conducted, some ambiguities and shortcomings in the new standards can still be found. Nevertheless, more detailed models and hourly calculations should allow for obtaining more precise and accurate results of the energy performance of buildings compared with the previous version of standards. Many studies have been conducted investigating the application of the standard EN ISO 52016-1:2017 [17,18,19,20,21], for dynamic calculations of the building energy needs for heating and cooling. On the other hand, only a few studies have been published by date on the new set of EN 15316:2017 standards, which are intended for calculating the energy efficiency of technical systems in buildings (energy supply). In [22] a novel calculation method for assessing heat emission losses is shown, which complements the standard EN 15316-2:2017. This model, based on the operative temperature, is used to calculate product-specific values of setpoint variations, which are then used in heat loss calculations instead of tabulated values. Piana et al. [23] have shown that EN 15316-4-3:2017 and EN 15316-5:2017 can successfully be applied in the design process of a solar thermal system. In their work, a non-invasive solar loop pump control model, allowing the quantification of the risk of stagnation resulting from increased solar field areas or decreased storage volume, is added to the standard framework.



The reviewed studies usually deal with individual modules [22,23,24,25], but there were no studies found in which the overall calculation was performed with the goal of finding a cost-optimal solution. Hence, the main novelty of this study is in demonstrating the applicability and reliability of the overall complex and comprehensive calculation procedure, based on the new EPB standards for assessing the energy performance of a building. The objective of this study is to show that the new standards, with a few added enhancements and propositions for overcoming detected ambiguities and shortcomings, can be easily interconnected and implemented in a computer code, and applied both to determine the cost-optimal level of energy efficiency, and to size the technical system.



In this paper, simulations of the energy performance of the selected technical system solutions were performed using a dynamic hourly method based on the new set of EPB standards EN 15316:2017, and a revision of the standard EN 15316-5:2017 from 2021 (prEN 15316-5:2021). A simple economic analysis and an automated optimization method were used to determine the cost-optimal system solution. These calculation procedures are described in Section 2. A case study was conducted on a reference nZEB multi-apartment building in the continental part of Croatia. The focus was placed on optimizing the solar-assisted system, which is used for space heating (SH) and the preparation of domestic hot water (DHW). The input data of the building and the system used in calculations are given in Section 3. The analysis of the results of cost-optimal energy performance calculations, as well as the comparison of the results between the new (hourly calculations) and old version (monthly calculations) of the EPB standards, are presented in Section 4. Finally, Section 5 provides conclusions and recommendations for future research.




2. Methodology


2.1. Energy Performance Simulation according to Standard Series EN 15316:2017


This chapter provides an overview of the calculation methods based on the set of EPB standards EN 15316:2017 for assessing the energy performance of a solar hot water system used for SH and DHW needs, as shown in Figure 1. The calculation procedure starts with the calculation of energy at the output from the subsystem and ends with the calculation of energy input to the subsystem. Each standard describes the method for calculating the heat losses and auxiliary energy consumption of a particular subsystem, according to which the delivered and primary energy of the building are ultimately determined. The calculation flow is shown in Figure 2. The main input data are the energy output from the space heating emission subsystem Qem;out determined according to the standard EN ISO 52016-1:2017 [26] and the energy need for DHW QW determined according to EN 12831-3:2017 [27]. In the following text, basic principles of each standard with proposals to overcome found ambiguities and shortcomings are described.



2.1.1. Space Heating Emission Subsystem


The calculation of the space emission subsystem is performed according to the standard EN 15316-2:2017 [28], which replaces the standard EN 15316-2-1:2007 [29]. Unlike EN 15316-2-1:2007, where the heat losses of the emission subsystem are calculated using the efficiencies method, the calculation procedure in the new version of the standard is based on the calculation of increased indoor air temperature (Equation (1)):


   ϑ  int ; inc   =  ϑ  int ; ini   + Δ  ϑ  int ; inc   ,  



(1)




where ϑint;ini is initial internal set-point temperature and Δϑint;inc is internal set-point temperature variation calculated as:


  Δ  ϑ  int ; inc   = Δ  ϑ  str   + Δ  ϑ  ctr   + Δ  ϑ  rad   + Δ  ϑ  hydr   + Δ  ϑ  roomaut   ,  



(2)




which takes into account the impact of heat loss due to temperature variation that occurs as a result of non-uniform space temperature distribution ϑstr, control accuracy of indoor temperature ϑctr, radiation ϑrad, hydronic balancing of system ϑhydr and operation of control system ϑroomaut. Calculated ϑint;inc is then used to determine the modified energy at the output from space heating emission subsystem Qem;out;inc, according to [26].



The impact of temperature variation based on additional heating losses of embedded emitters in the building envelope ϑemb is used to calculate the embedded losses Qemb;ls, according to:


   Q  emb ; ls   =  Q  em ; out ; inc   ·     Δ  ϑ  emb      ϑ  int ; inc   −  ϑ  e ; comb       ,  



(3)




where ϑe;comb is equal to average outdoor air temperature in observed time step ϑe,avg. Together, Qem;out, Qem;out;inc and Qemb;ls are used to calculate the total heat loss of the emission subsystem:


   Q  em ; ls   =  Q  em ; out ; inc   −  Q  em ; out   +  Q  emb ; ls   .  



(4)







The standard recommends that the operating duration of the fans (operation at nominal power), as well as the operating duration of the control system, should be equal to the operating time of the heating system. The authors of this paper recommend that the fans operating time be calculated as:


   t  h , rL   =    Q  em ; out      Φ  Hemn     .  



(5)







This approach, considering only nominal power, does not take into consideration the modulation of the fans’ power. Such an upgrade can be a further improvement of the calculation procedure. Furthermore, the present authors recommend that the auxiliary energy of the control system should be calculated for each hour of the year.




2.1.2. Distribution Subsystem


The calculation of the SH and DHW distribution subsystem is performed according to the standard EN 15316-3:2017 [30], which is a replacement for the standards EN 15316-2-3:2007 [31] and EN 15316-3-2:2007 [32]. The main input data for the SH distribution system is Qem;in (energy input to the emission module) and the main input data for the DHW distribution system is the energy need for DHW QW. The heat loss calculation of a distribution subsystem is based on the mean water temperature, the temperature of space surrounding the pipe section, the thermal transmittance of the pipes, the length of the pipes and the operation time. For the SH distribution system, only heat losses that occur in the circulation loop during the heating system operation are taken into account. For the DHW distribution system, heat losses in the circulation loop are separately calculated for the time when the circulation pump is ON and OFF (if there is a hot water recirculation system), as well as heat losses that occur in open-circuited stubs between subsequent tappings.



According to [30], the heat losses of the SH and DHW circulation loops during circulation pump operating time are calculated according to the same equation:


   Q  X ; dis ; ls   =   ∑  0   t  X ; op       ∑  j   Ψ j     ϑ  X ; mean   −  ϑ  X ; amb , j     ·     L +  L  equi      j  ·  t  ci   ,  



(6)




where j is an index representing pipeline section (zone), Ψj is linear thermal transmittance, ϑX;mean is mean water temperature in the SH/DHW distribution system, ϑX;amb,j is an ambient temperature surrounding the section, L is the length of the pipe section, Lequi is the equivalent length of the pipe section for fittings (valves, tees, bends, etc.), tci is time step of the calculation, and tX;op is the circulation pump operating time. Index X is replaced by H or W in the case of calculating SH or DHW distribution system, respectively.



If the tatap, i.e., time after the last tapping in the tapping profile, or last pump operation in the DHW circulation loop, is known, it is possible to calculate the temperature after the last tapping or last pump operation according to:


   ϑ  W ; atap , j   =  ϑ  W ; amb , j   +    ϑ W  −  ϑ  W ; amb , j     ·  e  −    Ψ j  ·  L j  ·  t  atap      c W  ·  ρ W  ·  V  W , j   +  c p  ·  m  p , j       ,  



(7)




where ϑW is the design hot water temperature, VW,j is the volume of water in pipe section j, cW is the specific heat capacity of water, ρW is the density of water, cp is the specific heat capacity of the pipes, and mp,j is the mass of pipes. By knowing ϑW;atap,j, the heat loss of the open-circuited stubs, or heat loss of the DHW circulation loop when the pump is not operating, can be calculated as:


   Q  W ; dis ; nom   =   ∑  0   t  X ; op       ∑  j   Ψ j     ϑ  W ; avg   −  ϑ  X ; amb , j     ·     L +  L  equi      j  ·  t  ci    



(8)




where the average water temperature is:


   ϑ  W ; avg , j   =    ϑ W  +  ϑ  W ; atap , j    2  .  



(9)







If only the number of tapping’s ntap and the volume of water within the pipes is known, the heat loss of the open-circuited stubs QW;dis;stub per time step during tapping can be calculated under the assumption that, between the tappings, the hot water temperature drops to the ambient air temperature according to:


   Q  W ; dis ; ls ; stub , j   =   m ˙   W ; dis ; stub   ·  c W  ·    ϑ W  −  ϑ  W ; amb , j     ·  t  ci   ,  



(10)




where the mass flow of hot water in open-circuited stubs during tapping is given by:


    m ˙   W ; dis ; stub   =  V  W , j   ·  ρ W  ·  n  tap , j   .  



(11)







If neither the tapping profile nor the pipe dimensions are known, the heat loss of the open-circuited stubs is calculated according to Equation (8), using the simplified method for determining mean water temperature:


   ϑ  W ; em ; mean   =  ϑ  W ; avg , j   = 25 ·  Ψ j     − 0.2   .  



(12)







The calculation method of the DHW distribution system heat losses is not clearly described, and it also contains certain shortcomings. According to Equation (8), heat losses of the open-circuited stubs and heat losses of the DHW circulation loop when the pump is not operating are calculated for the period when the pump operates (tW;op). Furthermore, the procedure for obtaining ϑW;atap,j yields questionable results. So, in this paper, a new approach for calculating the heat loss of open-circuited stubs, and the heat loss of the DHW circulation loop when the pump is not operating, is implemented. The calculation flowchart is shown in Figure 3. This method is based on the equality of the heat transfer rate between water and the environment, and the heat transfer rate through the pipe wall. The water temperature after the last pump operation is then calculated according to:


   ϑ  W ; atap , j   =     m ˙   W , j   ·  c W  ·  ϑ W  −   1 −  t  W ; op     ·  Ψ j      L +  L  eq      j  ·      ϑ W   2  −  ϑ  W ; amb , j        1 2    1 −  t  W ; op     ·  Ψ j      L +  L  eq      j  +   m ˙   W , j   ·  c W    ,  



(13)




and the water temperature after the last tapping is calculated as:


   ϑ  W ; atap , j   =     m ˙   W , j   ·  c W  ·  ϑ W  −  t  atap   ·  Ψ j      L +  L  eq      j  ·      ϑ  W ; begin , j    2  −  ϑ  W ; amb , j        1 2   t  atap   ·  Ψ j      L +  L  eq      j  +   m ˙   W , j   ·  c W    ,  



(14)




where the amount of hot water in section j in the observed time step is given by:


    m ˙   W , j   =    V  W , j   ·  ρ W    1    h         



(15)




and ϑW;begin,j is the water temperature in the pipes at the beginning of the cooling period. If calculated ϑW;atap,j is lower than ϑW;amb,j, then ϑW;atap,j is equal to ϑW;amb,j. If there is tapping in the observed time step, ϑW;begin,j is equal to ϑW, whereas in the case where there is no tapping in the observed time step, ϑW;begin,j is equal to the water temperature at the end of the previous time step ϑW;atap,j;h−1. In this method, time after the last tapping tatap is determined by:


   t  atap   =  1   n  tap     ,  



(16)




where ntap represents the number of tappings in the observed time step. Therefore, this method can be used when only the tapping profile is known. Heat losses of the open-circuited stubs during tapping, and heat losses of the DHW circulation loop when the pump is not operating, are calculated according to:


   Q  W ; dis ; nom   =   ∑  j    m ˙   W , j   ·  c W  ·    ϑ W  −  ϑ  W ; atap , j     ·  t  ci   .  



(17)








2.1.3. Thermal Solar Collectors and Storage Tank


The standard EN 15316-4-3:2017 [33], which supersedes the standards EN 15316-4-3:2007 [34] and EN 15316-4-6:2007 [35], deals with the energy performance calculation of thermal solar collectors and a photovoltaic generation subsystem. Photovoltaic panels were not used in this case study. The standard EN 15316-4-3:2007 describes two methods of monthly calculation of solar thermal system: Method A, which uses system data, and method B (based on the f-chart method), which uses component data. A new dynamic hourly calculation method, based on the energy balance of the solar collector, has been added to the new standard. The new calculation procedure works in conjunction with the storage module (calculation according to the standard prEN 15316-5:2021 [36]). prEN 15316-5:2021 describes two calculation methods. Method A takes into account temperature stratification inside the tank, and it is recommended to use it when analyzing systems with solar collectors. Method B models the storage tank with a uniform temperature and is generally used in all other cases. Temperatures in the storage tank influence the calculation of the heat losses in the solar collectors. This necessitates the iterative calculation in which the convergence condition is described as:


     Q  sol ; loop ; out ; N   −  Q  sol ; loop ; out ; N − 1      Q  sol ; loop ; out ; N − 1     ≤ 0.05 ,  



(18)




where Qsol;loop;out is the heat output of collector loop to the storage tank and N is the iteration step. The iteration is executed until the condition is met, or for four times, whereby the fourth iteration is final.



After gathering all the necessary input data, such as meteorological data, hourly loads QH;dis;in and QW;dis;in (output from the distribution module), technical data about solar collectors and storage tanks, and the type of application (SH and/or DHW), the calculation is performed as shown in Figure 4. For each time step, in the initial calculation step, the collector efficiency of 40% is assumed. In the following iteration steps, the collector efficiency ηcol;h is calculated based on the obtained average temperature of the working medium in collector loop ϑcol;avg;h according to:


   η  col ; h   =  η 0  ·  K  hem     50 °   −  a 1  ·  T h *  −  a 2  ·      T h *     2  ·  I  sol ; h   ,  



(19)




where η0 is the zero-loss efficiency of the solar collector, Khem(50°) is the incidence angle modifier, a1 and a2 are the first- and second-order heat loss coefficients and    T h *    is the reduced temperature difference in the collector. Afterwards, the collector output energy is calculated as:


   Q  sol ; out ; h   =  η  col ; h   ·  I  sol ; h   ·  A  sol   ·  t  ci   ,  



(20)




where Isol;h is the solar irradiance on the collector plane, and Asol is the installed collector area. Finally, the energy output of the collector loop to the storage is calculated by:


   Q  sol ; loop ; out ; h   =  Q  sol ; out ; h   −  Q  sol ; loop ; ls ; h   ,  



(21)




where Qsol;loop;ls;h is heat loss of the collector loop piping. It is important to note that in the case where Qsol;loop;out;h is less than or equal to the power of the collector loop pump multiplied by 3, Qsol;loop;out;h is equal to 0. This takes into account that the working medium temperature in the solar collectors has to rise sufficiently in order for the pump to start. Qsol;loop;out;h is used as input to calculate the storage module.



In addition to the described procedure, the present authors propose a simplified method for checking whether the collector output temperature ϑcol;out;h is equal to or higher than the stagnation set-point temperature ϑstag (e.g., 90 °C). In stagnation, the temperature of the working medium can be calculated as:


   ϑ  col ; out ; h   =  ϑ  col ; out ; h   −      Q  sol ; lstag ; h   −  Q  coll ; ls        M  col   ·  C W    ,  



(22)




with collector stagnation output defined as:


   Q  sol ; lstag ; h   =  η  col ; h   ·  I  sol ; h   ·  A  sol   ·  t  ci   ,  



(23)




and collector losses calculated as:


   Q  coll ; ls   =  A  sol      a 1  +  a 2  ·    ϑ  col ; avg ; h   −  ϑ  e ; h       ·    ϑ  col ; avg ; h   −  ϑ  e ; h     ,  



(24)




where Mcol is the mass of the working medium in the collector, CW is the specific heat of working medium, and ϑe;h is outside air temperature in considered time step. If collector output temperature in the previous time step reaches ϑstag, the pump in the collector loop is switched off, i.e., Qsol;loop;out is equal to 0 in all subsequent time steps, until ϑcol;out;h drops below ϑstag.



In the case of the solar thermal system with a back-up heater, authors propose using Method A from prEN 15316-5:2021 [36] and dividing the storage unit volume into a minimum of four layers. The schematic of the storage model, including its connections to the rest of the system, is shown in Figure 5. It is important to emphasize that this model, like many others commonly used, assumes that the thickness of the thermocline is zero, to simplify the calculation procedure. Of course, in reality, the thermocline has a certain thickness that changes during operation. A more detailed presentation of the tank model is given in [37]. The calculation method for the storage tank covers the calculation of energy delivered to the storage, i.e., energy delivered by solar collectors and energy delivered by a back-up heater (e.g., combustion boiler, electric heater), energy delivered from the storage to the SH and DHW distribution subsystem, outlet/inlet temperatures from the storage and storage tank heat losses.



The revised standard prEN 15316-5:2021 resolves the ambiguities and shortcomings found in the 2017 version of the standard. This includes the correction of basic energy balances and the ability to define layers of arbitrary volumes. Furthermore, the new version takes into account the contribution of the back-up heater when determining the energy output from the storage, and takes into account the temperature difference between the storage water content temperature, and the working medium temperature in the heat exchanger (if present). The new version of the standards also contains a more precise description of how to consider DHW system losses, the calculation of additional heat losses due to the thermosyphon circulation, and a more accurate definition of heat losses through the envelope of each layer.



The calculation, based on the energy balance of each layer, is performed by determining the accumulated energy in each layer, defined by the volume of contained water and the temperature difference between the layer temperature and the required temperature. The calculation of the considered time step starts with collecting the temperatures of all layers in the previous time step. After that, the volume withdrawn from storage for DHW service is calculated. Withdrawal is assumed to occur from the top of the storage, while an equal volume of cold water enters the bottom of the storage. All this causes the transport of water through the layer’s boundaries. It is assumed that the water of the upper module is ideally mixed with the quantity of withdrawn water at the temperature of the lower module. This “piston movement” of volume is graphically shown in Figure 6. In the next step, energy withdrawn for the DHW circulation loop is calculated. This is followed by a calculation of the energy withdrawn for SH service. The calculation of energy delivered to the storage by collector loop Qsol;loop;out and back-up heater QH;sto;bu;in;vol,Nvol,bu is then performed. It is important to emphasize that the temperature of each layer is determined after every aforementioned step. When the temperature of the considered layer is higher than the upper layer, then these two layers are melted, as shown in Figure 7. This iterative calculation procedure, according to [36], is maintained until the temperature of the considered layer is lower than or equal to the temperature of the upper layer, i.e., if ϑsto;vol,i > ϑsto;vol,i+1 then:


   ϑ  sto ; vol , i   =  ϑ  sto ; vol , i + 1   =    ϑ  sto ; vol , i   ·  V  sto ; vol , i   +  ϑ  sto ; vol , i + 1   ·  V  sto ; vol , i + 1      V  sto ; vol , i   +  V  sto ; vol , i + 1     ,  



(25)




where ϑsto;vol is the temperature of the layer, Vsto;vol is the volume of layer, i is the considered layer, and i + 1 is the layer above the considered layer. Standard also describes an alternative approach given in Annex C [36], according to which melting is solved in a defined number of steps (no need for an iterative calculation procedure). After the re-arrangement of the temperatures, thermal losses of each layer and final temperatures are calculated. In the last step, the inlet temperature to the collector loop ϑsol;loop;in and heat generator loop ϑHc;RT are calculated. The calculated ϑsol;loop;in is used to determine ϑcol;avg;h, with which the solar collector is recalculated and the new value of Qsol;loop;out is determined.



It is assumed that the back-up heater in storage operates in ON/OFF mode, and is only turned ON if the temperature of the layer where the heater is placed ϑsto;vol,Nvol,bu is equal to or lower than the defined heater switch-on temperature set-point ϑsto;set;on;bu. Once the heater is turned ON, it should run until all the layers affected by the heater have reached the storage set-point temperature ϑsto;set;on. According to the current procedure within the standard, the heater is turned OFF, even if ϑsto;set;on was not reached in the previous time step. Therefore, the authors of this paper propose an additional condition (condition A) to the equation for determining the total energy need in each layer affected by the back-up heater to increase their temperature to the ϑsto;set;on:


   Q  H ; sto ; bu ; in ; nd   =       max     ∑   i = 2    N  vol      Q  H ; sto ; nd ; in ; vol , i   ; 0       for    ϑ  sto ; vol , Nvol , bu   ≤  ϑ  sto ; set ; on ; bu         max     ∑   i = 2    N  vol      Q  H ; sto ; nd ; in ; vol , i   ; 0       for   C o n d i t i o n   A      0    for    ϑ  sto ; vol , Nvol , bu   >  ϑ  sto ; set ; on ; bu         ,  



(26)




with:


  C o n d i t i o n   A :   if         and      ϑ  sto ; vol , Nvol , bu   >  ϑ  sto ; set ; on ; bu         and    ϑ  sto ; vol , Nvol , bu ; h − 1   <  ϑ  sto ; set ; on         and      Q  H ; sto ; bu ; in ; nd ; h − 1   > 0       ,  



(27)




where QH;sto;nd;in;vol,i is the energy to be delivered to each layer to make their temperature equal to ϑsto;set;on, and Nvol is the number of layers used in the model. The notation h represents the observed time step and h − 1 the previous time step. According to this condition, it is checked whether the heater was operational and whether ϑsto;set;on was not achieved in the previous time step. If these two conditions are met, the heater continues to operate in all subsequent time steps until ϑsto;set;on is achieved.




2.1.4. Heat Generation by Fuel Combustion (Boilers)


The standard EN 15316-4-1:2017 [38], which replaces the standards EN 15316-4-1:2008 [39], EN 15316-4-7:2008 [40], and EN 15316-3-3:2007 [41], deals with the energy performance calculation of the water-based heat generation subsystem based on the combustion of fuels (boilers). The new standard unifies the calculation of fossil fuels and renewable fuel boilers and, in addition, redefines the calculation of boilers used for combined service (SH and DHW). In the 2008 version of the standard, calculation of the combined service generator is generally performed for the summed load QHW;gen;out. This increased load QHW:gen;out is then used to determine the generator load factor βgnr which is used to calculate the generator heat losses and auxiliary energy consumption. The calculation can also be performed independently for the two operating modes, but the procedure by which the βgnr is determined for each mode is not well explained. The new standard [38] extends on this and proposes a more precise procedure for the calculation of combined service, which is still not sufficiently explained. First, the operating time of the boiler is determined for each service according to:


   t H  =    Q  H ; gen ; out      P n    ,  



(28)




and:


   t W  =    Q  W ; gen ; out      P n    ,  



(29)




where Pn is generator output at full load, QH;gen;out is heat output to the connected SH distribution subsystem, and QW;gen;out is heat output to the connected DHW distribution subsystem. After that, the boiler usage period for each service can be determined according to Table 1, as proposed by the authors of this paper.



Finally, load factors βH and βW can be determined according to:


   β H  =    Q  H ; gen ; out      P n  ·  t  H , use     ,  



(30)




and


   β W  =    Q  W ; gen ; out      P n  ·  t  W , use     .  



(31)







It is important to emphasize that if the usage period for a particular service is equal to zero, then the load factor for that service is equal to zero.



The method for calculating generator heat losses still remains based on the same procedure of determining corrected generator heat losses at full, intermediate and zero loads, which are then used to determine the generator heat loss at an actual load. In addition to the new standard is a new procedure, according to which the temperature corrected efficiency at full load for the condensing boilers is calculated:


   η  gnr ; Pn ; corr   =  η  gnr ; Pn ; 60   +    η  gen ; Pn ; 60   −  η  gen ; Pn ; 30      ϑ  gen ; test ; Pn ; 60   −  ϑ  gen ; test ; Pn ; 30        ϑ  gen ; test ; Pn ; 60   −  ϑ  Xc ; RT     ,  



(32)




where ηgnr;Pn is generator efficiency at full load, ϑgen;test;Pn is return temperature to the generator at the full load during the test, and ϑXc;RT is return temperature to the generator as a function of the specific operating conditions. Indices 30 and 60 indicate the return temperature of 30 °C and 60 °C, respectively. The disadvantage of the new version of the standard is the lack of minimum temperature at which a certain type of boiler can operate. These temperatures can be taken from the old version.



In a case where the boiler is connected to the storage tank, the energy output from the boiler can be calculated, as in the case of the boiler used only for SH service (QH;gen;out = QH;sto;bu;in;nd). In this case, heat losses of the boiler are not calculated using water temperatures in the SH or DWH distribution systems. Instead, heat losses of the boiler are calculated using temperature in the primary circulation loop between the boiler and the storage. Furthermore, a condition is added to the equation for calculating the corrected generator heat loss at zero load Pgnr;ls;P0;corr, where the mean water temperature in primary circulation loop ϑc;mn is replaced with the minimum operating temperature of the boiler ϑgnr;min in the case the boiler is not running (Qgnr;out = 0). Additionally, the boiler minimum operating temperature ϑgnr;min, in the case of condensing and combination boilers of 20 °C and 35 °C, is replaced with ϑbrm (installation room temperature). This enables a more precise determination of boiler standby heat losses.




2.1.5. Calculation of Delivered Energy, Primary Energy and CO2 Emissions


The delivered energy is calculated as:


   E  del   =  Q  gen ; in   +  W  bu ; el   + ∑  W  aux   ,  



(33)




where Qgen;in is thermal energy which needs to be delivered by fuel to the heat generation subsystem, Wbu;el is electrical energy delivered to an electric back-up heater located in the storage tank, and ΣWaux is the total sum of auxiliary energy consumption of the system.



The primary energy is calculated as:


   E  prim   =   ∑  i     f  p , i   ·  Q  gen ; in ; i     +   ∑  j     f  p , el   ·  W  aux , j     ,  



(34)




where fp,i is the primary factor for i type of energy source, and fp,el is the primary energy factor for electrical energy.



The share of renewable energy sources in the total delivered energy for the operation of thermal technical systems is defined by the term:


  R E  R d  =      E  ren   +  E  ren 1      E  ren   +  E  del       · 100 % ,  



(35)




where Eren is renewable energy produced on-site (e.g., solar thermal collectors, heat pumps, etc.) which reduces the energy delivered to the building, and Eren1 is renewable energy delivered to the building (e.g., wood biomass, biogas, etc.) which does not reduce the energy delivered to the building.



CO2 emission is calculated as:


    CO  2  =   ∑  i     C  p , i   ·  Q  gen ; in , i     +   ∑  j     C  p , el   ·  W  aux , j     ,  



(36)




where Cp,i is the conversion factor for i type of energy source and Cp,el is the conversion factor for electrical energy.





2.2. Economic Evaluation


By performing a cost analysis of the system, it is possible to determine the cost-effectiveness of each system solution. The cost-effectiveness of the system is assessed with the system global cost over its life cycle period Iglobal, which consists of the initial investment cost Iinvest and operation cost over the life cycle period Ioperation.



Investment cost consists of equipment cost Iequip and equipment installation cost Iinstall. The price of individual system equipment can be determined by market analysis. The cost of installing the equipment was estimated as an average 30% of the cost of the equipment. In order to make the cost-analysis as accurate as possible, it is necessary to take into account as many parts of the system as possible when determining Iinvest. Parts of the system that remain the same in all system solutions can be excluded from the investment cost when a cost-analysis is performed but, in that case, the results obtained should not be viewed as the actual cost of the system.



Annual operation cost is calculated according to:


   I  op , annual   =   ∑  i     Q  gen ; in , i   ·  I  g , i     +   ∑  i     W  aux , i   ·  I  g , el     ,  



(37)




where Ig,i is the price of fuel type i and Ig,el is the price of electrical energy. In order to get the systems global cost over period N, where N represents the assumed life cycle of the system, Ioperation is calculated for a period of N years according to:


   I  operation   =  I  op , annual   ·       1 +  r  100      N  − 1    r  100     ,  



(38)




where r is the annual rate of increase in energy prices. In this study, the calculation is performed for N = 30 years, assuming r = 2.8%. It is important to note that the cost of CO2 due to the EU Emissions Trading System may also be included in the operating cost, but this is not taken into account in this study.




2.3. Optimization


In order to find a cost-optimal solution of the system, a simple code is written in MS Excel VBA. The software performs energy calculations for the defined range of varied parameters. The calculation results are then sorted from the most cost-effective to the most expensive system solution. Afterwards, the code checks whether the cost-optimal solution meets all the set conditions (share of renewable energy, primary energy lower than the maximum permissible amount, etc.). If the first solution does not meet the given conditions, the next solution on the results list is checked, and so on, until a proper solution is found. The scheme of the optimization process is shown in Figure 8.





3. A Case Study


The goal of this study was to demonstrate the potential of the new hourly method defined by the new set of standards EN 15316:2017, and the proposals given by the authors of this paper, to overcome the detected ambiguities and shortcomings, by means of data analysis. The simulation of the solar hot water system, used for SH and DHW, was carried out on a selected building in order to show the method’s applicability in the early stages of system design and cost-optimization, as well as the systems’ energy performance evaluation. Furthermore, the calculation results were compared with the results obtained by MGIPU Energetski certifikator v.1.8.0.3 (RH–Ministarstvo prostornoga uređenja, graditeljstva i državne imovine), the Croatian government-approved BPS software based on the monthly calculation method according to the old set of standards. In order to directly examine the impact of different methods on the results, the other related calculations such as calculation of the energy needed for space heating QH,nd, and the energy need for domestic hot water preparation QW, were performed by the same methods for both cases, according to the simple hourly method from the standard EN ISO 13790:2008 [42] and the method based directly on floor area from the standard EN 15316-3-1:2007 [43], respectively. Therefore, modified energy at the output from space heating emission subsystem Qem;out;inc was also determined using the simple hourly method from [42].



The analysis was conducted for a reference nZEB multi-apartment building in the city of Zagreb, Croatia. It was a five-storey building with a garage on the ground floor and eight two-bedrooms apartments, connected to a shared unheated staircase. The design of the observed building is shown in Figure 9, and its main features are given in Table 2. The technical requirements for the observed building, set out in the Croatian national technical regulation on energy economy in buildings [44], are presented in Table 3. The study uses Croatian official hourly meteorological data for the chosen location.



The analyzed technical system for heat production is based on a shared boiler room located in the garage of the building. The heating system operates from 6 a.m. to 11 p.m., 7 days a week, with an internal set-point temperature of 20 °C. The monthly distribution of QH,nd is shown in Figure 10. The calculated DHW energy consumption is distributed per hour, according to the tapping profile for domestic application taken from Duffie and Beckman [47]. The analyzed DHW distribution subsystem is equipped with a circulation loop. The circulation pump in the DHW distribution is not regulated, but the operating time of the pump is controlled by a timer (every time step, the pump works for tW;op = 0.644 h). The design DHW temperature is 60 °C and the minimum required temperature at the tap is 40 °C.



In order to determine the cost-optimal solution of the solar heating hot water system, the number and tilt angle of the flat plate solar collectors, as well as the size of the storage tank, were varied. In addition, the cost-optimal solution was also determined for three different variants of the space heating emission subsystem, which included different types of heating surface, types of room temperature control, and different operating temperatures of the heating systems. Moreover, three different types of boiler were analyzed with different fuels. Different solutions of the space heating emission subsystem are marked with A, B and C, while different boiler solutions are marked with X, Y and Z. All system parameters are listed in Table 4, Table 5 and Table 6. For all system parameters which are not listed in the given tables, the default values from the corresponding standards are used.



When determining the cost-optimal solution, it is necessary to meet the following system design conditions:




	
If the boiler is disconnected from the electrical grid in a given month, at least 80% of the required thermal energy in that month must be supplied to the system by solar collectors;



	
The temperature of the working medium in the solar collectors must not exceed stagnation temperature of 90 °C in any time step, in order to avoid overheating of the collector;



	
The share of energy from renewable sources in the total delivered energy must be at least 30% to meet the minimum energy requirements [44].









4. Results and Discussion


4.1. The Cost-Optimal System Solution


Figure 11 shows the global cost of optimal system solutions regarding the number (area) and tilt of the solar collectors, and the volume of the storage tank for analyzed combinations of space heating emission subsystem solutions (Table 4) and boiler solutions (Table 6) in relation to the primary (Figure 11a) and delivered (Figure 11b) energy. In all cases, the same cost-optimal solution of the solar thermal system was obtained, consisting of 10 flat-plate solar collectors with a total surface area of 23.5 m2 (oriented to the south and set at a tilt angle of 35°), connected to a 1000 L storage tank. The global cost of the system in relation to the volume of the storage and the number (area) of solar collectors is shown in Figure 12. The overall cost-optimal system solution is therefore a system with the previously described solar thermal system and heating emission subsystem with radiators (B) and a natural gas-condensing boiler (Y).



In Table 7, a significant deviation of the results of the system with the wood pellet boiler (X) can be noticed in relation to other solutions. Although the primary energy was approximately 69% lower than the selected optimal solution (due to the much lower primary energy factor of wood pellets compared with natural gas), the delivered energy was approximately 86% higher. This is attributed to the lower efficiency of the biomass boiler and higher standby heat losses. Due to the higher delivered energy and the fact that wood pellets are 16% more expensive than natural gas, these systems have proven to be the most expensive. Although systems with a heating oil-condensing boiler (Z) achieve similar efficiency compared with systems with a natural gas-condensing boiler (Y), due to the price of heating oil (higher by 72%) and higher investment costs (Table 8), these systems have also shown as not cost-optimal.



In terms of space heating emission subsystems, B systems are the most cost-effective primarily due to the lowest investment cost. Although the operating costs of B systems are slightly higher than the systems with underfloor heating (C), due to the difference in achieved temperature stratification, the obtained energy savings have been shown as insufficient to compensate the initial investment costs. The operating temperature has a relatively low impact on the overall system efficiency mostly due to the fact that the SH distribution is not directly connected to the boiler, but through the storage which is held at the same set-point temperature in case. It should also be noted that this case study did not consider the achieved thermal comfort. It is well-known that underfloor heating achieves better thermal comfort levels (due to the uniform vertical temperature distribution), which is why an additional investment could be preferable. The heating emission subsystems based on fan coils (A) have been shown to be more inefficient compared with other systems due to the inferior room temperature control system used in their case. Furthermore, additional auxiliary energy is required to drive the fans.



Figure 13 shows the monthly distribution of the required thermal energy, which consists of the energy needed for space heating, DHW preparation and heat loss of the tank, for the selected cost-optimal system. In addition, the energy delivered by the solar collector loop to the system is shown. The back-up heater supplies 57% of thermal energy throughout the year, of which 24% is delivered outside the heating period (only 3% in the summer months). Moreover, it is interesting to point out that in January and December, the solar thermal system barely covers the heat losses of the storage tank.



The dynamic calculation procedure used in solar and storage modules provides detailed insight into the operation of the system. This allows a more precise design of solar hot water systems, based on monitoring hourly solar collectors’ efficiencies and storage-tank temperatures at the real operating conditions. Figure 14 shows the hourly results of simulation for a typical winter day, a day in mid-spring and a summer day with the highest storage water temperature achieved throughout the year. By analysis of the daily results, temperature increase in the lower layers of the tank due to the supply of energy from solar collectors can be observed. The thermal stratification in the tank is most pronounced in periods when there is a need for energy output from the storage and on energy input from solar collectors. The maximum temperature, in the case of a cost-optimal solution, obtained in solar collectors throughout the year, is 85.5 °C, which confirms that the system is properly sized, as there is no collector overheating/stagnation recorded due to pump shut down.



To summarize, the cost-optimal solution of the technical system consisted of 10 flat-plate solar collectors (oriented south and set at an angle of 35°), a 1000 L storage tank, a gas-condensing boiler and radiators working at operating temperatures of 55/40 °C. The combination of low prices of natural gas and a high efficiency of the gas-condensing boiler, low investment costs of radiators and the proper sizing of the solar thermal system, proved to be the most cost-effective. It resulted in a delivered energy of 33.1 kWh/(m2a), primary energy of 37.2 kWh/(m2a), the share of RES in total delivered energy of 42.2%, and the global cost of the system of 99.9 €/m2. In addition, a more environmentally friendly solution, a system with a biomass boiler, was proven to be the most expensive.




4.2. Comparison of Hourly and Monthly Methods


The results of calculations obtained by the developed calculation tool (CT) based on the new set of EPB standards, described in Section 2.1, were compared with the results obtained by Croatian national EPS software MGIPU Energetski Certifikator v.1.8.0.3 (EC). In the EC, the calculation of energy needs for heating QH;nd was performed according to the simple hourly method described in [42], whereas the calculation of technical system energy requirements and system efficiencies was based on the previous (and still officially used in many EU member states) version of EN 15316 series. It is important to note that the method in EC has been modified in such a way that instead of calculating QH;nd for each hour throughout the year, the calculation is performed for a characteristic day of each month, after which the results are multiplied by the number of heating days in a month. The calculated monthly values of QH;nd are then used as an input in the calculation of the energy performance of technical systems. In order to provide a more relevant comparison of the results obtained with two versions of EN 15316 series, the developed CT also used the simple hourly method for determining QH;nd.



As previously mentioned, the main advantage of the new EPB method is the use of the hourly method. By reducing the time step of the calculation, much more realistic results can be obtained. Additionally, by using dynamic methods (e.g., as used in the solar collector and storage module), it is possible to monitor dynamic changes in the system, which also allows the application of the method in the early stages of building, and its technical system design. Furthermore, the revised calculation procedure, described in this paper, includes an improved calculation method that should help in the understanding of the standards and their application.



The comparison was performed for the cost-optimal system solution described in Section 4.1. It is important to emphasize that the same input data were used in both calculations. Table 9 shows the annual results obtained by CT and EC. The delivered and primary energy, as well as CO2 emission, differed by 12% (lower values are obtained with EC). Therefore, according to the old standards, the estimated global cost of the technical system operation was underestimated by 3466 €.



In the following text, a more detailed analysis that reveals the source of these differences is given. Figure 15 shows a comparison of the monthly thermal energy delivered by solar collectors to the storage tank. EC calculated the energy delivered by solar collectors on a monthly basis using the f-chart method described in the old version of EN 15316-4-3 standard. The obtained annual difference was 18%, and the most significant differences occurred in the summer months and in December when, according to EC, solar collectors did not provide any energy. One limitation of EC is that the calculation of solar collectors can only be performed for a tilt angle of 45°. This is considered not to have a significant impact on the compared annual results, as the solar insolation calculated with the procedure described in [47], for angles of 35° and 45°, differed less than 1%.



In Figure 16, a comparison between the annual heat losses of each subsystem is shown. Differences between the heat losses in the space heating emission subsystem (45%) can be mainly attributed to different methods for determining heat losses (method of indoor air temperature increase vs. efficiency method) and to the differences in obtained recovered heat losses of the overall system. The comparison shows that the monthly time step yields higher SH distribution subsystem heat losses, relative to the more detailed hourly time step (13%). Differences of 34% were also found in the obtained storage tank heat losses. Significant differences in the obtained heat losses were found in the DHW distribution subsystem (32%).



The main discrepancy of the heat losses found in the DHW distribution subsystem was the result of additional heat losses of the circulation loop when the pump was not operational QW;dis;nom, that were not taken into account in the old version of the standard (Figure 17a). The obtained result indicated that, by ignoring these heat losses, a significant error can be introduced (up to 31% of the total heat losses of the DHW distribution subsystem). Furthermore, the heat losses of the circulation loop when the pump was in operation QW;dis;ls obtained by CT were 9% lower, mainly due to lower mean water temperature in the circulation loop ϑW;mean. In the new version of the standard, ϑW;mean is calculated according to:


   ϑ  W ; mean   =  ϑ W  −   Δ  ϑ W   2  ,  



(39)




where ΔϑW is the temperature difference between the hot water tapping temperature and the return temperature in a circulation loop system, according to EC ϑW;mean = ϑW. Finally, the heat losses of open-circuited stubs QW;dis;stub between CT and EC differed by 37%, due to the different calculation methods. According to the new version, QW;dis;stub is calculated by the physical method, and is very dependent on the number of tappings, whereas the EC used a simplified method based on the defined factors depending on the daily DHW consumption.



According to the new standard, annual heat losses of the used boiler were 2.1 times higher compared with that obtained by EC. Figure 17b shows the monthly distribution of boiler heat losses obtained by CT and EC. In it, negative values of heat losses of the boiler are obtained with EC in the winter months, which clearly present an error in calculation. This error occurs because EC, in the calculation of boiler heat losses, uses the monthly averaged mean water temperature in the SH distribution subsystem, instead of the mean water temperature in the primary circulation between the boiler and storage tank. In the period when there is no need for SH, EC calculates much higher boiler heat losses, which can be also attributed to the error in calculating boiler standby heat losses. Furthermore, according to EC calculation, in June and July, the boiler has no heat losses because the solar thermal system covers all the thermal energy needs of the system, so the boiler is shut down. This is not found in calculation performed by CT, because with the hourly time step it is possible to take into account periods with insufficient solar insolation. Due to the averaging of meteorological data, this is not the case in the monthly f-chart method.



The consequent difference in the obtained annual auxiliary energy consumption was 11% (Table 9). Figure 18 shows the consumption of auxiliary energy of the individual subsystems. The obtained auxiliary energy consumption in the space heating emission subsystem, according to CT, was 2.9 times higher due to the difference in the determined operating time of the control system. EC takes into account only the heating season period, whereas, in CT, it is assumed that a control system operates during the whole year. In the case of the SH distribution subsystem, the auxiliary energy consumption calculated according to EC was 2.5 times higher, because the new standards reduce the auxiliary energy required for the operation of the circulating pump by applying the revised calculation procedure for the expenditure energy factor. The same also applies to the DHW distribution subsystem, where the consumption according to EC was 5.8 times higher. According to CT, the obtained auxiliary energy consumption in the solar collector loop was 2.7 times higher compared with the one in EC. This is partly attributed to the fact that EC (monthly f-chart method) does not take into account the auxiliary energy consumption of the control system. In this regard, it is important to note that according to CT, the obtained pump control system energy consumption makes up 48% of the total auxiliary energy required for solar loop operation. The obtained auxiliary energy consumption of the boiler, according to CT, was 2.3 times higher. According to EC, the daily boiler operating time is equal to the daily operation time of the space heating system, whereas in CT, as the boiler is connected to a storage tank used for SH and DHW, it is equal to 24 h. Additionally, according to the monthly method implemented in EC, there is no need for boiler operation in June and July, which is not found with the hourly time step.



To summarize, the following CT results were obtained compared with EC:




	
Space heating emission subsystem—83% higher heat losses and 2.9 times higher auxiliary energy consumption;



	
SH distribution subsystem—13% lower heat losses and 60% lower auxiliary energy consumption;



	
DHW distribution subsystem—47% higher heat losses and 83% lower auxiliary energy consumption;



	
Solar collectors—23% higher thermal energy delivered to storage and 2.7 times higher auxiliary energy consumption;



	
Storage tank—25% lower heat losses;



	
Boiler—2.1 times higher heat losses and 2.3 times higher auxiliary energy consumption.








The combination of listed differences resulted in 14% higher delivered and primary energy, as well as CO2 emissions according to CT. These differences can be attributed to differences made to the calculation process, such as shorter calculation time step and improved methods for calculating heat losses and auxiliary energy consumption.





5. Conclusions


This paper presents a complete methodology for determining the cost-optimal solution of a solar hot water system for space heating and domestic hot water purposes, based on the new set of EPB standards. The presented case study shows that new EPB standards, with the added improvements to the calculation procedure presented in this paper, can be easily interconnected and successfully implemented in a computer code (in VBA) and used for energy performance calculations. Additionally, the dynamic nature of the calculation methods for solar collectors and storage tank provides detailed insight into the system operation, and can therefore be used for the fine tuning of the system design. In addition to dynamic simulation, a simple algorithm for determining the cost-optimal system solution is described.



After defining the input data, including the national requirements of the nZEB legislation, a cost-optimal energy performance calculation of the reference multi-apartment nZEB building in continental Croatia was performed. The cost-optimal solution of the technical system used in the observed building consisted of 10 flat-plate solar collectors (total aperture area 23.5 m2) oriented south and set at a tilt angle of 35°, connected to a 1000 L storage tank, with a gas-condensing boiler used as a back-up heater. The system comprised radiators working at operating temperatures of 55/40 °C, and a DHW recirculation loop. This combination proved to be the most favorable, due to the proper sizing of the solar thermal system, radiators being low investment costs, and the low operating costs of the high-efficiency gas-condensing boiler combined with the low price of natural gas. The described solution resulted in delivered energy of 33.1 kWh/(m2a), primary energy of 37.2 kWh/(m2a) and a share of RES in the total delivered energy of 42.2%. The global cost of the system, after 30 years and an annual rate of increase in energy prices of 2.8%, is 99.9 €/m2. Apart from the fact that the global cost of the selected solution was the lowest, all the technical requirements for the nZEB multi-apartment building in Croatia were met.



A comparison of the obtained results with the results obtained by the Croatian EPS software MGIPU Energetski Certifikator v.1.8.0.3, based on the old version of the CEN standards, showed a difference of 12% in delivered and primary energy. This gap can be attributed to the following differences in the calculation procedure:




	
Shorter calculation time step (hourly method vs. monthly method);



	
Difference in the method of calculation of heat losses (method of indoor air temperature increase vs. efficiency method) and auxiliary energy consumption of the space heating emission subsystem;



	
Difference in the method of calculation of heat losses in the DHW distribution subsystem (added calculation of heat losses of the circulation loop when the pump is operational and the changed method for calculating heat losses of open circuited stubs);



	
Difference in the method of calculation of solar collectors (hourly method based on the energy balance of solar collector vs. monthly f-chart method) and the addition of an hourly calculation method for a multi-layered storage tank model;



	
Difference in the method of calculation of boilers (revised procedure for calculating combined service generator and for boilers connected to a storage tank, addition of new procedure for calculating heat losses of the condensing boilers).








The paper shows that the new EPB standards, as a standardized tool for assessment of the energy performance of a building (suitable as such to be used for legal purposes such as energy certification, and building permits), can be successfully applied for cost-optimum calculations and implemented in a relatively simple computer code. The standards were shown in this study to provide insight into the dynamic operation of the whole system, enabling a more accurate design, sizing, and optimization of technical systems vs. building energy needs. However, the paper also shows that some ambiguities and shortcomings are present in the new standards, providing guidelines for the further development of the calculation procedures and a revision of the standards.



The present study was limited to the new EPB standards dealing with space heating and domestic hot water systems. The ventilation and cooling systems will be dealt with in the subsequent research. Moreover, all the EPB standards will be evaluated against detailed dynamic building simulation tools, such as TRNSYS, IDA ICE and EnergyPlus.
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Figure 1. Scheme of a solar hot water system used for SH and DHW preparation. 
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Figure 2. Diagram for the hourly calculation of a solar hot water system used for space heating and domestic hot water preparation, according to EN 15316 series of standards. 






Figure 2. Diagram for the hourly calculation of a solar hot water system used for space heating and domestic hot water preparation, according to EN 15316 series of standards.



[image: Energies 15 00509 g002]







[image: Energies 15 00509 g003 550] 





Figure 3. Calculation flowchart of DHW distribution subsystem heat losses in observed time step, when ntap is known, according to the proposed method based on EN 15316-3:2017. 
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Figure 4. Calculation flowchart of solar collectors and storage tank according to standards EN 15316-4-3:2017 [33] and prEN 15316-5:2021 [36]. 
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Figure 5. The schematic of the storage tank model. 
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Figure 6. Graphical representation of the withdrawn volume (“piston movement”). 
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Figure 7. Graphical representation of the layer mixing (“melting”). 
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Figure 8. Scheme of the optimization process. 
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Figure 9. Design of examined building (adapted from [45]). 
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Figure 10. Monthly distribution of energy needed for heating QH;nd. 
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Figure 11. Results from cost-optimal energy analysis—the ratio of global cost, (a) primary energy, (b) delivered energy reduced to a unit of building area. 
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Figure 12. Solution curves of the solar thermal system depending on the volume of the storage tank (lines) and the number of solar collectors (dots), oriented south and set at a tilt angle of 35°. 
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Figure 13. Monthly distribution of thermal energy delivered by solar collectors to the storage and the thermal energy needed for system operation. 
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Figure 14. Simulation results for a: (a) winter day; (b) mid-spring day; (c) summer day. 






Figure 14. Simulation results for a: (a) winter day; (b) mid-spring day; (c) summer day.



[image: Energies 15 00509 g014]







[image: Energies 15 00509 g015 550] 





Figure 15. A comparison of the thermal energy delivered by solar collectors to the storage tank. 
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Figure 16. Comparison of heat losses of each subsystem. 
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Figure 17. Comparison of: (a) DHW distribution subsystem, and (b) boiler heat losses. 
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Figure 18. Comparison of auxiliary energy consumption of each subsystem. 
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Table 1. Usage period calculation tX;use.
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	Generator Operation
	tW;use
	tH;use





	SH+DHW
	min (tci; tW)
	tci-tW;use



	SH
	0
	tci



	DHW
	tci
	0



	OFF
	0
	0
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Table 2. Main features of the reference building (data from [37]).






Table 2. Main features of the reference building (data from [37]).





	
Class of Parameters

	
Parameter

	
Unit

	
Value






	
Climate data

	
City

	
-

	
Zagreb




	
Coordinates

	
-

	
45°49′ N; 16°02′ E




	
HDD

	
°Cday

	
3045.2




	
CDD

	
°Cday

	
79.2




	
Climate data

	
-

	
TRY Zagreb Maksimir [46]




	
Terrain

	
-

	
Suburban




	
Orientation

	
-

	
S-N




	
Geometry

	
Dimensions (length × width × height)

	
m × m × m

	
15.4 × 11.8 × 12.0




	
Gross conditioned area

	
m2

	
463.2




	
Number of floors

	
-

	
4




	
Aspect ratio (S/V)

	
m2/m3

	
0.52




	
Window/wall ratio

	
%

	
21.76




	
Envelope

	
Building heat capacity, Cm

	
MJ/K

	
120.43




	
Opaque envelope average U-value

	
W/(m2K)

	
0.17




	
Glazed envelope average U-value

	
W/(m2K)

	
0.13




	
Shading type

	
-

	
blinds




	
Glazing average g-value

	
-

	
0.6




	
Infiltration

	
1/h

	
0.5




	
Operation and occupancy

	
Temperature set-point

	
°C

	
20




	
System working hours

	
-

	
06:00 h–23:00 h




	
Occupancy

	
-

	
24/7




	
Internal heat gains

	
-

	
Annex G, EN ISO 13790:2008
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Table 3. Requirements for nZEB multi-apartment building in Croatia.
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	Parameter
	Symbol
	Unit
	Value





	Max. allowed specific annual energy need for heating
	QH;nd″
	kWh/(m2a)
	53.49



	Max. allowed specific annual primary energy
	Eprim″
	kWh/(m2a)
	80



	Min. share of renewable energy in delivered energy
	RERd
	%
	30
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Table 4. Input data for the calculation of the space heating emission subsystem, SH distribution subsystem and DHW distribution subsystem.
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Class of Parameters

	
Parameter

	
Symbol

	
Unit

	
Value






	

	
Subsystem label

	

	
-

	
A

	
B

	
C




	
Space heating emission subsystem

	
Heating surface

	
SH_HS_TYP

	
-

	
Fan coils

	
Radiators

	
Underfloor heating




	
Design nominal emitter power

	
FHemn

	
W

	
22,000




	
Room temperature control system

	
SH_CTRL

	
-

	
Room control (electronic)

	
P-controller

	
P-controller




	
Temperature variation based on heat losses

	
Δϑint;inc

	
°C

	
1.55

	
0.7

	
0.3




	
Temperature variation based on heat losses of embedded emitters

	
Δϑemb

	
°C

	
0

	
0

	
0.6




	
Electrical power of control system (per actuator)

	
Pctr

	
W

	
1

	
1

	
1




	
Number of control system actuators

	
nctr

	
-

	
24

	
8

	
8




	
Number of heating surfaces 1

	
nOT

	
-

	
24

	
24

	
460




	
SH distribution subsystem

	
Heating system operating temperatures

	
ϑs;des/ϑr;des

	
°C

	
45/40

	
55/40

	
40/35




	
Max. pressure drop in SH circuit

	
ΔpH;des

	
kPa

	
37.29

	
37.29

	
63.86




	
Flow in SH circuit at the design point

	
VH;des

	
m3/h

	
3.83

	
1.28

	
3.83




	
DHW distribution subsystem

	
DHW design temperature

	
ϑW

	
°C

	
60




	
Number of tappings per time step

	
ntap

	
1/h

	
1




	
Operation time of circulation pump

	
tW;op

	
h/h

	
0.627




	
Max. pressure drop in DHW circuit

	
ΔpW;des

	
kPa

	
31.93




	
Flow in DHW circuit at the design point

	
VW;des

	
m3/h

	
0.18




	
SH and DHW distribution subsystem

	
Linear thermal transmittance in section V 2

	
ΨV

	
W/mK

	
0.147




	
Linear thermal transmittance in section S 2

	
ΨS

	
W/mK

	
0.223




	
Linear thermal transmittance in section A 2

	
ΨA

	
W/mK

	
0.240








1 In the case of underfloor heating, value refers to the surface area with underfloor heating (m2). 2 V = from the generator to the shafts; S = vertical shafts; A = connection pipes.
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Table 5. Input data for calculation of solar collectors and storage tank.
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Class of

Parameters

	
Parameter

	
Symbol

	
Unit

	
Value






	
Solar collectors

	
Type of solar collectors

	
SOL_TYPE

	
-

	
Flat plate




	
Collector module aperture area

	
Asol;mod

	
m2

	
2.35




	
Peak collector efficiency

	
η0

	
-

	
0.79




	
First-order heat loss coefficient

	
a1

	
W/(m2K)

	
3.72




	
Second-order heat loss coefficient

	
a2

	
W/(m2K2)

	
0.016




	
Hemispherical incidence angle modifier

	
Khem(50°)

	
-

	
0.97




	
Tilt angle

	
β

	
°

	
15–60 (step 5)




	
Number of collectors

	
Ncol

	
-

	
7–12 (step 1)




	
Working medium specific heat

	
csol

	
J/(kgK)

	
3542




	
Storage tank

	
Storage tank total volume

	
Vsto;tot

	
L

	
600–2000 (step 200)




	
Height/diameter ratio

	
H/D

	
m/m

	
2.25




	
Layer 1 (lowest) volume fraction

	
fvol;1

	
-

	
0.33




	
Layer 2 volume fraction

	
fvol;2

	
-

	
0.33




	
Layer 3 volume fraction

	
fvol;3

	
-

	
0.24




	
Layer 4 (highest) volume fraction

	
fvol;4

	
-

	
0.1




	
Cold water temperature

	
ϑW;cold

	
°C

	
13.5




	
Min. temperature of DHW

	
ϑW;out;min

	
°C

	
40




	
Storage tank

	
Setpoint temperature (heater OFF temperature)

	
ϑsto;set;on

	
°C

	
60




	
Heater ON temperature

	
ϑsto;set;on;bu

	
°C

	
50




	
Storage tank ambient temperature

	
ϑsto;amb

	
°C

	
13




	
Connection to solar collector loop

	
CONN_LC

	
-

	
Heat exchanger




	
Connection to boiler loop

	
CONN_HC

	
-

	
Heat exchanger




	
Power of electrical back-up heater

	
Psto;el

	
W

	
6,000
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Table 6. Input data for calculation of boiler.
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Parameter

	
Symbol

	
Unit

	
Value






	
Boiler label

	

	
-

	
X

	
Y

	
Z




	
Generator output at full load

	
Pn

	
W

	
25,000

	
26,200

	
24,600




	
Boiler type

	
GEN_TYP

	
-

	
Standard, after 1994.

	
Gas-condensing, improved

	
Oil-condensing, improved




	
Burner type

	
GEN_BURN

	
-

	
Fan-assisted

	
Fan-assisted

	
Fan-assisted




	
Fuel type

	
GEN_FUEL

	
-

	
Wood pellets

	
Natural gas

	
Heating oil




	
Fuel price 1, 2

	
FUEL_PRICE

	
€/kWh

	
0.04255

	
0.03715

	
0.06387




	
Primary energy factor 3

	
fp

	
-

	
0.123

	
1.095

	
1.138




	
CO2 emission factor 3

	
Cp

	
kgCO2/kWh

	
0.0344

	
0.2202

	
0.29957




	
Boiler placement

	
GEN_POS

	
-

	
Boiler room








1 Fuel prices taken from [48,49]. 2 The average price of wood pellets was determined by market analysis, with an estimated price of 3.064 € (excluding tax) for a 15 kg bag and a calorific value of 4.8 kWh/kg. 3 Croatian national factors taken from [50].
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Table 7. Energy flow data and CO2 emissions of cost-optimal system solutions for analyzed combination of space emitters and boilers.
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Solutions 1

	
Qrenew

	
Qgnr;in

	
Wbu;el

	
Waux

	
Edel

	
Eprim

	
CO2




	
kWh/a

	
kWh/a

	
kWh/a

	
kWh/a

	
kWh/a

	
kWh/a

	
kg/a






	
AX

	
11,202

	
28,134

	
387

	
976

	
29,497

	
5660

	
1288




	
BX

	
11,197

	
27,721

	
387

	
756

	
28,863

	
5253

	
1222




	
CX

	
11,198

	
27,482

	
387

	
835

	
28,703

	
5352

	
1232




	
AY

	
11,190

	
15,232

	
0

	
1040

	
16,272

	
18,358

	
3598




	
BY

	
11,193

	
14,550

	
0

	
792

	
15,342

	
17,210

	
3390




	
CY

	
11,198

	
14,225

	
0

	
888

	
15,113

	
17,009

	
3341




	
AZ

	
11,192

	
14,673

	
0

	
1044

	
15,716

	
18,382

	
4641




	
BZ

	
11,189

	
14,007

	
0

	
795

	
14,802

	
17,222

	
4383




	
CZ

	
11,197

	
13,689

	
0

	
890

	
14,579

	
17,015

	
4310








1 A = fan coils; B = radiators; C = underfloor heating; X = wood pellets boiler; Y = natural gas boiler; Z = heating oil boiler.













[image: Table] 





Table 8. Cost of the observed system solutions.
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Solution

	
Investment Cost

	
Operation Cost (30 Years)

	
Global Cost




	
€

	
€

	
€






	
AX

	
20,907

	
62,980

	
83,887




	
BX

	
15,686

	
61,036

	
76,722




	
CX

	
24,814

	
60,974

	
85,788




	
AY

	
21,092

	
32,865

	
53,956




	
BY

	
15,871

	
30,423

	
46,294




	
CY

	
24,998

	
30,359

	
55,358




	
AZ

	
24,938

	
49,360

	
74,297




	
BZ

	
19,717

	
46,123

	
65,840




	
CZ

	
28,844

	
45,678

	
74,522
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Table 9. Simulation results obtained using CT and EC.






Table 9. Simulation results obtained using CT and EC.





	Parameter
	Unit
	CT
	EC





	Qrenew
	kWh/a
	11,193
	9127



	Qgnr;in
	kWh/a
	14,550
	12,777



	Waux
	kWh/a
	792
	708



	Edel
	kWh/m2a
	33.1
	29.1



	Eprim
	kWh/m2a
	37.2
	32.7



	CO2
	kg/a
	3390
	2980



	Iglobal
	€
	46,294
	42,828



	RERd
	%
	42.18
	40.36
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