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Abstract: In developed countries the HVAC systems consume around a third of the total
energy consumption. A significant part of energy consumption in buildings relates to building
ventilation. Mechanical ventilation with heat recovery is often considered as one of the key
elements of a low energy residential building. Heating, ventilating and air conditioning
systems (HVAC) are essential for the maintenance of a comfortable and healthy indoor
environment for building occupants. In order to reduce energy costs, the mechanical
ventilation systems with heat recovery are designed. Ventilation is one method to maintain
good indoor air quality. Indoor air quality (IAQ) is an important factor for every person living
in a building. The primary functions of mechanical ventilation systems include the delivery of
outdoor air to the occupants, the removal of indoor contaminants and the maintenance of
thermal comfort conditions in the occupied zones. This paper presents a method of heat
recovery mechanical ventilation system modeling in buildings by using software EnergyPlus,
with special attention to the IAQ (air temperature, relative air humidity, CO, concentration).
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Rezime: U razvijenim zemljama sistemi za grejanje, ventilaciju i klimatizaciju (GVK) imaju
udeo od jedne tre¢ine u ukupnoj potro$nji energije. ZnaCajan deo potroSnje energije u
zgradama se odnosi na ventilaciju. Sistem mehanicke ventilacije sa uredejem za koriSéenje
otpadne toplote se Cesto razmatra kao jedan od klju¢nih elemenata kod nisko-energetskih
zgrada. Sistemi GVK su od presudnog znacaja za odrzavanje termicki konforne i zdrave
sredine unutar zgrade. U cilju smanjenja energetskih troskova, uravo su i razvijeni sistemi
mehanicke ventilacije sa povracajem toplote. Ventilacija je jedan od metoda za odrZavanje
dobrog kvaliteta unutrasnjeg vazduha. Kvalitet unutra$njeg vazduha je bitan factor za svaku
osobu koja zivi u zgradi. Primarne funkcije sistema mehanicke ventilacije ukljucuju
dopremanje svezeg spoljasnjeg vazduha ljudima u prostorijama, uklanjanje zagadenog
vazduha iz prostorija i odrzavanje termicke ugodnosti u prostorijama. Ovaj rad predstavlja
metod modeliranja sistema mehanicke ventilacije sa uredajem za koris¢enje otpadne toplote u
zgradama koriS¢enjem softvera EnergyPlus, sa posebnim osvrtom na kvalitet unutrasnjeg
vazduha (temperature, relativna vlaznost, koncentracija ugljen-dioksida).

Kljucne reci: Zgrada, mehanicka ventilacija, povracaj toplote, kvalitet unutraSnjeg vazduha,
softver EnergyPlus.

1. INTRODUCTION

In a past few decades, human life has rapidly changed from agriculture oriented society to

industry and mechanization centered society. So, the space where humans stay for a long time

in a day also changed from outside to inside. Today, humans are spending 90% or more time
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in indoor spaces such as office, residence, school, etc., and naturally, much effort came to be
made to make a more refreshing environment.

For the maintenance of a comfortable and healthy indoor environment for building
occupants, heating, ventilating and air conditioning systems (HVAC) are essential. The
primary purpose of ventilation is to create optimal conditions, in terms of air quality and
thermal comfort in indoor environments, for people living or working there, taking into
account their health, comfort and productivity. Indoor air quality depends on the different
parameters such as the outdoor air, the building location, number of people, and the
ventilation system in the building. The ventilation system in the building improves the indoor
air quality and at the same time it increases the cost of power consumption. The optimum
ventilation level depends on the source strength of the air pollution [1]. The mechanically
induced ventilation rate also depends on the number of people living in the building. Indoor
air relative humidity level (RH) is also a measure of indoor air quality. Moisture in building
envelopes can cause numerous problems, including the indoor air quality, of mold/fungi and
bacteria growth, various health hazards for the occupants, infestation by insects, and
deterioration of the building components.

The role of ventilation in residential buildings is mainly to maintain good air quality by
diluting air pollutants. To provide air quality guidelines, ASHRAE Standard 90.1 specifies the
minimum ventilation rate of 2.5 1/s per person, while ASHRAE Standard 62-2004 has been
revised to the minimum ventilation rate of 10 1/s per person [2]. The number of occupants in
any facility varies over time, and it is rare that the facility is fully occupied. This provides a
good opportunity to save energy by ventilating facilities on demand. Thus, the demand-
control ventilation (DCV) is a commonly used strategy in HVAC systems based on signals
from the indoor sensors, e.g., a CO2 sensor. Other sensors like the VOC (volatile organic
compound) sensor, occupancy sensor, humidity sensor, particle sensor, and so on, are used to
modulate the ventilation rate over time under various conditions.

Today there is a variety of ventilation strategies in various European countries. In
countries with colder climates, mechanical systems have been installed, which are with or
without heat recovery units. Mechanical ventilation systems are widely used to maintain
thermally comfortable environment and with satisfactory indoor air quality (IAQ) for the
occupants [3]. Heat recovery ventilation system is a ventilation facility which can exchange
sensible and latent heat between polluted exhaust indoor air and fresh incoming outdoor air,
and it is considered as an effective ventilation system because it recovers much sensible and
latent heat from the air. In developed countries the HVAC systems consume around a third of
the total energy consumption. A significant part of energy consumption in buildings relates to
building ventilation. 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 [4]. In a modern building, the ventilation losses may become
more than 50% of total thermal losses [5]. 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. 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.
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This paper analyze building ventilation system with HRunit - flat plate HE with the
special attention to the indoor air quality (air temperature, relative air humidity, CO;
concentration).

2. SIMULATION SOFTWARE - ENERGYPLUS

In this study, the simulation software EnergyPlus (Version 7.0.0) was used. EnergyPlus is
made available by the Lawrence Berkley Laboratory in USA [6]. 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 [7].

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.

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.
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 [8]. The
airflow network model can simulate the heat and moisture gains or losses from the air
distribution system itself (ductwork). 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.

Figure 1 represents a simplified schematics of an mechanical ventilation system with the
heat recovery unit - air-to-air heat exchanger and the outdoor air mixer.

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. 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.

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
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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.
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Figure 1 - Simplified mechanical ventilation system with HR unit

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.

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 calculation. 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:

Ap

. i
iy =, p=t

where m, =air mass flow rate at i-th linkage (kg/s), c/=air mass flow coefficient (m*),

Ap=Pressure difference across the i-th linkage (Pa), p = Air viscosity (Pa-s).
Node Temperature Calculation. The following equation is used to calculate temperature
distribution across a duct element at the given airflow rate and inlet air temperature:

. dT

mC, o UP(T. -T)
where n=air flow rate (kg/s), C,= specific heat of airflow (J/kgK), P=perimeter of a duct
element (m), T = temperature as a field variable (°C), T =temperature of air surrounding the
duct element (°C) and U=overall heat transfer coefficient (W/m’K).
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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.
Node Humidity Ratio Calculation. The following equation is used to calculate humidity
ratio distribution at the given airflow rate and inlet air humidity ratio:
W _ u,Pw.-w)
dx
Where m=air flow rate (kg/s), P=perimeter of a duct element (m), W = humidity ratio
(kg/kg), w_= humidity ratio of air surrounding the duct element (kg/kg) and Uy, = overall heat

transfer coefficient (kg/mzs).
Since the inlet humidity ratio at one linkage is the outlet humidity ratio for the connected
linkage, the outlet air humidity ratio at all nodes are solved simultaneously. A square linear
system assembled by the AirflowNetwork model is expressed below [9]:

(M} W] = [Ba]
where {M;} = airflow matrix, [W] = humidity ratio vector and [B,] = given boundary
conditions.
Zone Air Carbon Dioxide Concentration The EnergyPlus as a report variable give us the
Air Carbon Dioxide Concentration which represents the carbon dioxide concentration level in
parts per million (ppm) for each zone. This is calculated and reported from the Correct step in
the Zone Air Contaminant Predictor-Corrector module. The zone air carbon dioxide
concentration updates at the current time step using the EulerMethod [9].

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.2.

Figure 2 — Modeled residential house
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The house consists of living room (DS), kitchen (KUH), bathroom (KUP) and anteroom
(HOD1) at the first floor (Fig.3), and two bedrooms (SS1 and SS2), and anteroom (HOD?2) at
the second floor.
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ErergyPlus Zone:
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S

Figure 3 — The intersection of the first floor

Figure 4 represent the outdoor dry bulb temperature and zone air temperatures by
mechanical ventilation with heat recovery, in each simulated zone calculated by EnergyPlus
from January 1¥-5", as a function of time. The thermostats in each zone regulates the
temperature by their own schedules (20 °C).
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Figure 4 — Outdoor dry bulb temperature and air temperatures calculated by EnergyPlus from
January 1°-5™

Figure 5 shows the air relative humidity in each simulated zone per hour by mechanical
ventilation, calculated by EnergyPlus in 1* January, as a function of time.
It can be concluded that the smaller air relative humidity is achieved during daily hours, when
HVAC system operates. Then, the need to deliver fresh air inside the house and for space
heating is greater than during night.
Figure 6 represent the Air Carbon Dioxide concentration (ppm) per hour, by mechanical
ventilation in each simulated zone calculated by EnergyPlus in 2nd January as a function of
6
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time. The higher concentration of air carbon dioxide is for livingroom at the first floor and for
the bedroom at the second floor, which have more occupants during the simulation period.
But, the air carbon dioxide concentration is within the permissible limits (5000 ppm).
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Figure 5 —Air relative humidity calculated by EnergyPlus from January 1*
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Figure 6 —Air carbon dioxide concentration calculated by EnergyPlus for January 2"
5. CONCLUSION

This paper represents the modeling of a HR mechanical ventilation system in commercial and
residential buildings by EnergyPlus software, with the special attention to indoor air quality
IAQ. These results show that the performances of the ventilation systems, the ventilation
design and the weather condition affect to the characteristics of the ventilation and the indoor
air quality. Using HR in a ventilation system, the energy used for ventilation and space
heating can be reduced and indoor air quality is very good.
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