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Last time 

•  Finished cooling loads 
–  Heat balance method 

•  HVAC systems and equipment 

•  COP and equipment efficiency 

•  Time-varying energy calculations 

•  HW #6 assigned 
–  Due today 
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Guest lecture this Wednesday 
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Today’s objectives 

•  Finish energy estimation methods 

•  Fluid flows and pressure drops 

•  Better understand building energy consumption 

•  Energy efficiency in buildings 

•  Building diagnostic tools 

•  Course wrap-up 
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Next time 

•  Graduate students final projects due next week 
–  8 page paper single spaced 
–  PDF emailed to me or uploaded to BB is fine 

•  Graduate student presentations next week 
–  12 student presentations 
–  10 minutes per presentation (2 minutes for questions) 

•  Practice your presentations 
•  Don’t go over I will stop you at 10 minutes! 
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EER and SEER 

•  EER = energy efficiency ratio 
–  Same as COP but in weird mixed units:  (Btu/hr)/W 
–  Example from previous page: 

•  SEER = seasonal energy efficiency ratio, units: [Btu/Wh] 
–  Cooling output during a typical cooling season divided by the total 

electric energy input during the same period 
–  Represents expected performance over a range of conditions 
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EER = 29.0 [kBtu/hr]
2.48 [kW]

=11.7COP = 8.5 [kW]
2.48 [kW]

= 3.43

EER =COP×3.41

EER ≈ −0.02× SEER2 +1.12× SEER



Capacity and efficiency changes with outdoor T, 
indoor T/RH, and airflow rates 
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Capacity and efficiency changes with outdoor T, 
indoor T/RH, and airflow rates 
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EER and SEER 

•  AC units must be 14 SEER (or 12.2 EER) beginning on January 1, 2015 
if installed in southeastern region of the US 9 



Using EER to estimate energy consumption 

•  If you know the load and you know the EER, you can 
estimate the instantaneous electric power draw required to 
meet the load: 

•  Multiply by the number of hours and sum over period of time 
and get energy consumption: 

•  Can break into bins if COP/EER changes with varying 
conditions 
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Pelec =
Qcooling,load

COP

E = Pelec Δt∑



ENERGY ESTIMATION METHODS 
Annual heating and cooling energy requirements 
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Simple energy estimation methods 

•  Two methods: 
–  Degree-day methods (simplest) 

•  Constant equipment efficiency 

–  Bin methods 
•  Accounts for varying efficiencies or indoor conditions  
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Degree-day method 

•  The simplest method of estimating energy use is the Degree-
Day Method (DDM) 

•  The DDM makes uses the concept of the degree-day (DD) to 
estimate energy used for heating or cooling 

•  The method is better for estimating heating requirements 
than cooling requirements since solar gain is essentially 
ignored 

•  Works best where the efficiency of the HVAC equipment is 
constant 
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Degree-Day Methods 

•  The basic idea is that the energy use of a building is directly 
related to the temperature difference between outdoor and indoor 
air 

•  Heating equipment is assumed to run when the outdoor 
temperature drops below the “balance temperature” 
–  The balance temperature is the outdoor air temperature at which the 

internal heat gains balance the heat loss to the outside 
–  This is less than the interior temperature set point 

•  Cooling equipment is assumed to run when the outdoor 
temperature is above the balance temperature 
–  The balance temperature might not be the same for heating and cooling 

because the interior temperature, interior heat gain, and building heat 
loss usually differ in summer and winter 
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Heating degree days and cooling degree days 

•  In many codes, standards, references and literature, you will 
see references to Heating Degree Days (HDD) or Cooling 
Degree Days (CDD) 
–  Codes and ASHRAE Standard 90.1 make reference to HDD and 

CDD throughout 

•  HDD and CDD are design-days used to estimate the energy 
demand for heating and cooling using Degree-Day Methods 
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Calculating HDD and CDD 
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•  A degree-day is the sum of the difference between the 
average outside temperature and a base temperature (often 
65°F or 18°C) for a fixed time frame 
–  Add up the product of time and temperature difference below the 

reference for heating (and the product of time and temperature 
difference above for cooling) 

–  The most accurate estimates use minute-by-minute weather data 

–  Units: “degree-days” = °F-days or °C-days 
–  We can convert between HDD in °F  to HDD in °C by multiplying by 5/9 

( )
24

( )
24

 when 
 h

 when 
 h

base out
REF out REF

i

out base
REF out REF

i

T THDD T T

T TCDD T T

−
= <

−
= >

∑

∑



Selecting a base temperature 

•  HDD65F and CDD50F are common HDD/CDD levels that are 
used regularly in industry, so you might use those regardless 
of your true base temperature 

•  If your building has a different base temperature, then you 
should immediately know that your estimates using DDM will 
not be accurate 

•  The best base temperature is the balance point temperature 
where internal gains balance the heat loss to outside 
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Finding the balance point temperature 

•  We find the balance point temperature by setting the heat 
gain/loss of the building to zero and solving for the outside 
temperature 
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Qh ≈ UA( )total + !VinfρCp#
$

%
& Tin −Tout( )

at Tout =Tbal,  Qh +Qint = 0,  so

Tbal =Tin −
Qint

UA( )total + !VinfρCp



Understanding balance point temperatures 
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•  As the insulation increases, Tbal drops 
•  As infiltration decreases, Tbal drops 
•  As internal gains increase, Tbal drops 
•  As a result, most modern buildings have a Tbal well below 

65°F (usually closer to 55°F) 

Tbal =Tin −
Qint

UA( )total + !VinfρCp



Balance point example 

•  A 10000 ft3 building has an overall UA of 250 Btu/hr-°F, an 
infiltration rate of 0.7 ACH, and an internal gain of 5 kBtu/hr 

•  What is its balance point temperature? 
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Balance point example 

•  A 10000 ft3 building has an overall UA of 250 Btu/hr-°F, an 
infiltration rate of 0.7 ACH, and an internal gain of 5 kBtu/hr 

•  What is its balance point temperature? 
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Vinf = ACH( )V = 0.7( )10000 = 7000 ft3
hr

Assume ρ ≈ 0.075 lb
ft3
,  Cp ≈ 0.24 Btu

lb°F , Tin = 68°F:

Tbal = 68−
5000

250+7000(0.075)(.24)
= 68−13.3= 54.7°F



Online CDD/HDD calculators 

•  There are a number of online calculators that use TMY 
(typical meteorological year) data 
–  http://www.degreedays.net/ 
–  http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/cdus/

degree_days/ 
–  http://pnwpest.org/cgi-bin/usmapmaker.pl 
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HDD65F maps 
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HDD65F maps 
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CDD65F maps 
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CDD65F maps 
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Chicago Area HDD/CDD (Fahrenheit) 

•  HDD65 = 6280 and CDD65 = 1115 
•  HDD60 = 5080 and CDD60 = 1740 
•  HDD55 = 4220 and CDD55 = 2500 
•  HDD50 = 3080 and CDD50 = 3400 
•  HDD45 = 2280 and CDD45 = 4420 

•  All units are in °F-days 
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Estimating energy use with HDD 

•  Now that we know how to get HDD, we can calculate the 
heating energy, E, required to keep the building heated 

•  Using hourly values: 

•  Using HDD: 
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Eheating =
(UA)total

η
[Tbal −Tout (t)]dt∫   when  Tout <Tbal

Where η = heating system efficiency (-) 

Eheating =
(UA)total

η
HDD

*Convert HDD to degree-seconds 



Estimating energy use with HDD 

•  Example problem 8.1 
•  Find the annual heating bill for a house in New York under 

the following conditions: 
–  UAtotal = 205 W/K 
–  Heat gain = 569 W 
–  Tin = 21.1 degrees C 
–  Heating system is 75% efficient 
–  Fuel prices is $8/GJ 
–  HDD = 2800 K-days 

1.  Find balance temperature 
2.  Estimate energy requirements 
3.  Estimate costs 
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Estimating cooling energy use 

•  Estimates for cooling energy are not as accurate but we can 
still use them 
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Ecooling =
(UA)total
COP

[Tbal −Tout (t)]dt∫   when  Tout >Tbal

Ecooling =
(UA)total
COP

CDD

*Make sure time units align 



Bin method 

•  The Bin Method is another variation of the degree-day 
method where we break down the year into temperature 
ranges or “bins” and compute the energy use in each of the 
bins 
–  5 degree temperature ranges are usually used 

•  In this method, we can easily account for: 
–  Varying loads 
–  Varying heating/cooling systems 
–  Varying system efficiencies 

•  This is especially important for air-conditioner units and heat pumps 
where the efficiency depends greatly on the temperature at which it is 
working 
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Bin method 

•  We need to find the number of hours (Nbin) that the outdoor 
temperature (to) is in a temperature bin 
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Bin method 

33 



Annual energy estimation 

•  While these methods are good for rough estimates, it is best 
to perform whole building energy simulations using software 
to get better estimates 

•  EnergyPlus 
•  eQUEST 
•  IES-VE 
•  TRNSYS 
•  Many others 
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http://apps1.eere.energy.gov/buildings/
tools_directory/subjects.cfm/
pagename=subjects/
pagename_menu=whole_building_analysi
s/pagename_submenu=energy_simulation  



FLUID FLOWS 
For distribution systems 
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Fluid flows in buildings 

•  We use liquids and gases to deliver heating or cooling 
energy in building mechanical systems 
–  Water, refrigerants, and air 

•  We often need to understand fluid motion, pressure loses, 
and pressure rises by pumps and fans in order to size 
systems 
–  And to understand how much power they draw and how well they 

perform when they are operating 

•  We can use the Bernoulli equation to describe fluid flows in 
HVAC systems: 
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p1 +
1
2
ρ1v1

2 + ρ1gh1 = p2 +
1
2
ρ2v2

2 + ρ2gh2 +K
v2

2
Static  

pressure 
Velocity  
pressure 

Pressure 
head Friction 



Pressure losses 

•  We often need to find the pressure drop in pipes and ducts 
•  Most flows in HVAC systems are turbulent 
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L
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Friction factor 

38 Re = VL
ν



Reynolds number 

•  Reynolds number relates inertial forces to viscous forces: 

•  Kinematic viscosity 
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ν =
µ
ρ
=1.5×10−5 m2

s
 (for air at T=25C)

Re = VL
ν

L = Dh in a pipe or duct 



Duct friction charts 
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Pressure losses and gains in distribution systems 
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Energy input into system by fan 

Supply side: Positive pressure 

Return side: Negative pressure 



Fan and system pressures 

•  Fan curves and system curves 
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Fan and system curves: Ideal 
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Wfan =
ΔP ⋅ V
η fan

Pressure vs. flow 

Power Efficiency 



Fan and system curves: Real 
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Wfan =
ΔP ⋅ V
η fan



ENERGY EFFICIENCY IN 
BUILDINGS 
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Designing for efficiency 

•  We can’t change HDD and CDD, so what can we do? 

•  Reduce UA (including infiltration) 
•  Increase COP/efficiency of equipment 
•  Reduce internal loads and power draws 
•  Change thermostat settings (affect thermal comfort) 
•  Utilize passive solar and thermal mass 

•  Many guidelines and certifications exist: 
–  RESNET HERS Ratings 
–  PassiveHouse 
–  LEED (follows ASHRAE) 
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Designing for efficiency 

•  ASHRAE Standards and Guidelines 
–  Standard 90.1: Energy standard for buildings except low-rise 

residential buildings 
–  Standard 90.2: Energy Efficient Design of Low-Rise Residential 

Buildings 
–  Standard 189.1: Standard for the design of high-performance, green 

buildings 
–  Advanced Energy Guidelines for 30% and 50% savings 

•  IECC: International Energy Conservation Code 
–  From the International Code Council (ICC) 

•  IRC: International Residential Code 
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Design for efficiency 

•  Make changes to the envelope (UA)total 
–  Parametric changes early in the design phase 
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Design for efficiency 

•  Estimate impact of changes to the envelope (UA)total 
–  Parametric changes early in the design phase 
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Design for efficiency 

•  Parametric studies: Window area, shading, and U-values 

50 
Heating Cooling 



Design for efficiency 

•  Parametric studies: Changing HVAC type in an office 

51 



Paths toward lower energy buildings 

•  Passive building design 
–  Natural systems 
–  Natural driving forces 
–  Form and materials 
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•  Efficient building systems 
–  Mechanical systems 
–  Mechanical driving forces 
–  Controls and equipment 

Farese, 2012, How to build a low-energy future. Nature 488:275-277 

“Energy demand in U.S. buildings could be cut by 
up to 80% through investment and marketing” 
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McKinsey & Company, 2009 Unlocking energy efficiency in the US economy 

Energy efficiency is actually inexpensive 

$520 billion in investment  
à $1.2 trillion in savings through 2020 



Energy use profiles: Actual data 

•  204 residences in Florida measured electricity use at 15 
minute intervals 
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Large scale residential energy monitoring: FL homes 
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Parker 2003 Energy and Buildings 35:863-876 



Large scale residential energy monitoring: FL homes 
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Parker 2003 Energy and Buildings 35:863-876 



Large scale residential energy monitoring: FL homes 
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Parker 2003 Energy and Buildings 35:863-876 



Large scale residential energy monitoring: FL homes 
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Parker 2003 Energy and Buildings 35:863-876 



Large scale residential energy monitoring: FL homes 
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Parker 2003 Energy and Buildings 35:863-876 



Large scale residential energy monitoring: FL homes 
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Parker 2003 Energy and Buildings 35:863-876 

DHW = domestic hot water 



Large scale residential energy monitoring: FL homes 
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Parker 2003 Energy and Buildings 35:863-876 

DHW = domestic hot water 



Very low-energy homes: Real data 

•  Recent survey of very low energy homes (low UA, low 
infiltration, highly efficient equipment) 
–  And net-zero-energy homes or (near) net-zero-energy homes 
–  With solar PV providing electricity in addition to large savings from 

efficiency 
–  Homes from all over the US 
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Parker 2009 Energy and Buildings 41:512-520 



Large-scale monitoring of very low-energy homes 
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Parker 2009 Energy and Buildings 41:512-520 



Large-scale monitoring of very low-energy homes 
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Parker 2009 Energy and Buildings 41:512-520 



Large-scale monitoring of very low-energy homes 
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Parker 2009 Energy and Buildings 41:512-520 



Large-scale monitoring of very low-energy homes 
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Large-scale monitoring of very low-energy homes 
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Parker 2009 Energy and Buildings 41:512-520 



Large-scale monitoring of very low-energy homes 
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Parker 2009 Energy and Buildings 41:512-520 



Large-scale monitoring of very low-energy homes 
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Parker 2009 Energy and Buildings 41:512-520 



Energy savings in commercial buildings 

•  Empire State Building 
•  New York, NY 
•  Implemented 5 energy 

conservation measures 
(ECMs) in 2011 
–  Window retrofit 
–  Radiator insulation and 

steam traps 
–  Building automation system 
–  Chiller retrofit 
–  Tenant energy 

management 
•  Collected data and 

compared modeled 
savings versus measured 
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Energy savings in the Empire State Building 

Window retrofits 
•  Upgraded over 6500 double-hung 

insulated glazing units  

•  Original windows:  
–  U-value = 0.58 Btu/hr-ft2-°F 
–  SHGC = 0.65 

•  New windows (krypton + argon): 
–  U-value = 0.37 Btu/hr-ft2-°F on north 

wall and 0.38 on S-E-W walls 
–  SHGC = 0.45 on north wall and 0.33 

on S-E-W walls 
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Energy savings in the Empire State Building 

Radiator system 
•  Added insulated reflective 

barriers behind radiator units 
and in front of walls on the 
perimeter of the building  

•  Original insulation:  
–  U-value = 0.21 Btu/hr-ft2-°F 

•  New insulation: 
–  U-value = 0.12 Btu/hr-ft2-°F 

•  Also upgraded control system 
and added “steam traps” 
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Energy savings in the Empire State Building 

Building automation system 
(BAS) 
•  Reduced overall outdoor air 

intake by using “demand 
controlled ventilation” (DCV) and 
modulating dampers 
–  Uses CO2 to measure occupancy 

•  Original BAS: 
–  No controls, OA = from 0.25 cm/ft2  

•  New BAS: 
–  Keep OA low until CO2 in return air 

= 800 ppm and better controls for 
OA economizer 

–  New OA = from 0.12 cm/ft2  
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Energy savings in the Empire State Building 

Chiller plant retrofit 
•  Replaced compressors with 

variable speed drives (VSDs) 
and replaced evaporator and 
condenser tubes 

•  Increased chilled water supply T 
•  Valve changes and VSD 

automation 
•  Cooling tower fan switched to 

automated VSD 
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Energy savings in the Empire State Building 

Tenant energy 
management portal 
•  Gave tenants a digital 

dashboard displaying 
energy use and 
endorsing energy 
efficient practices 
–  Lighting, thermostat 

settings, etc. 
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Predicted cost and savings in the Empire State Building 

76 

Invested a total of ~$13 million in energy retrofits while 
undergoing a $107 million planned retrofit 



Measured performance in the Empire State Building 
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Measured performance in the Empire State Building 
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Measured performance in the Empire State Building 
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Measured performance in the Empire State Building 
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Measured performance in the Empire State Building 
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•  Investments of a total of ~$13 million is saving ~$2.5 million 
annually 
–  Predicted to save more than this 
–  Still a 20% rate of return with payback period around only 5 years 

•  Lessons: Energy efficiency pays 

•  For building science, we now understand enough 
fundamental concepts to drive lower-energy buildings 
–  Basic building physics 
–  HVAC loads 
–  Internal gains 
–  HVAC equipment efficiency 



Words of caution: Energy, IAQ, and health 
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Elementary school student absences were shown to be lower in 
classrooms with higher outdoor air ventilation rates in a recent 
study in California 
 

Increasing outdoor air ventilation will increase costs in most 
climates 
 
However, in California, increasing classroom ventilation rates to 
the State standard is estimated to decrease student absences for 
illness by 3.4% (increasing state funding to schools by $33 
million annually) at a cost of only $4 million 

Mendell et al., 2013, Indoor Air, just accepted 



BUILDING DIAGNOSTIC TOOLS 
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Important building diagnostic tools 
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Air Temperature/RH 
and light levels Data logging 

Surface temperatures 

Heat flux meters 
IR camera 

Solar radiation 
Electric power 

CO2 



Important building diagnostic tools 
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Blower door  
(envelope air leakage) 

Pressure 

Duct blaster 
(duct leakage) 

TrueFlow 
(HVAC airflow rates) 



Blower doors: theory of operation 

•  Used to measure air-tightness in buildings worldwide 

86 
Source: Energy Conservatory Blower Door Manual 



Blower doors: theory of operation 
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•  Record flow through blower door (and thus through 
leaks) at each measured I/O pressure difference 



Blower doors: theory of operation 

•  Perform test across a range of pressures and flows 
•  Develop relationship: 

•  To solve for C & n from measurements of Q and ΔP, 
–  Log transform equation: 
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Q =CΔPn

lnQ = lnC + n lnΔP
Y   =     b  +  mx 

Slope = n 
Intercept = lnC, therefore C = expintercept 



Blower door tests: resulting parameters 
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€ 

Q = CΔPn

Source: ASTM E 779 and ASHRAE Standard 119 

Airflow 
(m3 s-1) Leakage 

Coefficient 
(m3 s-1 Pa-n) 

I/O Pressure 
Difference 

(Pa) 

Leakage 
Exponent 

(dimensionless) 

Estimated Leakage Area (cm2) Normalized Leakage, NL (dimensionless) 

Air Changes per Hour @ 50 Pa (hr-1) 



Blower door results: US homes 

•  From a big database of blower door tests 

90 Sherman and Dickerhoff 1998 ASHRAE Transactions 



Duct blaster duct leakage tests 

91 

Total duct leakage 



Duct blaster duct leakage tests 
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Supply duct leakage 
to the exterior 

In US residences: 
Average duct leakage fraction = 18% 
Average fraction of leaks to the exterior = 40% 



TrueFlow airflow measurements 
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Next class period 

•  Final project presentations from graduate students 

•  Final exam the following Monday 
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