MODELING OF MECHANICAL VENTILATION SYSTEMS IN BUILDINGS USING ENERGYPLUS SOFTWARE
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Abstract: In the modern world today, the great amount of the total energy consumption is related to the building. Therefore, research and development of methods for improving energy efficiency in buildings are very important. A significant part of energy consumption in buildings relates to building ventilation. The primary functions of mechanical ventilation systems are delivering fresh air to people in the inside of building areas, removal of contaminated air from the premises, and support of general feeling of thermal comfort in buildings. In such away, in recent years, special attention is paid to the modeling of mechanical ventilation systems in buildings, in order to reduce energy costs by using heat recovery heat exchangers. Systems can be modeled using the required number of air changes per hour in a room, or using a given air mass flow. This paper presents a method of modeling of mechanical ventilation systems in buildings by using software EnergyPlus. One illustrative example is provided.
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Rezime: U modernom svetu danas, veliki deo ukupne potrošnje energije se odnosi na zgrade. Stoga su veoma bitna istraživanja i razvoj metoda za poboljšanje energetske efikasnosti zgrada. Značajan udeo potrošnje energije u zgradama odnosi se ventilaciju zgrada.. Primarne funkcije sistema mehaničke ventilacije su dopremanje svežeg spoljašnjeg vazduha ljudima u prostorijama, uklanjanje zagađenog vazduha iz prostorija i održavanje osećaja opšte termičke ugodnosti u prostorijama. U tom smislu, poslednjih godina, posebna pažnja je posvećena modeliranju sistema mehaničke ventilacije u zgradama, sve u cilju smanjenja energetskih troškova uz uštedu energije korišćenjem rekuperatora. Sistemi se mogu modelirati pomoću potrebnog broja izmena vazduha u prostoriji po satu ili pomoću zadatog masenog protoka vazduha. U radu je predstavljen način modeliranja sistema mehaničke ventilacije u zgradama korišćenjem softvera EnergyPlus. Dat je i jedan ilustrativan primer.
Ključne reči: mehanička ventilacija, zgrade, softver EnergyPlus.

1. INTRODUCTION
Heating, ventilating and air conditioning systems (HVAC) are essential for the maintenance of a comfortable and healthy indoor environment for building occupants. In developed countries the HVAC systems consume around a third of the total energy consumption of the whole society. In hot and humid countries, the energy consumption to cool and dehumidify fresh ventilation air constitutes between 20% and 40% of the total energy consumption by HVAC systems [1]. 
On the other hand, energy saving in buildings is being strictly regulated by official requirements and local authorities. Nowadays, the role of heat gains in the energy balance of a building is becoming more and more important. The advances in thermal insulation and air-tightness of buildings’ envelopes, which greatly reduce thermal losses and air infiltrations, increase ventilation requirements and, consequently, raise the thermal losses associated with the ventilation system. In a modern building, the ventilation losses may become more than 50% of total thermal losses [2]. Taking into account the above facts, the improvement of the efficiency in buildings ventilating systems to reduce their environmental impact constitutes a key issue. The efficiency of HVAC systems may achieve an improved heat recovery (HR) by using the special type of heat exchangers (HEs) - air-to-air HR HEs. These units transfer energy from the exhaust air to the supply air and are applicable in both heating and cooling situations.
The air-to-air HR HEs commonly used in HVAC systems may be split into two main categories. One category comprises the rotating energy wheel regenerators, also called heat wheels or energy wheels. The other category is the flat-plate HEs. Although the end results are similar, the heat transport mechanisms in these two types of devices are quite different. In air-to-air plate HEs, (discussed in this paper) the exhaust air from the building passes through one side of the HE while the fresh air from outside the building flows in a cross or counter-current flow through the other side of the HE. On that way, the outdoor fresh air can be heated by exhaust, inside air heat. The possible sensible and total HR depends on the properties of the plate material, as well as the climate and the operating period. This type of HEs was often built using copper, aluminum or steel. When using air-to-air HR units, it should be borne in mind that water will condense on the HE surface if the exhaust air is cooled below its saturation temperature. Furthermore, if the incoming air temperature drops below 0 0C, the frost formed in the HE will block the air flow through it. 
This paper analyze building ventilation system with HRunit - flat plate HE. 
2. SIMULATION SOFTWARE - ENERGYPLUS
In this study, the simulation software EnergyPlus (Version 6.0) was used. EnergyPlus is made available by the Lawrence Berkley Laboratory in USA [3]. Its development began in 1996 on the basis of two widely used programs: DOE-2 and BLAST. The software serves to simulate building energy behavior and use of renewable energy in buildings. Other simulation features of EnergyPlus include: variable time steps, user-configurable modular systems, and user defined input and output data structures. The software has been tested using the IEA HVAC BESTEST E100-E200 series of tests [4]. 
To model the mechanical ventilation system in EnergyPlus environment, models of different components are used that are embedded in EnergyPlus such as ducts, fan, exhausts fan, flat-plate HE, mixer, splitter, air loop, outdoor air mixer, controller, exhausts air and fresh air. 
3. MATHEMATICAL MODEL

3.1 EnergyPlus Model for ventilation system 
A special part of EnergyPlus contains the airflow network model, which may simulate the performance of an air distribution system, including supply and return leaks, and calculate multizone airflows driven by outdoor wind and forced air during HVAC system operation. The pressure and airflow model is based on AIRNET - computer program for building airflow network modeling, developed by Walton on 1989 [6]. This detailed model is used to simulate thermal conduction, and air leakage losses for constant volume air distribution systems in either residential or light commercial buildings. The airflow network model can simulate the heat and moisture gains or losses from the air distribution system itself (ductwork). When modeling an air distribution system, the current version of the airflow network model is restricted to a single forced air system with a constant volume supply air fan. The airflow network model consists of three sequential steps: (1) pressure and airflow calculations, (2) node temperature and humidity calculations, and (3) sensible and latent load calculations.
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Figure 1 - Simplified mechanical ventilation system with HR unit 
Fig. 1 represents  a simplified schematics of the mechanical ventilation system with the HR unit - air-to-air heat exchanger (HE) and the outdoor air mixer (OA MIXER).
EnergyPlus uses weather data from its own data base with weather files. Weather files have hourly or sub-hourly data for each of the critical elements needed during the calculations (dry-bulb temperature, dew-bulb temperature, relative humidity, barometric pressure, wind direction, wind speed, etc.) as well as some auxiliary data such as that for rain or snow.
Heat Exchanger. The airflow network model may also have a HE component. The HE component models an energy transfer between the supply air stream and the exhaust air stream. The energy transfer is guided according to the effectiveness values that are specified by the user in the input data file. The air-to-air flat plate HE is an HVAC component typically used for exhaust or relief air HR (discussed in this paper, Fig.2). At this HEs, the exhaust air from the building passes through one side of the HE while the fresh air from outside the building flows in a cross or counter-current flow through the other side of the HE. On that way, the hot preheated fresh air in the rooms is obtained according to the user requirements. For HE component, EnergyPlus can calculate sensible heating energy, latent heating energy, total heating energy, HR consumption, HR sensible effectiveness, HR latent effectiveness etc. When a HE is used in an exhaust air energy recovery system, the HE is treated as a single component. Then, the model only connects the two nodes associated with the incoming outdoor ventilation air, while the two exhaust nodes are not defined as part of the airflow network model. 
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HeatExchanger:AirToAirSensibleAndLatent
The sensible and latent air-to-air heat exchanger is an HVAC component typically used for
exhaust or relief air heat recovery (Figure 129). Heat exchanger performance can be
specified to transfer sensible energy, latent energy or both between the supply and exhaust
air streams. The input requires no geometric data. Performance is defined by specifying
sensible and/or latent effectiveness at 75% and 100% of the nominal (rated) supply air flow
rate at two operating conditions as shown in Table 29.
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Figure 129. Schematic of the Sensible and Latent Air-to-Air Heat Exchanger





Figure 2 - Schematic of the Sensible and Latent Air-to-Air HE
Outdoor Air Mixer. The outdoor air mixer is the most common component used in an outdoor air system. The outside air mixer splits the return air of primary air system into relief and re-circulated air streams. Then, it mixes the outside air stream with the re-circulated air stream to obtain the mixed air stream. The outdoor air mixer has 2 inlet flow nodes: the return air node and the outside air node. It has 2 outlet flow nodes: the relief air node and the mixed air node. This is a passive component. The mixed air temperature is calculated from the mixed air humidity ratio and specific enthalpy using the EnergyPlus psychometric routine. The inlet and relief mass flow must be set outside the component – most commonly by an outdoor air controller.
Air Loop. In EnergyPlus, an air loop is a central forced air HVAC system. The term “loop” is used because in most cases some air is re-circulated so that the air system forms a fluid loop. The air loop is just the “air side” of a full HVAC system. For simulation purposes the air loop is divided into 2 parts: the primary air system (representing the supply side of the loop) and the zone equipment (representing the demand side of the loop). The primary air system includes the following components: the supply and return fans, central heating and cooling coils, outside air economizer, and any other central conditioning equipment and controls. The zone equipment side of the loop contains the air terminal units as well as fan coils, baseboards, window air conditioners, and so forth. 
Splitter. The splitter divides an inlet air stream into multiple outlet streams. The outlet air streams have the humidity ratio, pressure, enthalpy, and temperature set to that of the inlet air stream. The inlet air stream has the air mass flow rate set to the sum of the outlet air mass flow rates. Accordingly, EnergyPlus calculates maximum and minimum of the available air flow rate.
Mixer. The mixer combines multiple inlet air streams into a single outlet air stream. The air mass flow rate calculation is done for the maximum and minimum available mass flow rates.
3.2 Characteristics values
Pressure calculations. Newton’s method is used to solve node air pressures and it requires an initial set of values for the pressures. These initial values may be obtained by including in each airflow component a linear approximation relating airflow to the pressure drop:
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where 
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=air mass flow rate at i-th linkage (kg/s), ci=air mass flow coefficient (m3), Δpi=Pressure difference across the i-th linkage (Pa), μ = Air viscosity (Pa(s).
Node Temperature Calculations. The following equation is used to calculate temperature distribution across a duct element at the given airflow rate and inlet air temperature:
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where 
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=air flow rate (kg/s), Cp= specific heat of airflow (J/kgK), P=perimeter of a duct element (m), T = temperature as a field variable (°C), 
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=temperature of air surrounding the duct element (°C) and U = overall heat transfer coefficient (W/m2K).
Since the inlet temperature at one linkage is the outlet temperature for the connected linkage, the outlet air temperatures at all nodes are solved simultaneously. A square linear system assembled by the airflow network model is expressed below:

{M}[T] = [B]
where{M} = airflow matrix, [T] = temperature vector and [B] = given boundary conditions.
HE operating effectiveness. The model determines the operating effectiveness of the HE by linear interpolation or extrapolation of the 100% flow and 75% flow effectiveness values. The data are specified in the input data file, using the average volumetric air flow rate through the HE. Extrapolation is allowed down to 50% and up to 130% of the nominal supply air flow rate.
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where 
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=operating sensible effectiveness of the HE, 
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=operating latent effectiveness of the HE, HXflowratio=the ratio of the average operating volumetric air flow rate to the nominal supply air flow rate.
Sensible, total and latent HR rates. These values can be obtained by using next equations:
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where 
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=heat capacity rate of the supply air stream (W/K), 
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=enthalpy of the supply air leaving the HE (J/kg) calculated by EnergyPlus psychrometric routine. Latent HR can be obtained from upper equations:
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Total HR Rates. Total HR rates for the overall unit is reported for each simulation time: 
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where
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=HE total heating Rate, TimeStepSys=HVAC system simulation time step (hr).

At the same way, the sensible and latent HR rates can be calculated for the overall unit (for heating and for cooling operations separately).

HE Electric energy consumption. This value is calculated for the time step:
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where
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= HR electric consumption, (J), and 
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P

= HR electric power, (W). 
4. RESULTS AND DISCUSION
Mechanical ventilation with a HR unit is modeled by EnergyPlus software. The mechanical ventilation is used in a house shown in Fig.3. The house consists of living room, two bedrooms, kitchen, bathroom and two anterooms.   
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Figure 3 – Modeled residential house
Figure 4 represent the number of air change rate per hour by mechanical ventilation in each simulated zone calculated by EnergyPlus in 1st October as functions of time. The higher number of air change rate is for anteroom at the second floor, which has no windows.
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Figure 4 – Number of air change per hour for mechanical ventilation for different zones calculated by EnergyPlus in 1st October as functions of time
Figure 5 shows the sensible heating energy exchanged at HE during a simulation month – October. It can be concluded that the highest sensible heating energy is achieved during daily hours, when HVAC system operates. Then, the need to deliver fresh air inside the house is greater than that during night.
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Figure 5 –Sensible heating energy of HE during simulation month - October 
Figure 6 represents the sensible effectiveness of HR, during a simulation month – October. It is found that the highest sensible effectiveness of HR is about 0.5 during hours when HVAC system operates (from 7h to 21h).

[image: image31.emf]0

0.1

0.2

0.3

0.4

0.5

0.6

 10/01  01:00:00 10/02  06:00:00 10/03  11:00:00 10/04  16:00:00 10/05  21:00:00 10/07  02:00:00 10/08  07:00:00 10/09  12:00:00 10/10  17:00:00 10/11  22:00:00 10/13  03:00:00 10/14  08:00:00 10/15  13:00:00 10/16  18:00:00 10/17  23:00:00 10/19  04:00:00 10/20  09:00:00 10/21  14:00:00 10/22  19:00:00 10/23  24:00:00 10/25  05:00:00 10/26  10:00:00 10/27  15:00:00 10/28  20:00:00 10/30  01:00:00 10/31  06:00:00

Date/Time

Heat Recovery Sensible Efectiveness 

(-)(Hourly) 


Figure 6 –Sensible effectiveness of HR during October 
5. CONCLUSION

This paper represents the modeling of a HR mechanical ventilation system in commercial and residential buildings by EnergyPlus software. This software has great capabilities for modeling building energy behavior. Using HR in a ventilation system, the energy used for ventilation and space heating can be reduced. 
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