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Last time

• Air infiltration and natural ventilation
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BUILDING ENERGY BALANCES
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Building energy balances: Back to heat transfer
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Storage



What are energy balances useful for?

1. Heating and cooling load calculations
– i.e., equipment sizing to meet peak heating/cooling loads

2. Annual energy estimation
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Surface energy balances: Revisited

• We know that multiple modes of heat transfer are typically 
acting at the same time at multiple points point within a 
building…

… So we can also write expressions to quantify heat flow/
flux to/from these various points simultaneously by 
accounting for all relevant modes of heat transfer

– Writing “building energy balances”

– Solving systems of equations
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Surface energy balances: Revisited
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Tsurf,out

Tair,in

Rwall = 13 (hr-ft2-°F)/BTU = 2.29 m2K/W

Tsurf,in

(Re)imagine an external wall of a building:

Isolar

αsw

ρCp

Tair,out qcond

qsolar

qconv,inqconv,out

qlwr

Tsurf,in,2



Building energy balance: Simple box model
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air

Left wall

Roof

Right wall

Floor

Elements are connected by:
1) Convection – air node
2) Radiation – surface nodes

Slide courtesy Atila Novoselac, University of Texas at Austin



Simple box model: Conduction elements
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http://www.ibpsa.us/pub/simbuild2008/presentations/SB08-PPT-IS06-Augenbroe.pdf



Simple box model: Interior convection elements
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http://www.ibpsa.us/pub/simbuild2008/presentations/SB08-PPT-IS06-Augenbroe.pdf



Simple box model: Exterior convection elements
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http://www.ibpsa.us/pub/simbuild2008/presentations/SB08-PPT-IS06-Augenbroe.pdf



Simple 3-D box model: Solar (direct + diffuse)
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http://www.ibpsa.us/pub/simbuild2008/presentations/SB08-PPT-IS06-Augenbroe.pdf



Simple box model: Long wave radiation elements
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http://www.ibpsa.us/pub/simbuild2008/presentations/SB08-PPT-IS06-Augenbroe.pdf



Simple box model: Ventilation/infiltration elements
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http://www.ibpsa.us/pub/simbuild2008/presentations/SB08-PPT-IS06-Augenbroe.pdf



Simple box model: Internal mass (e.g., furniture)
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http://www.ibpsa.us/pub/simbuild2008/presentations/SB08-PPT-IS06-Augenbroe.pdf



Adding occupants, equipment, and lights

Slide courtesy Atila Novoselac, University of Texas at Austin
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Convective/radiative components of internal gains
• Need to account for heat capacity of building materials and the fraction of 

radiative versus convective heat given off by systems and equipment
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Whole building energy balances

Slide courtesy Atila Novoselac, University of Texas at Austin
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Energy balances: Applications of heat balance method

19*Also used for cooling load calculations (later)



Building energy balance: Simple box model
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air

Left wall

Roof

Right wall

Floor

Elements are connected by:
1) Convection – indoor air node
2) Radiation – surface nodes

Slide courtesy Atila Novoselac, University of Texas at Austin



Building energy balance: Simple box model

• For an example 2-D room like this, you would setup a 
system of equations where the temperature at each node 
(either a surface or within a material) is unknown
– 12 material nodes + 1 indoor air node
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internal surface node

external surface node
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Rad iati onmcp
dT
dt

= qat boundaries∑

At surface nodes:

q∑ = 0

At nodes inside 
materials:

Unsteady conduction 
(storage) is based on 
density and heat 
capacity of material

Heat Xfer @ external surfaces:
Radiation and convection

Software programs vary in how they 
treat conduction and thermal mass



Unsteady energy balance for indoor air node
• To get the impact on indoor air temperature (and close the system of 

equations):
– Write an energy balance on the indoor air node
– Air is impacted directly only by convection (bulk and surface)
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(Vroomρaircp,air )
dTair,in
dt

= hiAi Ti,surf −Tair,in( )
i=1

n

∑ + mcp Tout −Tair,in( )+QHVAC
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A air node

Ei
QHVAC

In plain English:
The change in indoor air 
temperature is equal to the 
sum of convection from 
each interior surface plus 
outdoor air delivery (by 
infiltration or dedicated 
outdoor air supply), plus the 
bulk convective heat 
transfer delivered by the 
HVAC system

Qinfiltration



Surface energy balance example
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• Exterior surface example: Roof 
– Neglecting transient conduction Once you have this 

equation described, you 
can do just about anything 
regarding heat transfer in 
building science/analysis, 
leading into full-scale 
energy modeling

qsolar + qlongwaveradiation + qconvection − qconduction = 0

Steady-state energy 
balance at this 
exterior surface: 
What enters must also 
leave (no storage)



Surface energy balance example
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• Exterior surface example: Roof

qsw,solar
+qlw,surface−sky
+qconvection
−qconduction = 0

αIsolar
+εsurfaceσFsky (Tsky

4 −Tsurface
4 )

+hconv (Tair −Tsurface )
−U(Tsurface −Tsurface,interior ) = 0

Solar gain

Surface-sky radiation

Convection on external wall

Conduction through wall

q∑ = 0

We can use this equation to estimate 
indoor and outdoor surface temperatures
At steady state, net energy balance is zero
• Because of T4 term, often requires 

iteration



Surface energy balance example

• Similarly, for a vertical surface:
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qsolar + qlwr + qconv − qcond = 0

Ground

αIsolar
+εsurfaceσFsky (Tsky

4 −Tsurface
4 )

+εsurfaceσFground (Tground
4 −Tsurface

4 )
+hconv (Tair −Tsurface )
−U(Tsurface −Tsurface,interior ) = 0



A note on sign conventions

• Move from left to right (or top to bottom)
• Assume that the temperature to the left (or upstream) is 

higher than the temperature to the right (or downstream)
– The signs will work themselves out and let you know if you assumed 

the wrong direction
– Just be consistent!
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Sky temperatures
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Sky temperatures

• There are many ways to get “apparent sky temperatures”
– Varying levels of detail and accuracy

• For a partly cloudy night sky:
– For 50% cloud cover

• For daytime:

– For a clear sky: N = 0
– For 50% cloud cover, N = 0.5

28

Tsky = Tair 0.8+
(Tdewpoint − 273)
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Where N = cloud cover (tenths)
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Simpler sky temperatures

• Other models estimate apparent sky temperatures ignoring 
differences in water vapor:
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Modeling thermal mass: Transient (unsteady) conduction

• If you need to model unsteady conduction through materials:
– Recall transient heat conduction equation
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Transient conduction: Example numerical approach

• Conduction finite difference solution (implicit)
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<	0.5
Selecting grid size:

Implicit = temperatures are evaluated at time j+1 as a function of temperatures at time j

WE



Transient conduction: Lumped capacitance model

• Conduction and thermal mass together can also be modeled using a 
lumped capacitance approach in 1-dimension:
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Transient conduction: Lumped capacitance model

• Wall example: Exterior surface balance at T1 changes
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T1 = Text,surf T2 = Tint,surf

qsw,solar
+qlw,surface−sky
+qlw,surface−ground
+qconvection
−qconduction = 0

From:

qsw,solar
+qlw,surface−sky
+qlw,surface−ground
+qconvection

−qconduction = ρCp
L
2
dT
dt

To:

*Easier, simpler



Solve the system of equations

34Clarke 2001 Energy Simulation in Building Design



BUILDING ENERGY BALANCE 
EXAMPLE: ATTIC HEAT TRANSFER
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Attic simulation example

36TenWolde, Anton. 1997. FPL roof temperature and moisture model: Description and verification. Res. Pap. FPL–RP–561. 
Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory. 48 p.



Attic heat transfer

37TenWolde, Anton. 1997. FPL roof temperature and moisture model: Description and verification. Res. Pap. FPL–RP–561. 
Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory. 48 p.



Attic heat transfer

38TenWolde, Anton. 1997. FPL roof temperature and moisture model: Description and verification. Res. Pap. FPL–RP–561. 
Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory. 48 p.



Attic heat transfer

39TenWolde, Anton. 1997. FPL roof temperature and moisture model: Description and verification. Res. Pap. FPL–RP–561. 
Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory. 48 p.



Attic heat transfer

40TenWolde, Anton. 1997. FPL roof temperature and moisture model: Description and verification. Res. Pap. FPL–RP–561. 
Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory. 48 p.



Attic heat transfer

41TenWolde, Anton. 1997. FPL roof temperature and moisture model: Description and verification. Res. Pap. FPL–RP–561. 
Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory. 48 p.



Attic heat transfer

42TenWolde, Anton. 1997. FPL roof temperature and moisture model: Description and verification. Res. Pap. FPL–RP–561. 
Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory. 48 p.



Attic heat transfer

43

Sheathing surface temperature: Measured vs. modeled



Attic heat transfer
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Attic air temperature: Measured vs. modeled



Attic heat transfer: Radiant barriers

• Radiant barriers typically have LW emissivity less than ~0.1
– Approximately 90% of materials have emissivity of 0.9

• Inhibits heat flow through radiation only
– Doesn’t directly impact convection or conduction
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Modeling the impacts of radiant barriers

46Asadi et al., 2012. Performance evaluation of an attic radiant barrier system using three dimensional transient finite 
element method. Journal of Building Physics.



Modeling the impacts of radiant barriers
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TRB = “truss radiant barrier”

Medina, M. 2000. On the performance of radiant barriers in combination with different attic insulation levels. Energy and Buildings 33:31-40.



Modeling the impacts of radiant barriers
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TRB = “truss radiant barrier”

Medina, M. 2000. On the performance of radiant barriers in combination with different attic insulation levels. Energy and Buildings 33:31-40.



Modeling the impacts of radiant barriers

• Radiant barriers have less of an impact on well-insulated roofs

49
Medina, M. 2000. On the performance of radiant barriers in combination with different attic insulation levels. Energy and Buildings 33:31-40.



Modeling the impacts of radiant barriers

• Should we install radiant barriers on attic floors or underside 
of roof sheathing?

50
Medina, M. 2000. On the performance of radiant barriers in combination with different attic insulation levels. Energy and Buildings 33:31-40.



Modeling the impacts of radiant barriers

• Should we install radiant barriers on attic floors or underside 
of roof sheathing?

51

Doesn’t much matter from physics standpoint
• May matter in terms of dust collection and performance over time 

Medina, M. 2000. On the performance of radiant barriers in combination with different attic insulation levels. Energy and Buildings 33:31-40.



BUILDING ENERGY BALANCES: HW 6
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HW 6 Part 1 – Little boxes
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HW 6 Part 1 – Little boxes
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HW 6 Part 1 – Little boxes
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HW 6 Part 1 – Little boxes
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HW 6 Part 1 – Little boxes
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HW 6 Part 1 – Little boxes
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https://www.wunderground.com/dashboard/pws/KILCHICA692/graph/2019-11-5/2019-11-5/daily

https://www.wunderground.com/dashboard/pws/KILCHICA692/graph/2019-11-5/2019-11-5/daily

