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Introduction Public and residential buildings are significant consumers of heat energy in Ukraine. According to [1] 44% of the heat energy is consumed by the housing and communal sector, while 42% of it falls on central heating systems. Therefore, to ensure the energy resources rational use an effective approach to the heating systems design is needed. Building energy modeling software can be used for decision-making to enhance energy efficiency during the building design and operation phases [2, 3]. The definition and prediction of buildings energy consumption for heating can be made using different approaches. Some papers deal with statistical processing of real energy consumption data gathered by monitoring systems or simulation results [4]. The considered approach includes regression, artificial neural network and fuzzy logic analysis for prediction [5, 6]. Such methods of analysis are suitable for existing building and require measuring tools, including appliances for collecting data on energy consumption, temperatures, solar radiation etc. Quasi-stationary approaches for estimating energy consumption for heating are currently used in Ukraine for building energy certification during design and operation phases [7]. Dynamic approach using simplified hourly method (5R1C) is becoming used to investigate building thermal state [8]. Dynamic simulation programs are a powerful tool for energy efficiency and building thermal state investigation, including DOE-2, eQuest, TRNSYS, EnergyPlus etc. [9, 10, 11]. EnergyPlus is one of the most advanced open access energy simulation application, which uses the best features of two well-known modeling techniques: DOE-2 and BLAST. Comparison of previously mentioned software products technical characteristics is carried out in the paper [12]. In particular, it is noted that each of the program includes hundreds of subroutines that work together to simulate heat and mass flows throughout the building. Comprehensive simulation is the main concept of the EnergyPlus program [13]. Therefore, the program consists of three main simulation components: heat and mass balance simulation for calculation of zone thermal and mass balances, building systems simulation manager for calculation of technical building systems and third-party interfaces (include external build-up interfaces) for creating the geometry. EnergyPlus simulation manager controls the entire simulation process and performs iterative calculations between heat and mass balance and building systems simulation modules. The EnergyPlus program can simulate traditional heating, cooling, ventilation, water supply and lighting systems in buildings, as well as heat pumps, thermal and power solar systems [14]. The program includes such possibilities as zone energy consumption simulation (taking into account air flows between zones), calculation of radiation heat exchange, moisture absorption, desorption, etc. EnergyPlus uses more realistic control conditions for different HVAC systems than its predecessors. That allows receiving more accurate and reliable simulation results. The program has built-in templates for typical ventilation, cooling and heating systems. Modeling with the use of EnergyPlus provides the flexibility and functionality of energy analysis throughout the building life cycle except 
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for some constraints. The program assumes that HVAC systems operate in perfect conditions and is not taking into account the rapid decline of systems components performance due to contamination, corrosion and other impacts that reduce the climatic equipment productivity. The feature of the program is the availability to perform both: hourly simulations at all levels and for the user-selected period (design day, day, month, year or several years). EnergyPlus also has an IWEC weather database for many cities around the world. The energy model of a building defines four main components, without which any calculation of energy consumption cannot be made [15]: weather data, building geometric model, "schedules" for internal parameters and technical building systems operation, mathematical models of technical building systems. 
The aim of this paper is to create a building energy model in dynamic simulation program EnergyPlus, to analyze and compare energy modeling results with actual energy consumption for heating. According to the aim of the paper following tasks are solved: creation of building energy model in EnergyPlus taking into account building technical systems; determination of the building energy consumption/energy performance indicators using EnergyPlus program, validation of results using real data on energy consumption; analysis of zone heat losses and gains, intermittent heating system operation mode investigation. 
Mathematical model description 

          
FIGURE 1. Public building "Centre of energy efficiency" 

                                                                                                                         

        
FIGURE 2. 3D model of the building (a) and separation of the building into zones (the top view) (b) 

b) a) 
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The object of the simulation is the public building "Centre of energy efficiency", located in the city of Kyiv. Operation mode for building: from 9:00 a.m. to 18:00 p.m. every day, except Saturday and Sunday. During creation of the building 3D geometry the internal volume was divided into six zones in order to take into account different technical building systems and temperature modes in different spaces using EnergyPlus program (figs. 1, 2).  The main dimensional parameters and construction materials of one-storey building are given below (tables 1 and 2). The thermophysical properties of construction materials considered in the analysis include density, heat capacity, thermal conductivity, roughness and absorbance coefficients. Heat transfer coefficients and solar heat gains coefficients for building enclosures are also given in Table 2. Window construction is given in figure 3.  
TABLE 1. Main building dimensional parameters 

Building area, m2 Building height, m Building volume, m3 144 3.5 505 
 

TABLE 2. Building construction elements description 

Building construction 
element Detailed description U-value 

W/m2·K 
Solar heat gain 

coefficient (SHGC)Slab Monolith reinforced concrete panels – – 
Exterior walls Bricks, the south and west walls insulated with mineral wool and the north wall insulated with foam polystyrene S, W: 0.247 N: 0.375 – 
Partitions Bricks – – Roof Reinforced concrete slabs, insulated with claydite, covered with ruberoid 0.954 – 
Windows Triple glazed window with low-e glazing on both sides and argon gas, 5-chamber plastic profile (windows have internal shading device – blinds) 0.877 Frame and Divider conductance: 1.5 – 
Exterior doors Metal doors with insulation 1.017 – Interior doors Wooden doors – –  

 
FIGURE 3. Triple-glazed window with low-e glazing on both sides and argon gas filling 
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The building heating system is water-based with central heating source. Zone 1 is unconditioned. The temperature mode for inside air temperature during the heating period in zones 2-5 of the building is maintained at: – 18C, working days from 9:00 to 18:00, – 16C, weekends and holidays, as well as working days from 19:00 to 8:00. The heat load during building re-heating has bigger value than during the steady state. Therefore, additional capacity value for intermittent heating system mode depends on the sizing factor which is 1.2 for given calculation [16]. Heating-up capacity is required to compensate intermittent heating effects increase of heat load due to difference in inside air temperature difference during occupied and unoccupied hours and the decrease of reheat time. Design heat gains from lighting system in building are set at the level of 8 W/m2, and from electrical equipment – at the level of 10 W/m2. The maximum number of people is 6. Due to the fact that the number of people changes during the day, as well as the use of lighting and electrical equipment also changes, schedules (fraction type) were created (fig. 4). Power density, lighting and electric equipment schedules were adjusted and electric energy consumption from EnergyPlus simulation was compared with actual energy consumption in order to accurately estimate internal heat gains [17]. Characteristics of internal heat gains are given in table 3.  

 
FIGURE 4. Office occupancy, lighting and equipment schedules (fraction) for weekdays used for calculation of internal heat gains 

 
TABLE 3. Internal heat gain sources fraction analysis 

Internal heat gain source People Lights Electric equipment Sensible fraction 0.5 1.0 1.0 Radiant fraction 0.3 0.72 0.3 Latent fraction 0.5 0 0  Building technical systems (heating, ventilation and air conditioning systems) in EnergyPlus are set according to the following principle: the loop is formed by a combination of branches, in which one or more components are connected in series. Components (heat exchangers, heaters) are combined with the use of nodes. At the same time, separation and connection of parallel branches are performed using splitters and mixers. Baseboard water heating system with convective mechanism of heat transfer was used in the analysis. The boiler type was district heating system. The temperature of heat carrier from the source depends on external air temperature (qualitative regulation). Quantitative regulation was performed using bypasses on each of the heating device and on the source side. The final form of the building heating system (that was specified in the EnergyPlus program) can be displayed in the form as in the figure 5. 
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FIGURE 5. Building heating system, created in EnergyPlus  The object Sizing:Plant contains the necessary input data to calculate the maximum carrier flow rate and the heating equipment load. Firstly, the maximum flow rate in every single element of the system (heaters) is calculated and then the flow rate in all elements is summed up and the maximum heat-transfer fluid flow rate of the entire circuit is found. The object ZoneHVAC:Baseboard:RadiantConvective:Water helps to calculate the heat flow from the baseboard heaters by such mechanisms as convection and radiation. The object Plant:Loop contains information about the heating circuit and its components (serial connections along the pipe, nodes, connectors), as well as information about the maximum and minimum temperature and heat flow rate in this circuit. Also, the characteristics of the circulation pump for the heating system are specified in the window Pump:ConstantSpeed. The object SetpointManager:OutdoorAirReset sets the heat-transfer fluid temperature in the heating system, depending on the temperature of the outside air (qualitative regulation). If the ambient temperature is in a given interval, the heat-transfer fluid temperature at the entrance of the heating system is determined by linear interpolation. All nodes, components, branches, splitters and mixers of the heating system are specified using the following objects in the program: ZoneHVAC:EquipmentList, ZoneHVAC: Equipment Connections, Branch, 

BranchList, Connector:Splitter, Connector:Mixer, ConnectorList, NodeList, Pipe:Adiabatic, PlantEquipmentList. Such system of interconnected elements is created, respectively, for each building thermal zone. Air exchange rate is set at the level 1 hour-1 in zones 3 and 5 where is no mechanical ventilation. In zones, where mechanical ventilation system is present (zones 2, 4 and 6), the air exchange rate during working hours is 0.25 hour-1 and during non-working hours is 0.5 hour-1. Heat recovery ventilation systems are used in zones 2, 4 and 6 to provide energy saving and balanced air exchange in the zones: 
 Zone 2: V = 0.19 m3/s, η = 0.76 (sensible recovery effectiveness), 
 Zone 4: V = 0.042 m3/s, η = 0.76, 
 Zone 6: V = 0.014 m3/s, η = 0.76. In EnergyPlus, the ventilation systems with heat recovery for zones 2, 4 and 6 are set using 
ZoneHVAC:EnergyRecoveryVentilator object. It includes data about air flow rate, recuperator type, fans and controller. The location of the nodes and the scheme used by EnergyPlus to specify heat recovery ventilation system is shown in figure 6. 
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FIGURE 6. The structure of the heat recovery ventilation system simulated in EnergyPlus [15]  Controllers are used to enable "night cooling" in the summertime and are described in the form of a temperature range in the ZoneHVAC:EnergyRecoveryVentilator:Controller. This controller is applicable to systems that use an air loop to provide conditioned air for one or more zones. Data on sensible and latent energy efficiency indicators are specified in the HeatExchanger:AirToAir:SensibleAndLatent object. Fans data (Supply Air Fan and Exhaust Air Fan) is given in the Fan:OnOff object. It contains data on fans and motors effectiveness, pressure rise, airflow rates and nodes between which fans are located in the system (fig. 6). To determine the non-steady heat losses through the slab on grade the EnergyPlus sub-program Slab pre-processor is used. Slab pre-processor allows obtaining the most accurate temperature in the contact of soil with the foundation. This sub-program is designed to determine the average monthly temperatures (surface averaged or perimeter/core) and takes into account “undisturbed” ground temperature profiles for different months, the characteristics and properties of the soil and foundation slab including vertical and horizontal insulation, boundary conditions, the average monthly temperature in the zone, and solar heat gains to the corresponding area of the soil around the building etc. [18, 19, 20]. 

Analysis of the building energy consumption calculations results Calculation of the energy consumption/performance indicators in building was conducted using the dynamic simulation in EnergyPlus. In order to assess modeling results correctness a comparison with the actual energy consumption for heating of this building was done (table 4). The actual energy consumption during the heating period (07.28.2014 – 27.04.2015) was corrected considering actual and standard heating degree-days.  
TABLE 4. Results of building energy performance indicators calculations 

Method EnergyPlus Actual (corrected) Energy consumption, kWh 19730.6 20265.3 Specific energy consumption, kWh/m² 141.9 145.8 Specific energy consumption, kWh/m3 40.5 41.6  According to the modeling results in EnergyPlus the amount of consumed heat energy for different zones are shown in the histogram in figure 7. 



 - 42 -

 
FIGURE 7. Monthly energy consumption by heating system in zones according to the modeling results in EnergyPlus  The schedule in figure 7 and actual energy consumption data show that heat consumption from district heating source is carried out only during the heating period (hot water supply is provided by solar collector). Due to qualitative and quantitative regulation of heating system heat carrier temperature and mass flow rate is different for each month (fig. 8).  

 
FIGURE 8. Heat carrier temperature and flow rate in the heating system for zone 2  According to the EnergyPlus simulation results a heat balance was also analyzed that shows heat losses and heat gains for building zones for different months. An example of the heat balance for the zones 4 and 5 in December is shown in figures 9 and 10 (there are natural ventilation in zone 5 and heat recovery ventilation in zone 4). Solar heat gains and radiant part of internal heat gains are taken into account during inside surface temperature calculation for building enclosures and are not included in the graphs. Components of the zone heat balance in figures 9 and 10 include: 

 Zone Air Heat Balance Surface Convection Rate – heat losses due to convective heat exchange between surfaces and indoor air; 
 Zone Air Heat Balance Outdoor Air Transfer Rate – heat losses associated with the interaction with external air (for example, air infiltration); 
 Zone Air Heat Balance System Air Transfer Rate – heat losses with forced ventilation systems; 
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 Zone Air Heat Balance Internal Convective Heat Gain Rate – convective heat transfer from internal heat sources (people, lighting, electrical equipment); 
 Zone Air Heat Balance System Convective Heat Gain Rate – convective heat transfer from the heating system in the zone.  

 
FIGURE 9. Air heat losses balance for zone 4 (a) and zone 5 (b)  

 
FIGURE 10. Air heat gains balance for zone 4 (a) and zone 5 (b) 

 Detailed Analysis of heat gains and losses during the whole heating season for zone 4 of the given building is shown in the figures 11 and 12. Heat gains include sensible and latent part, while sensible heat gains are divided in convective and radiant ones. Heat losses for zone 4 include heat transfer through opaque and fenestration surfaces, infiltration and mechanical ventilation heat losses.  

 
FIGURE 11. Detailed analysis of heat gains for zone 4, %  
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FIGURE 12. Detailed analysis of heat losses for zone 4, %  The energy consumption of the zone was also analyzed for the application of various temperature differences during occupied and unoccupied hours throughout the heating period for intermittent heating mode (fig. 13).  

 
FIGURE 13. Energy consumption of the zone 4 depending on the temperature difference during occupied and unoccupied hours  If the temperature mode of 15-18C in the zone of the building for the heating period is used, then the optimal Sizing Factor (SF) will be at the level of 1.2 (fig. 14) in terms of suitable reheat time and comfortable conditions during occupied hours. 

 

 
FIGURE 14. Inside air temperature daily profile depending on the Sizing Factor (sf) 
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FIGURE 15. Daily profile of zone 4 energy consumption for heating depending on Sizing Factor 

Conclusions Specialized software for buildings energy consumption modeling including EnergyPlus is advisable to use for study of energy efficiency and thermal comfort during a building's life cycle analysis. The results of building energy modeling in EnergyPlus are similar to actual building energy consumption for heating that shows the possibility of conducting more detailed building thermal state analysis using EnergyPlus. Created dynamic model helps to analyze the components of building energy balance (transmission and ventilation heat losses, internal heat gains and heating load), influence of technical buildings system on energy consumption for heating (natural and heat recovery ventilation) and to define energy saving potential and optimize intermittent heating mode. Therefore, creation and use of building energy models considering the dynamics and real physics of processes give a huge opportunity for building thermal state and energy performance analysis in real mode. Using an intermittent heating system mode is an effective way to reduce the energy consumption of the building. The bigger decrease in the internal temperature during unoccupied hours in relation to the occupied period, the more effective this energy saving measure is (fig. 13). However, even the temperature difference of 2-3C requires a significant specific additional heat load because it is important to the speed up the system achievement of the comfortable indoor temperature in terms of energy saving. So the advantages of having such building energy model are: – the possibility to analyze the factors that influence the building heating load and affect its energy consumption; – impact investigation of changes in the technical, dimensional and energy characteristics of the building on the amount of energy consumed by the building; – the possibility of making rapid informed technical solutions in order to increase the energy efficiency level of the building. The further investigation can be directed to detailed simulation of non-stationary ground heat transfer and optimization of intermittent heating modes for different massiveness and thermal protection properties of buildings and building technical systems (convective and radiant) with the use of technical and economical indicators. 
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