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Last time 

•  Finished ventilation and infiltration 
–  Calculating air exchange rates 
–  Ventilation standards (62.1 and 62.2) 
–  Driving forces of ventilation and infiltration 
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Energy losses/gains due to ventilation/infiltration 

•  Energy losses or gains due to ventilation and/or infiltration 
can be significant 
–  How do we account for energy losses/gains? 

•  Example: A 250 m3 home has an air exchange rate of 0.4 per 
hour, the indoor temperature is 23°C and the outdoor 
temperature is 0°C 
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Qinf,sensible = !mCpΔT = ρ !VCpΔT

Qinf,sensible = (1.15 kg
m3 )(0.4 1
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3600
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)(1006 J
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)(0− 23 °C) = 739 W = 2522 BTU/hr



This time 

•  Air cleaning and HVAC filtration 
•  Introduce heating and cooling loads 
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AIR CLEANING/FILTRATION 
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Forced air distribution: Filtration 
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Typical commercial HVAC system: 

!VSA

!VRA

!VOA



What if we add HVAC filtration? 

•  Other loss mechanisms are important 
–  Deposition to surfaces, control by HVAC filter, reaction, etc… 
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Mass balance with filtration  

•  New term to mass balance (derive on the board): 

•  Assume steady state for now, divide by λ, and solve for C: 

•  CADR = Clear Air Delivery Rate 
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What can we filter out in buildings? 

•  Particles 
–  Fibrous filters 
–  Electrostatic precipitators 
–  Others 

•  Capture particles from the air 

•  Gases 
–  Activated carbon  

•  Relies on adsorption of VOCs/other gases to high surface area carbon 
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Filtration efficiency: ASHRAE Standard 52.2 
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Particulate matter (PM) 

•  Particulate matter (PM) is its own class of pollutant 
–  PM consists of a mixture of solid particles and liquid droplets 

suspended in air 
–  Primary emissions are emitted directly by sources 

•  Outdoors: Industry, construction, roads, smokestacks, fires, vehicles 
•  Indoors: Smoking, cooking, resuspension of dust, transport from outdoors 

–  Secondary emissions are formed in atmospheric reactions and some 
indoor reactions 

•  Health effects 
–  Respiratory, cardiovascular, others 

•  Visibility effects outdoors 

http://www.aerosols.wustl.edu/education/AerosolBasics/What%20is%20an%20aerosol.htm 



Particulate matter 

•  Usually referring to a characteristic dimension 
–  Diameter for sphere 
–  Diameter for fibers (e.g. asbestos) 
–  Equivalent diameter for non-spherical  

Important units: 
•  Micrometer (µm) 

–  1 µm = 10-6 m 

•  Nanometer (nm) 
–  1 nm = 10-9 m = 1000 µm 

V =
π
6
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3
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Particle sizes 
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Hinds 1999 

ß PM2.5 ß PM10 ß UFP 



Particle deposition in respiratory system 
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Hinds, 1999 Ch. 11 
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ASHRAE Standard 52.2 

•  Method of test for filter performance for particles 
–  Controlled laboratory conditions 
–  Subject filter to test aerosol 
–  Measure particle removal efficiency and pressure drop 
–  Load filter with dust and test again (and again) 

•  Result is “MERV” 
–  “Minimum efficiency reporting value” 
–  Based on minimum values for three particle size ranges: 

•  E1: 0.3-1 µm 
•  E2: 1-3 µm 
•  E3: 3-10 µm 
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HEPA à 99.9% or greater  removal efficiency for most particle sizes 



Newer measurements of filtration efficiency 

•  Recent lab tests covering 30 nm to 10 µm and MERV 
classified filters (remember MERV only covers 0.3-10 µm): 
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Hecker and Hofacre, 2008 EPA Report 600/R-08/013 



Recent MERV 7 lab tests 
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Hecker and Hofacre, 2008 EPA Report 600/R-08/013 



Recent MERV 14 lab tests 
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Hecker and Hofacre, 2008 EPA Report 600/R-08/013 



Filtration efficiency: ASHRAE Standard 52.2 
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Filtration and ventilation example problem: ETS 

•  An office building with a constant volume HVAC system has 
an air filter installed with an efficiency of 70% for 
environmental tobacco smoke (ETS) 
–  There are 10 occupants; 3 are smokers 
–  Each cigarette emits 7.5 µg/s of ETS 
–  The outdoor airflow rate is 20 cfm per person 
–  The outdoor ETS concentration is zero 
–  The return airflow rate is 40 cfm per person 
–  The supply airflow rate is 60 cfm per person 

•  What is the concentration of ETS in the building? 
–  Ok to ignore deposition indoors 
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HEATING AND COOLING LOADS 
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Introducing heating and cooling loads 

•  We’ve dealt with individual modes of heat transfer all year 
•  We need to know how all of the heat gains and losses in a 

building add up to affect thermal comfort and energy 
requirements 

•  When we use HVAC systems to maintain comfortable indoor 
conditions, we need to know what the “peak loads” for both 
heating and cooling are in order to design/select equipment 
–  We estimate this with load calculations 

•  How do we combine what we know about individual modes 
of heat transfer to estimate heating and cooling 
requirements? 
–  And how can we use that same information to estimate energy use 

requirements? 
23 



Heat balance 

•  For either heating or cooling loads, we can describe a “heat 
balance” on a building 
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Sensible heat losses and gains 
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Qcond = (UA)cond (Tin −Tout )
Conduction through envelope 

Qcond, floor = (UA) floor (Tin −Tground )
Conduction through floor on grade 

Qair = VρCp(Tin −Tout )
Air exchange (bulk convection) 

Qgains =Qsolar +Qlight +Qequip +Qocc

Heat gains (sun, lights, equipment, and occupants) 

*Includes walls, windows, doors, and roof 



Sensible heat balance: Total sensible load 
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Qsensible =Qcond +Qair +Qfloor −Qgains ±Qstorage

Qstorage accounts for thermal mass or thermal inertia of a building 
•  Static analysis neglects the storage term 

Q is positive (+) when there is a heating load (cold outside) 
•  Need to add heat to stay comfortable 

 

Q is negative (-) when there is a cooling load (hot outside) 
•  Need to remove heat to stay comfortable 



Latent heat gains (moisture) 

•  Mainly due to: 
–  Air exchange 
–  Equipment (kitchen/bathroom) 
–  Occupants 
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Qlatent =Qlatent,air +Qlatent,occ +Qlatent,equip

•  Latent gain from air exchange is usually negative in winter 



Building envelope heat transmission coefficient 
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Qsensible =Qcond +Qair +Qfloor −Qgains ±Qstorage

The whole-building envelope heat transmission coefficient 
is simply: 

Qcond = (UA)cond (Tin −Tout )

(UA)cond = (UA)windows + (UA)walls + (UA)roof



Total heat transmission coefficient: Envelope + air exchange 

•  We can also lump conduction and air exchange together to 
define a total building heat transfer coefficient: 
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Ktotal = (UA)cond + ρCp
!V

What are the units on this? 



Heat gains 

Typical heat gains: 
•  Solar gains through windows (always positive, or 0) 
•  Heat gains from occupants, lights, and equipment (internal 

gains) 
–  Motors, copiers, computers, appliances, etc. 
–  We need to know their scheduling (when they are off and on) as well 

as their magnitude 
–  Internal heat gains are heat sources on the inside of the building 

•  These are all always positive (+), meaning they always add heat to the 
interior of the building 

•  Internal heat gains affect both heating and cooling loads 
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Qgains =Qsolar +Qlight +Qequip +Qocc



Heat gains from people 

•  Representative heat gains for people performing different activities are 
listed in the ASHRAE Handbook of Fundamentals 

–  Need to keep the latent load separate from the sensible load 
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Heat gains from lighting 

•  Lights are often a major internal heat load component 
–  This is changing as lighting efficiency increases 

•  Lights contribute to heat gain through convection and radiation 
–  Function of total wattage and how much they are used 
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Heat gains from electric motors 

•  For an electric motor used inside a conditioned space: 
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Qmotor =
P
ηm
FlFu

P =motor power rating [W]

ηm =motor efficiency (0 < ηm < 1)

Fu =motor use factor (fraction of time on)

Fl =motor load factor = fraction of load delivered

during the conditions for the load estimate

Typical motor efficiencies range from 20 to 80% 



LOAD CALCULATIONS 
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Performing load calculations 

•  Heating load calculations are based on steady state, 
instantaneous loads 
–  Ignore solar radiation and thermal storage 
–  Why? Because the highest heating load is in late night/early morning 

•  For cooling load calculations, things are more difficult 
–  Peak cooling loads will be during the day when solar radiation is 

present 
–  Solar radiation varies during the day and building thermal mass 

affects conduction and radiation, so calculations must be dynamic 
–  People and equipment are usually present and these too can be 

variable 

•  However, both utilize a concept of “design conditions” 
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Design conditions 

•  When sizing a system to provide a heating or cooling load we 
need to size it for worst case conditions  
–  Or more accurately, nearly worst case conditions 

•  If equipment is too small, it won’t meet the load 
•  If equipment is too large, it will have high upfront costs and may run at very 

low efficiency most of the time 

•  We choose extreme (or nearly extreme) design conditions on 
which to base heating and cooling load calculations 
–  Based on different levels of probability of occurrence 

•  Indoor design conditions are typically in the middle of the ASHRAE 
comfort zone  
–  Such as: 70°F (21°C) and 30% RH 

•  Outdoor design conditions are not usually the coldest or warmest 
conditions ever measured, but are usually related to statistical 
measures obtained from long term (10+ years) measurements 
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Outdoor design conditions: Winter 

•  ASHRAE has compiled decades of weather data for many 
cities  
–  Available in the ASHRAE Fundamentals Handbook 

•  ASHRAE lists the 99% and 99.6% cold temperatures 
–  Also mean wind speed and prevailing direction 

•  Summer design conditions: Top 2%, 1%, or 0.4% in dry bulb 
temperature (DBT) 

•  The idea is that the air temperature is colder than the 99% 
value for about 88 hours per year and colder than the 99.6% 
for about 35 hours per year 
–  For Chicago, the winter 99% dry bulb temperature is 0.8°F and the 

99.6% DB temp is -5.0°F 
–  Annual extreme is -11.5°F (with 7.5°F standard deviation), 5 year 

extreme is -16.5°F, 50 year extreme is -30.9°F 
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ASHRAE Chicago O’Hare design conditions 

•  Design conditions are somewhat subjective (which percentile?) 
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City of Chicago requirements for design conditions 

•  The City of Chicago Building code has required design 
conditions that differ slightly from ASHRAE 

•  Winter Design Condition: Tdb = -10°F 

•  Summer Design: Tdb = 92°F, Twb = 74°F 

•  The maximum allowable interior design temperature is 72°F 
for heating and 75°F for cooling 
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Heating load calculations 
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The peak heating load is simple and relies only on: 
Overall envelope transmission and infiltration 

•  Transmission load 
(enclosure losses) is the 
heat lost to the outside 
through the building 
enclosure  
–  Roof, wall, floor, window 

•  Infiltration load (or ventilation 
load) is the heat required to 
warm up the cold outside air 
that leaks into the building 
through cracks or is brought 
in via ventilation 
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Heating load calculations 

Example:  
•  Find the design heat load for a 12 m x 12 m x 2.5 m (39.4 ft x 

39.4 ft x 8.2 ft) building with an insulated (R-4.2 m2K/W) flat 
roof and R-2.5 m2K/W walls 
–  Double glazed windows (U = 3 W/m2K) cover 20% of the walls 
–  The air exchange rate is 0.5 per hour 
–  Ignore floor heat transfer 
–  Design conditions of -10°C (14°F) out and 22°C (71.6°F) in 
–  Internal gains = 1 kW (3.4 kBTU/hr) 

41 

Qh,max = Ktotal (Tin −Tout )−Qgain



Selecting equipment 

•  Once you know your design heating load, you can select 
equipment 
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Qh,max = 5.5 kW =18.7 kBTU/hr



Selecting equipment 

•  Once you know your design heating load, you can select 
equipment 
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Qh,max = 5.5 kW =18.7 kBTU/hr



Next time: Tuesday November 4 

•  Cooling load methods (various) 
•  Energy estimation methods 

•  HW #4 due 
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