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Abstract
Following the protocol set forth in the ASHRAE 2021 Fundamentals Handbook, this project
modeled the heating load of the house for a design season (winter). This project reports the
heating load calculation for a 1960 residential dwelling used as student housing in Swarthmore,
PA. The infiltration, window, door, attic, 1st-3rd floor, and basement loads were found to be 5641
kW, 3239 kW, 273 kW, 262 kW, 4073 kW, and 514 kW respectively: resulting in a total design
season heat load of 14001 kW. The three biggest contributors to the seasonal heat load were
Infiltration, Window, and Wall load (40.3%, 29.1%, and 23.1% of total heat load respectively).
Window and insulation replacement were the two most feasible reduction methods, with
estimated installation costs of $16800 and ~$2,000 respectively. The following sections of this
report include details on the methods used as well as a discussion of the load calculation and
suggestion for heat load reduction.



Introduction
In the 1950s and 60s (when the ABC House was erected) construction options were extremely
limited and technicians had to calculate the Joule heating and cooling loads of the house
manually. The general elements of consideration included looking at walls’ surface area,
insulation type, # of residents, outer temperature, and have remained unchanged over the
years. The only complication is the abundance of choice (making it a hassle to manually keep
track of things).

Understanding the heat load of an enclosure is essential for maintaining thermal homeostasis.
Houses are designed to maintain stable temperatures despite fluctuations in environmental
temperatures. In the summer, when it’s hot, the aim is to prevent heat energy from coming in. In
the winter, when it’s cold, the aim is to prevent heat energy from leaving. This is thought through
during the house design process where each material and its thermal resistance/absorptivity is
carefully considered.

A well-constructed house can result in hundreds of dollars of monthly savings for residents by
reducing their heating bills. Over time (generally 6-12 years) energy savings can completely
amortize the extra fixed costs of using more energy efficient materials.

This year, I am serving as a residential assistant to the ABC Strath Haven house. The ABC
program aims to “increase substantially the number of well-educated young people of color who
are capable of assuming positions of responsibility and leadership in American society.” As a
non-profit organization, the ABC Strath Haven branch relies on donations and the charity of the
Swarthmore Borough Residents to sustain its students.

“The ABC Strath Haven House is a Victorian-era home tucked in the heart of Swarthmore. The
home is owned by the Swarthmore Presbyterian Church, which provides the home and
contributes to its capital improvements and upkeep for a nominal rent … The house is designed
to accommodate two resident directors, two resident tutors, and eight students. In 2013 and
2014, extensive renovations were done to the first and second floors of the house. ” (ABC Strath
Haven)

This project aims to:

1) Evaluate the heating load required for a typical winter season.
2) Identify areas of improvement that will result in load reduction.
3) Provide a cost/benefit breakdown of potential house improvements.
4) Estimate the heat load reduction of said improvements based on the model.

If adopted, these changes will lead to financial savings that can be redirected to more
productive goals of the ABC program.



History of Thermal Analysis in Residential Buildings
Early residential construction practices (pre-1950’s) dictated, little attention should be paid to
thermal performance. Buildings were typically poorly insulated and had high rates of air
infiltration, leading to discomfort and energy waste.

High fuel costs due to the oil embargos during the 1970’s placed an increased importance on
energy efficiency in order to reduce building maintenance costs. This prompted the development
of thermal analysis tools, like the Building Energy Analysis Program (BEAP).

In the 1980s and 1990s, this kind of computer simulation software became more widely
available, and allowed more accurate thermal analysis of buildings. EnergyPlus is one such tool
that is still widely used today. Additionally, there has been increased attention on the importance
of sustainable design to reducing buildings’ carbon footprint.

Methods

Theory
Conduction and convection were the two modes of heat transfer considered for this

calculation. Radiative gain was ignored because it would lessen the calculated winter heat load
and this model aimed to determine the conservative heat load of the house during a typical
January design day.

Conductive Heat Transfer
Conduction involves the transfer of thermal energy due to random, translational motion

of the molecules in a material or surface. The energy is diffusing across the surface can be
quantified by the rate equation (Fourier’s law):

(Equation 1)𝑞 =  𝑘 𝐴
𝐿 ▽𝑇

Convective Heat Transfer
Convection involves both diffusive heat transfer, as well as heat transfer due to bulk

motion of the fluid/medium. In this case free (not driven by an external means) convection
occurs between the air (outside and inside the house) the house’s exposed surfaces. The
convective heat transfer rate equation is expressed as follows:

(Equation 2) 𝑞 =  ℎ𝐴▽𝑇

-



Thermal Resistivity and the U Factor
The thermal resistivity of a material measures its ability to resist heat transfer. The

U-Factor is a measure of a material/object’s ability to transmit heat: its thermal conductance. It
follows that this measurement is the reciprocal of the thermal resistance of said material. We
can relate the two using the following equality:

(Equation 3)𝑅
𝑡

= ∑ 𝑅
𝑡𝑜𝑡𝑎𝑙

 = ∑ 𝑅
𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛

 +  ∑ 𝑅
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

= ∆𝑇
𝑞 = 1

𝑈𝐴

The incorporation of thermal resistivity produces the following generalized heat transfer
equation utilized during heat load calculation:

(Equation 4)𝑞 =  𝑈𝐴∆𝑇 =  ∆𝑇
𝑅

𝑡

This equation shows how the heat transferred through a medium is directly proportional the
temperature gradient and surface area of said medium.

Building Design Details
The ABC house currently has 8 bedrooms and 4 bathrooms. The water boiler located in the
basement is responsible for heating during the winter. Below are pictures of the floor plans for
each floor of the house.

Figure 1: Basement Floor Plan
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Figure 2: Main Floor Plan

Figure 3: 2nd Floor Plan
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Figure 4: Attic Floor Plan

Figure 5: Heat Load Model

This figure shows the model used to calculate the total heat load of the house. The house was
divided into 3 sections: the attic, floors 1-3, and the basement. The attic and basement were
treated as adjacent, unheated buffer spaces. The attic roof, attic floor, walls, windows, doors,
basement ceiling, basement walls, and basement floor were all elements of this calculation.
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Approach
1) Inventory and measure the house
2) Determine design conditions
3) Propose a model for heat transfer
4) Calculate the heat load during a design season (based on ASHRAE guidelines)
5) Compare load estimate against energy/heat bill data
6) Identify three areas with greatest potential to improve heat retention
7) Propose an array of house modifications and project their amortization window
8) Propose upgraded heating system with a prediction of its new heating load

ABET Design Parameters

Constraints
The project budget was the primary constraint impacting this project. Limited funding meant that
I couldn’t conduct a blower door test to quantify the air-tightness of the house (pertains to the
infiltration load calculation). Additionally, thermal cameras could have been used to get more
precise heat loss data (wouldn’t have to rely on an instantaneous heat loss assumption).

Requirements
This project’s requirements included:

ASHRAE Residential Heat Load Calculation formalisms found in Appendix Item A.

and

Estimated heat load of housing components to determine low hanging fruit of weatherization
options

Evaluation
This project satisfied my initial aims. I was able to use the guidelines provided by the ASHRAE
Fundamentals Handbook to determine a reasonable, worst-case scenario, winter heat load of
the ABC house and provide insight into the cost-efficiency of heat retention modifications for the
house.

Professional Standards and Codes

- Heat Loss Calculation Guide [HYDI H-22]
- Peak Cooling and Heating Load Calculation in Buildings Except Low-Rise Residential

Buildings [ANSI/ASHRAE/ACCA 183-2007 (RA14)]
- Residential Load Calculations [ANSI/ACCA 2 Manual J-2016]



- Thermal Energy Storage [ACCA 2005]

A comprehensive list of ASHRAE Standards that were applicable to my project are listed in
Appendix Item C.

Seasonal Design Conditions

Table 1: Component Areas, U-Factors, and Temperature Gradients

Element Areas
(m^2)

U Factor
(W/m^2*K) Temp 1 (C) Temp 2 (C) Construction

Basement

Ceiling 167.3 0.210 24.91 - Hardwood + Plastic Blanket
Insulation

Walls 114.144 1.020 - 8.50 Concrete Slab

Floor 203.5 1.020 - 8.50 Concrete Slab

Floors 1-3 Walls 107.42 560.00 24.91 0.00
Plaster + Wooden Studs +
Plastic Blanket Insulation +

Wooden Shingles

Attic
Attic Roof 125.4 0.091 - 0.00

R-11 Rated Insulation + Wooden
joists (66.67% grade) [33.69

degree pitch angle]

Attic Floor 122 1.020 - 25.03 Hardwood + Plastic Blanket
Insulation

Doors
Door Style 1 (x2) 1.86 2.300 24.91 0.00 Wood Internal and External

Door Style 2 (x1) 1.86 2.300 22.50 8.50 Wood Internal and External

Windows

Basement 0.743 2.870 - 0.00 Single Pane, Single Glaze,
Clear, Operable

1st Fl Standard
(x6) 0.910 2.870 24.91 0.00 Single Pane, Single Glaze,

Clear, Operable

1st Fl Large (x5) 0.910 2.870 24.91 0.00 Single Pane, Single Glaze,
Clear, Operable

1st Fl Bath (x1) 0.910 2.840 24.91 0.00 Single Pane, Single Glaze,
Clear

1 Fl Small (x2) 0.910 2.840 24.91 0.00 Single Pane, Single Glaze,
Clear

2nd Fl Bath (x2) 0.910 2.870 25.03 0.00 Single Pane, Single Glaze,
Clear, Operable

2nd Fl Bedroom
(x6) 0.910 2.870 25.03 0.00 Single Pane, Single Glaze,

Clear, Operable

3rd Fl Bath (x2) 0.910 2.870 25.21 0.00 Single Pane, Single Glaze,



Clear, Operable

3rd Fl Standard
(x7) 0.910 2.870 25.21 0.00 Single Pane, Single Glaze,

Clear, Operable

Table 1, describes each element of the ABC pertinent to the heat load calculation: surface area,
U-Factor, temperature gradient, and construction. The Internal temperatures of adjacent buffer
spaces (basement and attic) were not measured. This is denoted by a ‘ -’ .

Table 2: Design Month Parameters

Design Season Parameters
Location Swarthmore, PA

Month Oct-March

Indoor Temp (C) 24

Elevation (m) 40

Wind Speed (mph) 14.4

Design delta T (C) 24

Degree Days for Each Month

2022-03-01 462.2

2022-04-01 352.9

2022-05-01 163.7

2022-06-01 53.2

2022-07-01 7.6

2022-08-01 11.9

2022-09-01 85.7

2022-10-01 308.3

2022-11-01 405.8

2022-12-01 637.8

2023-01-01 548.7

2023-02-01 502.1

Total 2864.9

Table 2 describes the parameters of the design season that were taken into consideration for
the heat load calculation. DegTemperatures and wind speed were averaged from last January's
meteorological data (Appendix C).

https://www.worldweatheronline.com/swarthmore-weather-averages/pennsylvania/us.aspx
https://www.worldweatheronline.com/swarthmore-weather-averages/pennsylvania/us.aspx


Results

Table 3: Load (W) Breakdown for each Element of the House

Heat Load Components ACH IDF Average
Average
Load as %
of Total

Infiltration Load 7967 3315 5641 0.40

Window Load 3239 3239 3239 0.23

Door Load 273 273 273 0.02

Attic Load 262 262 262 0.02

Fl 1-3 Load 4073 4073 4073 0.29

Basement Load 514 514 514 0.04

[Air Changes] Total (W) 16327 11675 14001 1.00

Table 3: Breakdowns of the heat load generated by the design temperature gradient across
each house element is described above. The calculation was conducted according to Equation

4. The basement and attic calculations were slightly more complicated.

The basement heat load was calculated as follows:

(𝐸𝑞. 6) 𝑞 =  𝑈𝐴∆𝑇 =  ∆𝑇
𝑅

𝑡
 ⇒  24.91 − 0 (℃)

𝑅
𝐶𝑒𝑖𝑙𝑖𝑛𝑔

𝐴
𝐶𝑒𝑖𝑙𝑖𝑛𝑔

+(1/𝑅
𝑊𝑎𝑙𝑙𝑠

𝐴
𝑊𝑎𝑙𝑙𝑠

 + 1/𝑅
𝐹𝑙𝑜𝑜𝑟

𝐴
𝐹𝑙𝑜𝑜𝑟

)−1 = 24.91 − 0 (℃)

(𝑈
𝐶𝑒𝑖𝑙𝑖𝑛𝑔

𝐴
𝐶𝑒𝑖𝑙𝑖𝑛𝑔

)−1+(𝑈
𝑊𝑎𝑙𝑙𝑠

𝐴
𝑊𝑎𝑙𝑙𝑠

 + 𝑈
𝐹𝑙𝑜𝑜𝑟

𝐴
𝐹𝑙𝑜𝑜𝑟

)−1

24.91 − 8 (℃)

(.210*167.30)−1+(1.020*114.14 + 1.020*167.30)−1 (℃/𝑊)
=  513. 6 𝑊

The attic load was calculated similarly:

(𝐸𝑞. 6) 𝑞 =  𝑈𝐴∆𝑇 =  ∆𝑇
𝑅

𝑡
 ⇒ 24.91 − 0 (℃)

𝑅
𝑅𝑜𝑜𝑓

𝐴
𝑅𝑜𝑜𝑓

+𝑅
𝐹𝑙𝑜𝑜𝑟

𝐴
𝐹𝑙𝑜𝑜𝑟

= 24.91 − 0 (℃)

(𝑈
𝑅𝑜𝑜𝑓

𝐴
𝑅𝑜𝑜𝑓

)−1+(𝑈
𝐹𝑙𝑜𝑜𝑟

𝐴
𝐹𝑙𝑜𝑜𝑟

)−1

24.91 − 8 (℃)

(0.091*122.00)−1+(1.020*125.44)−1 (℃/𝑊)
= 261. 7 𝑊



Table 4: Heat Load Conversion to kWh
Seasonal Heat Load kWh

ACH 46775

IDF 33447

Aver
age 40111

Heat Loads were converted to kWh by multiplying by the total seasonal HDD value shown in
Table 2.

Table 5: Infiltrative Driving Force (IDF) Method for Calculating Infiltration Load

Infiltration Load (IDF Method)

Aul (cm^2/m^2) Aes (m^2) AL (cm^2) IDF (L*s)/cm^2 Qi (L/s)

2.800 560.0 1568.00 0.069 108.19

Unit Leakage Area (Table
3 'Leaky') Exposed Surface Area Aul * Aes Table 5 AL * IDF

Cs (W/L*s*K) Qvi,s,h (W)

1.230 3314.93

Air Sensible Heat Factor
(17.3) Cs*Qvi*deltaT

(elevation negligible
40m<300m)

Table 5 details the process for calculating the Infiltration Heating Load via the IDF method
described in the ASHRAE 2021 Fundamentals Handbook. The calculation was conducted as

follows: 𝐴
𝑢𝑙

 =  2. 800 𝑐𝑚2/𝑚2(𝐴𝑝𝑝𝑒𝑛𝑑𝑖𝑥 𝐵), 𝐴
𝑒𝑠

 =  2 * 11. 2 * (12 + 13) =  560 𝑚2 (𝑇𝑎𝑏𝑙𝑒 1)  

𝐴𝑙 =  𝐴
𝑢𝑙

* 𝐴
𝑒𝑠

 =  1568 𝑐𝑚2 &  𝐼𝐷𝐹 =  . 069 𝐿/𝑠 * 𝑐𝑚2(𝐴𝑝𝑝𝑒𝑛𝑑𝑖𝑥 𝐵);  𝑄
𝑖
 =  𝐴𝑙 * 𝐼𝐷𝐹 =  108. 19 𝐿/𝑠

𝑄
𝑣𝑖,𝑠,ℎ 

=  𝐶
𝑠

* 𝑄
𝑣𝑖

* ∆𝑇 =  1. 230 (𝑊 * 𝑠/𝐿 * ℃) * 108. 19(𝐿/𝑠) * (24. 91 − 8) (℃) (𝑇𝑎𝑏𝑙𝑒 1 & 𝐴𝑝𝑝𝑒𝑛𝑑𝑖𝑥 𝐵)

=  3314. 93 𝑊

Table 6: Air Change (ACH) Method for Calculating Infiltration Load

Infiltration Load (Air Change Method)

ACH (Air Changes/h) V (m^3) Qi (L/s) Qi (m^3/h)

1.0 936 260.0277778 936

Avergae # for Residences 2*2.3* 203.5
1000/3600 *
Qi(m^3/h) ACH*V



Cs (W/L*s*K) Qvi,s,h (W)

1.230 7967.07

Air Sensible Heat Factor
(17.3) Cs*Qvi*deltaT

(elevation negligible at 40m

Table 6 details the process for calculating the Infiltration Heating Load via the Air Changes
Method. The calculation is conducted as follows:

𝐴𝐶𝐻 =  1. 5 𝐴𝑖𝑟 𝐶ℎ𝑎𝑛𝑔𝑒𝑠/ℎ (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑖𝑟 𝐶ℎ𝑎𝑛𝑔𝑒𝑠 𝑖𝑛 𝑎 𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙 𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 −  𝐸𝑛𝑔𝑖𝑛𝑒𝑒𝑟𝑖𝑛𝑔 𝑇𝑜𝑜𝑙𝑏𝑜𝑥)  

𝑉 =  3 * 2. 4 * 203. 5 𝑚3 (𝑇𝑎𝑏𝑙𝑒 1);  𝑄
𝑖
 = 𝐴𝐶𝐻 * 𝑉 =  1539 𝑚3/ℎ = 2198 *  1000𝐿

𝑚3 * 1ℎ
3600𝑠  =  610. 5 𝐿/𝑠

𝑄
𝑣𝑖,𝑠,ℎ 

=  𝐶
𝑠

* 𝑄
𝑣𝑖

* ∆𝑇 =  1. 230 (𝑊 * 𝑠/𝐿 * ℃) * 610. 5(𝐿/𝑠) * 24. 91 (℃) (𝑇𝑎𝑏𝑙𝑒 1 & 𝐴𝑝𝑝𝑒𝑛𝑑𝑖𝑥 𝐵)

=  18705. 29 𝑊

*The large value of Qvi,s,h indicates that the ACH used is likely an order of magnitude larger
than it should be (since the other independent measurements: house volume, temperature
gradient, and air sensible heat factor are likely accurate)

(Include Cost/Benefit and HL reduction table) as well as 3D mock-up of House w. Heat
pump)

Table 7: Annual Energy Savings Based on State Residential Data

Cost Yearly Savings Amortization Window

Insulation 1.5-6.5k 1k 1-3 years

2 Glaze, 2 Pane
Windows 10-17k 3k 3-6 years

Heat Pump (Air) 3.5-7.5k 1k 5-7 years

Heat Pump (Ground) 10-30k 1-2k 10-15 years
Table 7 details housing modification options to combat the high Infiltrative/Window/Wall heat

loads of the house.





Discussion
Table 3, shows a breakdown of the heat load by element. The heat loads determined by the two
infiltration estimation methods were:

1) Total + ACH Infiltration: 46775 kW
2) Total + IDF Infiltration: 33447 kW

These heat loads were averaged to 40111 kW, which agrees closely with the check figure of 41909
kW determined by extracting heating fuel usage data from prior heating bills. A blower door test could be
used to provide a more accurate measurement of the air-leakage of the buildings which would reduce the
uncertainty inherent in the infiltration estimation methods used.

Figure 5: Each house component’s percent contribution to the total house heat load is detailed
above

Figure 5 shows that the floor 1-3, infiltration, and window loads were the three biggest
contributors to the total heating load of the house (responsible for 40.3%, 29.1%, and 23.1% of
the total heat load respectively). This information suggests that increasing the thermal
resistance of the walls or windows will significantly reduce the overall heating load of the house.
Since wall renovation is likely expensive, it stands to reason that window or insulation
replacement may be the most cost effective renovation option. Table 7 gives a succinct
breakdown of the cost-effectiveness of various energy saving modifications. According to wall
insulation quotes from Forbes Home, wall insulation replacement will cost between $2.35 and
$3.25/sq. ft. ($0.35 - $0.50 material cost, $1.50/sq. ft. to remove pre existing insulation, and
$0.50 - $1.25 to install). Therefore, it would cost approximately between $1527 - $2112 (650 sq.
ft. * $2.35 & $3.25) to replace the insulation of the ABC House.

Average Heat Load Breakdown 
Basement Load 
3.7% 

Fl 1-3 Load 
29.1% Infiltration Load 

40.3% 

Altic Load 
1.9% 
Door Load 
1.9% 

Window Load 
23.1% 



On the other hand, the average cost of replacing a mid-range double-hung window is $600, per
window replacement quotes on Forbes Homes. Thus, it would cost ~$16800 (28 windows) to
replace all the windows on the ABC House.



Appendix

A) Heat Load Calculation Sheet,
https://docs.google.com/spreadsheets/d/199SMrYJNdYGzXxqG0Ubq4cxq275jWvUOFd
BP5xeER20/edit?usp=sharing

B) ASHRAE Fundamentals 2021 Handbook (tables included below)

Table 6 Ty pie.al Duct Lo s/Gain Factors 

I Story 2 or More Stories 

Supply/Retnm Leakage II ¾Ill% SYo/5% ll¾ll lYo sv.,sv. 
Duct Location Insulation ( m2 • K),'\: R-0 R-0.7 R-1.4 R-0 R-0.7 R-IA R-0 R-0.7 R-1.4 R-0 R-0.7 R-t.4 

Conditioned space No loss (F,1= 0) 

Attic C 1.26 0. 71 0.63 0.68 0.33 0.27 1.02 0.66 0.60 0.53 0.29 0.25 
H/F 0.49 0.29 025 034 0.16 0.13 0.41 026 0.24 0.27 0.14 0.12 

H/HP 0 .. 56 0.37 0.34 0.34 0.19 0.16 0.49 0.35 0.33 0.28 0.17 0.15 

Basement C 0.12 0.09 0.09 0.07 0.05 0.04 0.11 0.09 0.09 0.06 0.04 0.04 
H/F 0.28 0.18 0.16 0.19 0.10 0.08 0.24 0.17 0.15 0.16 0.09 0.08 
H/HP 0.23 0.17 0.16 0.14 0.09 0.08 0.20 0.16 0.15 0.12 0.08 0.07 

Crawlspace C 0.16 0.12 0.11 0.10 0.06 0.05 0.14 0.12 0.11 0.08 0.06 0.05 
H/F 0.49 0.29 025 0.34 0.16 0.13 0.41 026 0.24 0.27 0.14 0.12 
H/HP 0.56 0.37 0.34 0.34 0.19 0.16 0.49 0.35 0.33 0.28 0.17 0.15 

Values calculated for ASHRAE Slandard 152 default duct s;~tcm surface area using modd ofF randsco and Pal miter ( I 999). Values arc provided as guidance on I}; losses can differ 
substantially larothcrronditions and am figurations. Assumed sunounding temperatu"'5: 

Cooling(q: 10 = 3S"C, 1.,., = 49°C, lb= 20°C, t,,.,,,.1 = 22°C Hmtlng/furnacc(H/F) and l:x,,ating/1:r,ating pump (H/HP): 10 = O"C, 1.,., =O"C, lb= 18°C, 1..,.,.,1= 0°C 

lo+ NIAi I[/ 1 + !,(A L.flu,I A L)l 
IDF= -

IO00 
(IO) 

where 
I~ / 1, '2 = coefficients, as follows: 

Cooling3.4 mis Heating 6.7 mis 

lo 25 51 ,, 038 0.35 ,, 0.12 0.23 

H = building average stack heigb~ m (typically 2.5 m per story) 

Table 3 Unit Leakage Areas 

Construction Description Au1,cn,'fm' 

Tigbt 

Good 

Average 
luky 
Very leaky 

Construction supervised by air-sealing 
specialist 

Carefully sealed construction by 
knowledgeable builder 

Typical current production housing 
Typical pre-1970 houses 
Old hou.se.s in original condition 

0.7 

1.4 

2.8 
5.6 

10.4 

Table 4 E,•aluarion or Exposed Surface Area 

Situation Include 

Gross .surface area Ceiling/roof combination (e.g_, 
cathedral ceiling without attic) 

Ceiling or wall adjacent to attic 
Wall exposed to ambient 

Ceiling or wall area 
Gross ,ivall area (includ

ing fenestration area) 
Wall adjacent to unconditioned buf- Common wall area 

fer space (e.g .. garage or pon:h) 
Floor over open or vented 

crawlspace 
Floor over sealed crawlspace 
Floor over conditioned or 

semiconditioned basement 
Slab floor 

Floor area 

Crawlspace wall area 
Above-grade basement 

wall area 

Exclude 

Roof area 

Exterior,ivall 
area 

Crawl.space 
wall area 

Floor area 
Floor area 

Slab area 

Table 6 Design U-Factors of winging Doors in W/(m2·K) 

Double 
Double Glazing 

Door Type 
(Rough Openinn = 970 x 
2080mm) 

Slab Doors 

Wood slab in wood frame• 
6% glazing (560 x 200 lite) 
25% glazing(560 x 910 lite) 
45% glazing(560 x 1620 lite) 

More than 50% glazing 
Insulated steel slab with wood edge 

in wood frarreb 
6% glazing (560 x 200 lite) 

25% glazing(560 x 910 lite) 
45% glazing(560 x 1630 lite) 
More than 50% glazing 

Foam-insulated steel slab with 
rretal edge in steel frarre< 
6% glazing (560 x 200 lite) 
25% glazing(560 x 910 lite) 

45% glazing(560 x 1630 lite) 
More than 50% glazing 

Cardboard honeycomb slab with 
metal edge in steel frame 

Stile-and-Rail Doors 
Sliding glass door,;/French doors 

Sire-Assembled Stile-and-Rail Doors 
Aluminum in alwninum frame 

Aluminum in aluminum frame with 
tliermal break 

No1es: 

Glazing with 
with e=O.IO, 

o Single L2.7 mm 12.7 mm 
Glazing Glazing Air pace Argon 

2.61 
2.73 2.61 2 .. 50 
3.29 2.61 2.38 
3.92 2.61 221 

Use Table 4 (operable) 
0.91 

1.19 1.08 1.02 

2.21 1.48 1.31 
3.29 1.99 1.48 

Use Table 4 (operable) 
2.10 

2..50 2.33 2.21 
3.12 2.73 2_50 

4.03 3.18 2.73 
Use Table 4 (operable) 

3.46 

Use Table 4 (operable) 

7.49 528 4.49 

6.42 420 3..58 

'Th.c.nnally brokrn sill [add 0.17 W/(m2 • K) iir noll-thoanally broken sl!IJ 
•Noll-thermally broken sill 
'Nominal U-factors arethroug.h center of insulated panel belilrcoonsideration of ther
m.a.I bridges around edges of door s«tion.s and because of frame. 

https://docs.google.com/spreadsheets/u/0/d/199SMrYJNdYGzXxqG0Ubq4cxq275jWvUOFdBP5xeER20/edit
https://docs.google.com/spreadsheets/d/199SMrYJNdYGzXxqG0Ubq4cxq275jWvUOFdBP5xeER20/edit?usp=sharing
https://docs.google.com/spreadsheets/d/199SMrYJNdYGzXxqG0Ubq4cxq275jWvUOFdBP5xeER20/edit?usp=sharing


C) ASHRAE Standards and Codes

able S ypical IDF aloes, L/(s·cml) 

Heating De.sign Cooling De.sign 

H, Temperature, °C Temperature, °C 

m -40 -30 -20 -10 0 10 30 35 40 

2.5 0lO 0.095 0.0&6 0.077 0.069 0.060 0.031 0.035 0.040 
3 0.ll 0.10 0.093 0.083 0.072 0.061 0.032 0.038 0.043 
4 0.14 0.12 0.ll 0.093 0.079 0.065 0.034 0.042 0.049 
5 0.16 0.14 0.12 0.10 0.086 0.069 0.036 0.046 0.055 
6 0.18 0.16 0.14 0.ll 0.093 0.072 0.039 0.050 0.061 
7 0.20 0.17 0.15 0.12 0.10 0.o75 0.041 0.051 0.068 
8 0.22 0.19 0.16 0.14 0.l l 0.079 0.043 0.058 0.074 

Table 2 Typical Fenestration Characteri.stics• 

rame 

Operable Fixed 

.=.,. 12 ►. -= _.,. 12 ►. 

12 ;~: -=~"'Cl ~ = 12 i ~ "'Cl ~ "'Cl ;;:, = 
~ .. a.i ·- e = ~~ 1j ·;; g = 1l ~ = 12= r.,, ,.. 0 

~ 
= 12= ~ ... ~ = ~-.S ~ = ~] ?-t ·a ~~ - "' ·a ~] - .i 

Center ·!~ ~ 
.., = - ·!~ ~ 

.., =-
.E •"" C g .,. r:11 .E •!"'" C g ,;r,; I;() 

E t = .. 8 t = .. 
Glmng of < =-= g: ~·O ~ -~ < =-= g: ~Q ~ -~ 

Glazing Type Layers [Db Property<.d Glazin.g < ► 1.: <( ... ► 1.: 
Clear la u 5.91 724 6.12 5.14 5.05 4.61 6.42 6.07 555 5.55 5.35 

SHGC 0.86 0.75 0.75 0.64 0.64 0.64 0.78 0.78 0.75 0.75 0.75 
2 5a u 2.73 4.62 3.42 3.00 2.87 5.83 3.61 3.22 2.86 2.84 2.72 

SHGC 0.76 0.67 0.67 0.57 0.57 057 0.69 0.69 0.67 0.67 0.67 
3 29a u 1.76 3.80 2.60 225 2.19 1.91 2.76 2.39 2.05 2.01 1.93 

SHGC 0.68 0.60 0.60 0.51 0.51 051 0.62 0.62 0.60 0.60 0.60 

Low-e, low-solar 2 25a u 1.70 3.83 2.68 233 221 1.89 2.75 2.36 2.03 2.01 1.90 
SHGC 0.41 037 037 031 0.31 0.31 0.38 038 0.36 036 0.36 

3 40c u l.02 322 2.07 l.76 l.71 1.45 2.n l.76 1.44 1.40 l.33 
SHGC 027 025 025 021 0.21 021 0.25 0.25 024 024 0.24 

Low-e, nigh-solar 2 17c u l.99 4.05 2.89 2.52 2.39 207 2.99 2.60 226 224 2.13 
SHGC 0.70 0.62 062 0.52 0.52 052 0.64 0.64 0.61 0.61 0.61 

3 32c u 1.42 354 236 2.02 l.97 l.70 2.47 2.10 1.77 l.73 l.66 
SHGC 0.62 055 055 0.46 0.46 0.46 0.56 0.56 054 0.54 0.54 

Heat-absorbing le u 5.91 724 6.12 5.14 5.05 4.61 6.42 6.07 555 555 5.35 
SH 0.73 0.64 0.64 0.54 0.54 0.54 0.66 0.66 0.64 0.64 0.64 

2 5<: u 2.73 4.62 3.42 3.00 2.87 253 3.61 3.22 2.86 2.84 2.72 
SHGC 0.62 0.55 055 0.46 0.46 0.46 0.56 056 054 0.54 0.54 

3 29c u 1.76 3.80 2.60 225 2.19 1.91 2.76 2.39 2.05 2.01 1.93 
SHGC 0.34 0.31 0.31 026 0.26 026 0.31 0.31 0.30 0.30 0.30 

Retlective 11 u 5.91 724 6.12 5.14 5.05 4.61 6.42 6.07 555 5.55 5.35 
SHGC 031 028 028 024 0.24 0.24 0.29 0.29 0.27 0.27 0.27 

2 5p u 2.73 4.62 3.42 3.00 2.87 253 3.61 3.22 2.86 2.84 2.72 
SHGC 029 0.27 0.27 022 0.22 022 0.27 0.27 026 0.26 0.2.6 

3 29c u 1.76 3.80 2.60 225 2.19 1.91 2.76 2.39 2.05 2.01 l.93 
SHGC 034 031 0J 1 026 0.26 0.26 0.31 031 0J0 0J0 0.30 

•Dam arc from Chapt~.r 15, Tables 4 and 14 far sclc:cted bJD = Chapter 15 glazins type identifier. 'U=U-faotor, W/(m2 ·K). dSHGC = so tar heat gain coefftde:nt. 
oombination.s. 



D) Source for Swarthmore Weather Averages
https://www.worldweatheronline.com/swarthmore-weather-averages/pennsylvania/us.as
px

E) Infiltration/Ventilation Calculation
The sensible and latent heat loss from outdoor air infiltration and ventilation are

calculated by determining the volumetric flow, Q, of outdoor air entering the building.

H~aling 

Air-Conditioning m,d Rdrigcmting Equipmc,nt Namepiatc, Volt:ogaa 
Com fort, Air Que.lity, m,d Effidc,ncy by Dc,sign 
Tlrnne.l En..-gy tolll!l" 
Mea=mc,nt of Enc:]lly and Dmamld Savings 
En..-gy Stmdard for Buildings Exa,pt Low-Ri"" ~idc:nttnl Buildings 
Enc'll}'-E ffidmt Dc,sign of Low-Ri"" Raaldc-ntinl BuiJd ings 
E~y C,msc,n'!Lti.on in Existing Buildings 
Mc-thods of Oetc,nnining, Expraasing, m,d Comparing Building E~y P..-fonnm,a, 
and Gittnhousc: Gas Emissi.ons 
M<:1hod on·c,st for the Evaluation of Building En..-gy Analysis C,miputc,r l'ro,gmms 
Mc,tl,od orTc,st for lktc:nnining the lksign m,d Scrulonnl Efficimcic,s ofRc,sidmtinl. 
Tbrnnal Distributi.on Systems 
S1>1.ndard for the l)c,sign ofHigh-l'c,rfonnma,, Grc,m Bui.ldings Excq,t low-Ri"" 
Rc,slde-nttel Buildings 
Nati.01111.I. Gra,11 Bu liding Standard 

fuel Cdl l'owc,r Sys~m• Pc,rbmancc, 
lntc:mati.01111.i E~y Con...-vatlon o,~ (20 15 
lntc,mati.01111.l Gra,11 Construction CodcT" (20 12) 
Uni.fonn Solar En..-gy Codc,(2012) 
Enc]lly Managc,mc,nt Gu [de, for Sdc:cti.on and u.,., of fixc,d f""lll"'"Y Mc:di.um 
ACSquincl-Cagc, Polyp!,,= Induction Motors 
E~y Managc,mc,nt Gulde, t'or Sdc:ction and u.,., o fSing[c,-l'lll= Motors 
HVAC Systc:-ms--Commissloning M=l, 2nd C"d. 
Building Systc,ms Analysis and Rc-troftt Mm,1111.I., 2nd ed. 
Enc]ll}' Systc,ms Analysis and ~-. 2nd ed. 
Enc]ll}' Menagc,mc,nt Equipmmt 

ComlDCfl:ml Systrms Ov..-vic,w 
HVAC Qunllty lnstal.lAtion pcdlication 
Tcdmlcian's Guide, & Wor.kbook rorQlllll.ity Installations 
Rc,sldc,ntml load CalculAtlons 
Com fort, Air Qlllll.i.ty, m,d Efliclc,ncy by l)c,sign 
Rc,sldc,ntml Equ.ipmc,nt Sdcctlon, 2nd ed. 
Heating, Vc,nti.lAti.ng and Olol.ing G:i=ru,o11:!)c,S 
l'c-ak Cool.ing and Hc:atlng load Cal.culati.ons in Building• Except low-Ri"" 
Rc,si<1c,nttel Bulidings 
Hc,atc,r E lc,mc,nts 

lkknninin;g the Rc,qu iJrd CaiJlildty of Rc,si.dc,ntial Spa.cc, Heating and Ololmg 
Awlianc,:s 
Heat Loss Cal.cuhtlon Guidc,(200 I 
Rc,sldc,ntml Hydroni.c Heating lnstallntion .lksign Gu i.dc, 
Radiant floor Heating ( 1995) 
Advnnccd tnstal.1"1ion Gui.de-(Commc-reteQ for Hot Wat..- Heating Systmas(2001) 
Environmmtal ystans Tc:chnology, 2nd C"d. (1999 
l'ulv..-izcd fuel Systems 
Airomft Elc:ctrfoal HC'llting • ystc,ms 
HC'llting V luc of fuels 
l'mormencc, Tat for Air-Conditioned, HC'lltc,d, md Vc,ntllatc,d Ol't-Road &lt
l'ropdlc:d Work Machoo 
HVAC Systc,ms Applic,itlon~ 2nd ed. 
E la:tric &.,.,board Heating Equipmc,nt 
E la:tric Duct Hc:at..-s 
Heating and Ololing Equipmc,nt 

AHRI 
ACCA 
ACCA 
ASHRAE 
ASH.RAE 
ASH.RAE 
ASHRAE 
ASHRAE 

ASHRAE 
ASHRAE 

ASHRAE/ 
USGBC 
ICC/ 
ASHRAE 
ASME 
ICC 
ICC 
IAPMO 
NEMA 

NEMA 
SMACNA 
SMACNA 
SMACNA 
Ul 

ACCA 
ACCA 
ACCA 
ACCA 
ACCA 
ACCA 
ASABE 
ASHRAE/ 
ACCA 
CSA 
CSA 

HYDI 
HYDI 
HYDI 
HYDI 
NEBB 
NfPA 
SAE 
SAE 
SAE 

SMACNA 
Ul 
Ul 
Ul/CSA 

ANSI/AHRI 110-2012 
ACCA Manual RS- 199 7 
ACCA2005 
ASH.RAE G,iideJine 14-20 14 
ANSI/ASH.RAE/I ES 90.1-20 Iii 
AN SI/ASH.RAE/I ES 90.2-200 7 
ANSJ/ASH.RAEIIES 100-2015 
ANSI/ASH.RAE !05-2014 

ANSI/ASH.RAE 140-2011 
ANSI/ASH.RAE 152-2014 

ANSJ/ASH.RAE/USGBC/IES 1!9.1-
2014 
[CC/ASH.RAE 700-2015 

l'TC 50-2002 ( RA 14 
IECC 
[GCC 
IA.PMO 
NEMA MG 10-20IJ 

NEMAMG ll-1977(R2012 
SMACNA2013 
SMACNA2011 
SMACNA2014 
Ul 916-2007 

ACCA Manml CS-1993 
ANSJ/ACCA 5Q!-2015 
ACCA2015 
ANS.1/ACCA 2 Menual J-20 Iii 
ACCA Mllnlllll RS-1997 
ANS.1/ACCA 3 Menual S-2014 
ANS.1/ASA.E EP406.4-2003 (R2008) 
ANSI/ASHRA.E/ACCA 183-2007 
(RAl4) 
en .2 No. 12-10 ( R20 14) 
CAN'CSA-1'2l!0-12 

HYDIH-22 
IBRGu.idc, 
HYDI004 
HYDl250 
NEB.B 
Nfl'A 850J.-97 
SAE Al R.8608-20 I I 
SAE H49&-201 I 
SAE J i50J.-2004 

SMACNA20PO 
ANSJiUl 1042-2009 
ANSI/Ul 1996-2009 
ANS.1/Ul 1995-2011/Cll.2 No.236-11 

https://www.worldweatheronline.com/swarthmore-weather-averages/pennsylvania/us.aspx
https://www.worldweatheronline.com/swarthmore-weather-averages/pennsylvania/us.aspx


First the Air Leakage Rate is calculated based on the number of air exchanges per hour
experienced by the building:

𝑄
𝑖
 =  𝐴𝐶𝐻 * 𝑉

depends on:𝑄
𝑖

1) The building effective leakage area and its distribution along surfaces and flues
2) The driving pressure caused by buoyancy and wind.

𝑄
𝑖
 =  𝐴

𝐿
𝐼𝐷𝐹

Additionally,
𝐴

𝐿
 =  𝐴

𝑒𝑠
𝐴

𝑢𝑙

The infiltration driving force can be calculated as follows

𝐼𝐷𝐹 =  
𝐼

0
+𝐻|∆𝑡|(𝐼

1
+𝐼

2
(𝐴

𝐿,𝑓𝑙𝑢𝑒
/𝐴

𝐿
))

1000

Equation 10 (17.6) of the ASHRAE Handbook

However, an IDF value of 0.069 (Under the assumption that ) from Table 5 is used in𝐴
𝐿,𝑓𝑙𝑢𝑒

 =  0

this model

Table 5 (17.6) of the ASHRAE Handbook

Unit Leakage Areas are calculated under the “leaky” construction assumption from Table 3
(since the house was built in the 60’s)

~ here 
lo, 11., 12 = ooeffici .nt.", a.'> follows: 

25 
0.38 
OJ2 

Heati11 6 .. 1 m/~s 

.Si 
0--3.5 
0.23 

H = building av . age ta.ck height, m (typically 2 . .5 m per story) 

able 5 ypicalID aloes L/(s·cmZ) 

Heating Design Cooling Design 

H, Temperature, °C Temperatu~e, °C 

Dl -40 -30 -20 -10 0 IO 30 35 40 

2.5 0.10 0.095 0.0&6 0.017 0.069 0.060 0.031 0.035 0.040 
3 0.11 0.10 0.093 0.083 0.072 0.061 0.032 0.038 0.043 
4 0.14 0.12 0.11 0.093 0.079 0.065 0.034 0.042 0.049 
5 0.16 0.14 0.12 0.10 0.086 0.069 0.036 0.046 0.055 
6 0.18 0.16 0.14 0.11 0.093 0.072 0.039 0.050 0.061 
7 0.2-0 0.17 0.15 0.12. 0.10 0.075 0.041 0.051 0.068 
8 0.22 0.19 0.16 0.14 0.11 0.079 0.043 0.058 0.074 



Table 3 (17.6) of the ASHRAE Handbook (Appendix B)

The ASHRAE Standard 62.2 specifies that residential buildings must have a required
whole-building ventilation rate determined by the following equation

𝑄
𝑣

=  0. 15𝐴
𝑐𝑓

+ 3. 5(𝑁
𝑏𝑟

+ 1)

Finally, the sensible heating ventilation/infiltration load (15) is calculated per the following
ASHRAE guideline (here we assume that [based on the prior𝑄

𝑏𝑎𝑙,ℎ𝑟
 ,  𝑄

𝑏𝑎𝑙,𝑜𝑡ℎ
 ,  & 𝑄

𝑢𝑛𝑏𝑎𝑙
 =  0

assumption that the ventilation rate requirement provided above is satisfied]) :

Equations 15 - 18 from the ASHRAE Handbook (Appendix B)

onstrui:1fon 

Tight 

Good 

Average 
Leaky 
Very leaky 

Table 3 Unit Leakage re as 

Df'Mripti111n 

onstruction supe.rvised by air-:s.ealing 
;pedalist 

Carefully sealed constructkm by 
knin le.dgeable builder 

Typical current production housfog 
Typical pre-l970 hou 
Old hou:s.es in original condition 

0 . .7 

L4 

2.8 
li 

l0.4 

Vent.ilt1tion rm fil.tm.tion l0t1d. e cool.ing or heating l.o.a from 
enti.lation a.n infiltration is al.cul.ate.d as fo Ho 

q =C[Q: vi,.~ .~ w ] - E 'Q ool, hr Qbal othl 

q.lli I= c, Qlli Q'baJ,oth W no HR I· R , 

hue 
q"'·-' = sell! ible v .1tilationlinfiltration load,\ 

Es = HRV/ERV sensible effectiveness 
,Q bul.1.tr = balanced ventilation flow rate via. HRV/ER equipment l/s 

Q bal. db = other ha.lanced ventilation upply a.irOo rate l/s 
I = indoor/outdoor temperature difference, K 

W = indoor/outdoor humidity ratfo difference 
q,,,i = total ventila.tion/infiltration load, W 

t:1 = HRV/ER total effectiveness 
t.h = indoor/outdoor enthalpy difference, k.J/kg 

qviJ = latent ventilation/infiltra.tion load, 

] 5 ' 

17' 

]8 ' 



Nomenclature

Symbol Significance (units)

k 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑡𝑦 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑊/𝑚𝐾)

h 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝐻𝑒𝑎𝑡 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝑊/𝑚2𝐾)

A 𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝐴𝑟𝑒𝑎 (𝑚2)

L 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝐿𝑒𝑛𝑔𝑡ℎ (𝑚)

▽𝑇 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝐴𝑐𝑟𝑜𝑠𝑠 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 (𝐾)

q 𝐻𝑒𝑎𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑊)

∑ 𝑅
𝑡𝑜𝑡𝑎𝑙

 ,  𝑅
𝑡 𝑇𝑜𝑡𝑎𝑙 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚2𝐾/𝑊)

𝑈 𝑇𝑜𝑡𝑎𝑙 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 (𝑊/𝑚2𝐾)

∑ 𝑅
𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚2𝐾/𝑊)

∑ 𝑅
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚2𝐾/𝑊)

∑ 𝑅
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚2𝐾/𝑊)

IDF 𝐼𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 (𝐿 * 𝑠/𝑐𝑚2)

ACH 𝐴𝑖𝑟 𝐶ℎ𝑎𝑛𝑔𝑒𝑠 𝑝𝑒𝑟 𝐻𝑜𝑢𝑟 (#/ℎ)

𝐴
𝑢𝑙 𝑈𝑛𝑖𝑡 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 𝐴𝑟𝑒𝑎 (𝑐𝑚2/𝑚2)

𝐴
𝑒𝑠 𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝐴𝑟𝑒𝑎 (𝑚2)

𝐴𝑙 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 𝑃𝑒𝑟 𝐴𝑟𝑒𝑎 (𝑐𝑚2)

𝑄
𝑖

𝐴𝑖𝑟 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 𝑅𝑎𝑡𝑒 (𝐿/𝑠)



𝐶
𝑠

𝐴𝑖𝑟 𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 𝐻𝑒𝑎𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑊/𝐿 * 𝑠 * 𝐾)
1.230 for elevation < 300m

𝑄
𝑣𝑖, 𝑠, ℎ

𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 𝐼𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛/𝑉𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 𝐻𝑒𝑎𝑡 𝐿𝑜𝑎𝑑 (𝑊)
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