
   

     

2022 Building Performance Analysis Conference and 

SimBuild co-organized by ASHRAE and IBPSA-USA 

Chicago, IL 

September 14-16, 2022 

 

Large Scale Simulation to Investigate the Residential Envelope Trade-offs for High-

Efficiency Equipment and Renewables Based on 2021 IECC  

Victor Salcido1, Yan Chen1, Zachary Todd Taylor2, Yulong Xie1, Benjamin Taube1 and Michael 

Rosenberg1 
1Pacific Northwest National Laboratory, Richland, WA, USA 

2Excelsior Design, Richland, WA, USA 

 

 

 

 

Abstract 

This study evaluates the degradation in envelope 

efficiency that could potentially result from a 

performance based energy code allowing unrestricted 

compliance trade-offs for improved high-efficiency 

equipment, including heating, ventilation, and air 

conditioning (HVAC), domestic hot water (DHW) 

equipment and/or local renewable energy generation 

(e.g., photovoltaic (PV) panels). The latest edition of the 

International Energy Conservation Code (IECC) restricts 

envelope efficiency trade-offs since from an energy, 

resilience, comfort and moisture standpoint, a robust 

thermal envelope is critical to make the house system 

work as intended. The aim of this study is to conduct a 

simulation-based evaluation to systematically and 

quantitatively analyze the national energy and cost 

impact from trade-offs on the recent IECC code edition. 

Introduction 

Large-scale simulations have been used to support the 

development of building energy codes to quantitatively 

evaluate the progress of the energy efficiency 

requirements. Under the statutory directive, the 

Deparatment of Energy (DOE) conducts a determination 

analysis of energy savings for each new edition of the 

IECC residential code to determine if it would achieve 

greater energy efficiency in residential buuldings than its 

predecessors.  For this purpose, a suite of residential 

prototype building models has been developed to 

represent typical new residential building construction 

stock in the United States and configured to represent 

construction practices as dictated by the different 

editions of the IECC code.   Building energy simulations 

are carried out in representative climate locations and 

national level annual energy results are derived through 

the use of national weighting factors (Taylor et al., 

2015).  For example, compared to the IECC 2018 

edition, the most recent residential determination 

concluded a saving of 9.38% site energy of IECC 2021 

at the national level (Salcido et al., 2021a, b). 

While the progress of energy reduction for new energy 

codes has been quantitatively evaluated via such large-

scale simulations, the allowance of trade-offs in the code 

has not been fully studied for its long-term impacts. The 

trade-offs allow builders to select various energy 

efficiency measures from diverse options to achieve 

ostensibly comparable energy performance. For 

example, 2021 IECC allows trade-offs between envelope 

components in the total UA alternative.   

As mentioned by Lau et al. (2001), there are several 

benefits to allowing trade-offs in performance 

compliance paths. It can provide builders a degree of 

flexibility that is not available in the simpler prescriptive 

paths. The Montana Energy Code Reference Guide also 

stated that trade-offs are the most flexible prescriptive 

alternatives (Montana, 2017). Additionally, to achieve 

zero net energy (ZNE) building codes, Contoyannis et al. 

(2020) developed a simplified performance approach 

based on the detailed trade-off for low-rise office 

buildings to achieve targeted performance levels.    

However, a trade-off without constraints has potential 

pitfalls. The first one is about free ridership, where credit 

is given for high-efficiency options already widely used 

in the market. This can double count the impact from 

another energy efficiency program instead of requiring 

more efficient code specifications. The second is the 

failure to account for measure life in the current code 

compliance framework. For example, a home’s envelope 

can last 40 or more years, while residential HVAC/DHW 

and PV equipment have a much shorter lifetime of 12-15 

years (ICF 2013; Taylor et al. 2015, Salcido et al., 

2021b) and 25 years (Chowdhury et al. 2020), 

respectively. Therefore, trading off envelope efficiency 

for high efficiency equipment will impact the energy-

saving over the lifecycle of the building. The effects of 

energy waste by free ridership and lifecycle impacts can 

be substantial over the lifetime of today’s residential 

buildings (ICF 2013). To the authors’ best knowledge, 

no studies have looked into the quantitative analysis of 

trade-off policy from the whole lifecycle of building 
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operation. As a result, the energy code policymakers and 

industry have a knowledge gap about how trade-offs 

should be defined and constrained to maximize the 

flexibility and benefits for the whole building lifecycle 

with cost-effectiveness and energy savings.   

To fill this research gap, we use large-scale simulation 

analysis to assess the potential impact on envelope 

efficiency from high-efficiency equipment and/or 

renewable energy generation when used in an 

unrestricted performance-style compliance trade-off. 

The intent is to evaluate the potential degradation in 

envelope efficiency of an energy code that allows 

unrestricted compliance trade-offs for improved 

equipment efficiency (HVAC/DHW) and/or local 

renewable energy generation (PV). This analysis 

provides data to show the envelope-vs-equipment/PV 

trade-off potential. 

Methodology 

Approach and Simulation 

The approach is to assess, by simulation analysis, the 

relative reduction in energy use of residential buildings 

due to the implementation of high efficiency 

equipment/PV scenarios, and compare those results to 

the relative increase in energy use due to degradation in 

envelope efficiency. Simulations are based on DOE’s 

established cost effectiveness methodology for 

analyzing new editions of (or proposed changes to) the 

IECC (Taylor et al. 2015, Salcido et al., 2021a, b). 

DOE’s methodology evaluates each code scenario for 

two building types (single-family (sf) and low-rise 

multifamily (mf)), four foundation types (vented 

crawlspace, slab on grade, heated basement, and 

unheated basement), and four system types (gas furnace, 

oil furnace and electric furnace, all  with split central Air 

Conditioner (A/C), and electric heat pump) in all climate 

zones, moisture regimes, humidity designations, and 

tropical designations defined by the IECC. For this 

analysis, only two system types are included—heat 

pump and gas furnace with split central A/C. Electric 

furnaces are excluded because the IECC’s Total 

Building Performance compliance path sets an electric 

heat pump as the baseline for trade-offs in homes with 

an electric furnace; oil furnaces are excluded because 

they are relatively uncommon outside a few regions and 

there are no enhanced efficiency tiers defined by the 

Consortium for Energy Efficiency (CEE) for oil 

equipment.  

In total there are 296 models constructed (4 foundation 

types, 2 heating system types, 18 weather locations for 

low-rise multifamily homes and 19 weather locations for 

single-family homes) for each code scenario evaluation.  

EnergyPlus version 9.5 (DOE 2020) was used to conduct 

the building energy simulation. 

The simulation experiment assumes the prescriptive 

2021 IECC as its baseline and evaluates trade-off 

potential in two groups: 

Group 1 consists of two tiers of enhanced HVAC 

efficiency (92%-97% AFUE, 8.5-9.5 HSPF and 15-18 

SEER), and DHW efficiency (Gas-0.82 EF, Elec-3.0 

EF), each tier evaluated both on its own and paired with 

a typical residential capacity PV array (Single Family - 

4.0 kW, low-rise Multifamily - 1.5kW), as well as a 

typical residential capacity PV array only. Group 2 

consists of two separate parts.  Part one includes relaxed 

envelope efficiency where the home’s entire envelope is 

degraded to match the prescriptive code requirements of 

each of five older editions of the IECC. Part two 

comprises relaxed envelope efficiency where individual 

envelope components are degraded to successively 

lower efficiencies, each in isolation. 

Simulation results are evaluated by Energy Usage 

Intensity (EUI) in units of kBtu/ft2.  The simulation 

results of the 296 models for each scenario of Group 1 

(high efficiency equipment/PV) are compared separately 

to those from both parts of the relaxed envelope 

efficiency in Group 2.  Results are shown for each of the 

eight IECC climate zones after aggregating across 

building types, foundation types and heating system 

types, using DOE’s established methodology. This 

results in tables of absolute EUI changes as well as 

percent-change values relative to the 2021 IECC 

baseline for the high efficiency equipment/PV scenarios 

of Group 1 and both parts of the envelope scenarios in 

Group 2.  The high efficiency equipment/PV results of 

five scenarions of Group 1 are negative values 

representing reductions in energy use, while the 

envelope results of the two parts of Group 2 are positive 

values representing increases in energy use. The 

comparison results reveal how much envelope 

degradation would be possible, for each combination of 

climate zone and envelope/equipment scenario, without 

allowing overall net energy use to increase. 

Equipment Efficiency and Renewables 

The Group 1 high efficiency equipment/PV includes an 

equipment baseline with equipment efficiencies set to 

federal minimum levels and two enhanced tiers based on 

recommendations from the CEE Residential Heating and 

Cooling Systems Initiative and Residential Water 

Heating Initiative (CEE 2021). The baseline contains no 

renewable energy generation and has a single alternative 

of a fixed PV capacity based on the 2020 Pacific 

Northwest National Laboratory (PNNL) Feasibility 

Study (Franconi et al. 2022) for the enhanced tiers. This 

results in six high efficiency equipment/PV scenarios, as 
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shown in Table 1 and further defined in Table 2. The 

total number of EnergyPlus models for group one  for the 

six scenarios specified is 1,776 (296 × 6). 
 

Table 1 High-efficiency equipment and renewables 

scenarios 

Equipment 

Scenario 

Equipment 

Efficiencies 

Renewable (PV) 

Installed Capacity 

NAECA baseline Federal minimums No PV 

EQ1 CEE Tier 1 No PV 

EQ2 
CEE Tier 3 if 

available, else Tier 2 
No PV 

PV Federal minimums 
1500 Watts/mf 

4000 Watts/sf 

EQ1PV CEE Tier 1 
1500 Watts/mf 

4000 Watts/sf 

EQ2PV 
CEE Tier 3 if 

available, else Tier 2 

1500 Watts/mf 

4000 Watts/sf 

 

Table 2 High-Efficiency and Renewables Tiers  

Metric 

Federal  

Minimum 

Equipment  

Tier 1 

(EQ1) 

Equipment  

Tier 2 

(EQ2) 

Heat Pump HSPF 8.2 8.5 9.5 

Heat Pump SEER 14 15 18 

Split Central Air 

Conditioner SEER 
13 16 18 

Gas Furnace 

AFUE 
80% 92% 97% 

Electric Storage 

Water Heater EF 
0.93 0.93 3 

Gas Storage Water 

Heater EF 
0.59 0.59 0.82 

Envelope Efficiency 

Group 2 envelope efficiencies are characterized in the 

simulation experiment in two ways. First, envelope 

efficiency levels are defined based on previous energy 

code editions (2006 IECC to 2018 IECC). For these 

simulations, all inputs are set to match the 2021 IECC 

except for the following measures which are set in 

concert to match requirements in the five preceding 

code editions as shown in Table 3. The total number of 

EnergyPlus models for part one of Group 2 for the six 

scenarios specified is 1,776 (296 × 6), though there are 

only 1,480 unique cases because the 296 models for the 

baseline Group 2 cases are the same as those of the 

baseline cases in the batch for Group 1. 

The Group 2 individual envelope components are 

evaluated by sequentially degrading each component’s 

efficiency in isolation from other elements. Four 

individual components were selected from the list in 

Table 3 including insulation of above grade wall, 

insulation of ceiling, fenestration u-factor, and envelope 

air tightness measured as the number of air changes per 

hour at a 50-pascal pressure differential. The gradual 

degradation levels are shown in Table 4 through Table 

7. Up to four degradation levels are specified for each 

envelope component.  The total number of simulation 

models for Group 2 individual envelope components of 

the analysis is 7,400 (296 × 5 × 5), though there are 

only 6941 valid cases given that there are fewer than 4 

degradation levels for some cases. 
 

Table 3 Metrics included when trade-off the envelope to 

older editions of IECC 
Metrics 

Ceiling insulation R-value (hr·ft2·°F/Btu) 

Wall insulation R-values, cavity and continuous (hr·ft2·°F/Btu) 

Floor insulation R-value (hr·ft2·°F/Btu) 

Slab-edge R-value and depth (hr·ft2·°F/Btu, ft) 

Basement wall R-value (hr·ft2·°F/Btu) 

Fenestration U-factor (Btu/hr·ft2·°F) 

Fenestration SHGC (fraction) 

Envelope leakage ACH50 (air changes per hour at a 50-pascal 

pressure differential) 

 

 
 

Table 4 Ceiling Insulation R-Value Degradation Levels 
Climate 

Zone 
Baseline Level 1 Level 2 Level 3 Level 4 

1 30 19 11 0 NA 

2 49 30 19 0 NA 

3 49 30 19 0 NA 

4 60 49 30 19 0 

5 60 49 30 19 0 

6 60 49 30 19 0 

7 60 49 30 19 0 

8 60 49 30 19 0 
 

 

Table 5 Above Grade Wall Insulation R-Value 

Degradation Levels 
Climate 

Zone 
Baseline Level 1 Level 2 Level 3 Level 4 

1 13 11 0 NA NA 

2 13 11 0 NA NA 

3 20 13 11 0 NA 

4 20+5ci 20 11 0 NA 

5 20+5ci 20 13 11 0 

6 20+5ci 20 13 11 0 

7 20+5ci 20 19 13 0 

8 20+5ci 20 19 13 0 
 

 

Table 6 Window U-Factor Degradation Levels 
Climate 

Zone 
Baseline Level 1 Level 2 Level 3 Level 4 

1 0.5 0.5 0.5 0.5 NA 

2 0.4 0.5 0.65 1.2 NA 

3 0.3 0.4 0.5 0.65 NA 

4 0.3 0.4 0.5 0.65 NA 

5 0.3 0.4 0.5 0.65 NA 

6 0.3 0.4 0.5 0.65 NA 

7 0.3 0.4 0.5 0.65 NA 

8 0.3 0.4 0.5 0.65 NA 
 

 

 

Table 7 Air Leakage (ACH50) Degradation Levels 
Climate 

Zone 
Baseline Level 1 Level 2 Level 3 Level 4 
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1 5 7 8 NA NA 

2 5 7 8 NA NA 

3 3 5 7 8 NA 

4 3 5 7 8 NA 

5 3 5 7 8 NA 

6 3 5 7 8 NA 

7 3 5 7 8 NA 

8 3 5 7 8 NA 

 

Cost Analysis 

The energy simulation allows the possible trade-offs of 

envelope efficiency degradation with high efficiency 

equipment/PV without the increase of overall net energy 

use.  However, when considering energy and energy cost 

savings over the lifetime of the building, envelope 

measures would provide longer-lasting energy impacts 

due to their longer lifetimes. Envelope measures 

typically have a lifetime of 40 years or more while 

residential HVAC and DHW equipment are assumed to 

have a lifetime of 12-15 years on average based on the 

DOE cost effectiveness methodology (ICF 2013; Taylor 

et al. 2015, Salcido et al., 2021b). PV Panels have a rated 

lifetime of 25 years (Chowdhury et al. 2020).  As a result 

of these lifetime differences, high efficiency equipment 

and PV equipment will require replacement before any 

envelope component requires replacement. In addition, 

there is no requirement that the replacement HVAC or 

PV system efficiency would be the same level (as 

compared to minimum code requirements) as originally 

installed. The decision regarding the efficiency level of 

replacement equipment is completely independent of the 

trade-offs made during the time of home construction.  

This study analyzed the change in energy usage, energy 

cost, and present values of energy cost of the envelope 

and the high efficiency equipment/PV measures over the 

2021 IECC baseline during the house’s lifetime. The 

2020 nationl averge residential fuel prices from the US 

Energy Information (EIA) are used for the analysis, 

including a price of $0.1323/kWh (EIA 2020a) for 

electricity, $0.94/therm for natural gas based on 

$9.77/1,000 ft3 for natural gas and an average heat 

content of 1,037 Btu/ft3 for natural gas delivered to 

consumers in 2016 (EIA 2020b, 2020c).  The present 

value of the annual energy cost changes to the baseline 

values of the envelope and equipment measures are 

based on a simple present value calculation of an annual 

series with a discount rate of 3% over the lifetime of each 

measure.  High efficiency equipment/PV equipment 

scenarios (Group 1) are compared to the full code edition 

envelope degradation scenarios (part two of Group 2) to 

determine which measures have higher impact. This cost 

methodology was chosen since there is no requirement 

to replace equipment at the same relative efficiency 

levels. Energy cost savings from PV assumes that 

electricity generated that can be utilized by the home 

offsets grid purchased electricity completely, while 

excess generation is assumed to be fed back into the grid 

via a net metering arrangement with the electric utility. 

Because net metering policies vary widely by state and 

utility, with some utilities reimbursing customers at the 

full retail rate and others providing no reimbursement for 

excess generation at all (DSIRE, 2021), this analysis 

takes a middle ground and credits excess generation at 

the national average wholesale electric price of 

$0.048/kWh. 

Results 

Each of the six high efficiency equipment/PV scenarios 

described in the methodology section was analysed and 

the results (whole-building annual energy use) were 

aggregated to the IECC climate zone level. Each of the 

five enhanced high efficiency equipment/PV scenarios 

was compared to the baseline scenario (2021 IECC) to 

calculate a single percent-change in energy use value for 

each combination of climate zone and equipment/PV 

scenario.  Because the high efficiency equipment/PV 

scenarios increase overall efficiency, the percent-change 

values are negative—i.e., they are percent-reductions. 

The percent-reduction in energy use values are the 

primary framework against which various envelope 

efficiency reductions can be compared to determine 

whether an energy code with an unrestricted trade-off 

mechanism would allow each envelope degradation to 

comply. The percent-change in energy use values for the 

envelope degradation scenarios are (usually) positive—

i.e., they are percent-increases. If the magnitude of the 

high efficiency equipment/PV percent-reduction in 

energy use value is greater than the magnitude of the 

envelope percent-increase in energy use value, then an 

envelope degradation to the level of that energy code 

edition or component level would be allowed. Figures 1 

through 5 illustrate the Group 2 envelope trade-off 

allowances (code edition and component levels) with the 

high efficiency equipment/PV scenarios in Group 1. 

Figure 1 shows the overlay of the percent-reduction in 

energy use for high efficiency equipment/PV scenarios 

with the percent-increase in energy use of previous code 

editions envelope degradation. The graph is organized 

with five panels, one for each of the high efficiency 

equipment/PV scenarios defined for Group 1.  In each 

panel, the magnitudes of the EUI percent-reduction 

values of the high efficiency equipment/PV scenarios are 

presented as vertical bars, one for each of the eight IECC 

climate zones.  The height of each vertical bar represents 

the magnitude of the percent-reduction in energy use of 

the high efficiency equipment/PV scenario.  The text 

boxes matching the colors of the vertical bars represent 

the magnitudes of the percent-increase in energy use 

values of the envelope degradation to the five previous 
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IECC editions by climate zones overlaid on the vertical 

bars of the high efficiency equipment/PV scenarios.  The 

top edges of the text boxes are the percent-increase 

values of interest.  Inside each text box, the IECC code 

edition year is displayed.  If the top edge of the text box 

falls within the vertical bar of the high efficiency 

equipment/PV scenario, this signifies that the reduction 

in energy use of the high efficiency equipment/PV 

scenario will allow the code edition envelope 

degradation to comply with the current energy code.  If 

the top edge of the text box is above the vertical bar of 

the high efficiency equipment/PV scenario, the increase 

in energy use from the envelope degradation cannot be 

compensated by the energy reduction from the high 

efficiency equipment/PV scenario and thus cannot be 

allowed in a trade-off.   
 

 

Figure 1 The impacts of envelope degradation to 

earlier IECC code editions  

Figures 2 through 5 show the results for each of the four 

envelope component trade-off scenarios involved in part 

two of Group 2 of this analysis.  The vertical bars, as 

before, represent the percent-reduction in energy use of 

the high efficiency equipment/PV scenarios by climate 

zone and have the same values in all charts. In Figures 2 

through 5, the text boxes represent the percent-increase 

in energy use values of the envelope component 

degradation levels of the four listed envelope 

components.  The envelope component values are 

presented within the text boxes that show the levels of 

degradation. The charts operate as stated in the previous 

section where envelope trade-offs are allowed if the top 

of a text box is below the top of the vertical bar of the 

corresponding color. 
 

Table 8 Cost Analysis of High Efficiency Equipment/PV 

vs Envelope Measures 
 EQ1 EQ2 PV EQ1PV EQ2PV 

Climate Zone CZ 5 CZ 4 CZ 3 CZ 3 CZ 3 

Envelope 

Code Year 

2012  

IECC 

2012  

IECC 

2009  

IECC 

2009  

IECC 

2009  

IECC 

Annual Percent Change In Energy Use 

Equipment  -5.90% -6.4% -29.5% -32.3% -34.8% 

Envelope  5.90% 6.40% 29.50% 32.30% 34.80% 

Annual Energy Change (kBtu/dwelling unit) 

Equipment  -5,421 -4,409 -16,920 -18,524 -19,927 

Envelope  5,421 4,409 16,920 18,524 19,927 

Lifetime Energy Savings (kBtu/dwelling unit) 

Equipment  -81,365 -66,138 -422,993 -418,158 -456,974 

Envelope  216,946 176,358 676,788 740,973 797,068 

Annual Energy Cost Change ($/dwelling unit) 

Equipment  -$80  -$85 -$403 -$416  -$442  

Envelope  $78  $81  $401  $439  $473  

Present Value of Lifetime Energy Cost Change ($/dwelling unit) 

Equipment  -$959  -$1,032  -$7,024  -$6,861 -$7,272  

Envelope $1,812  $1,880  $9,277  $10,157 $10,926  

 

Table 8 compares the energy and cost results of a full 

code edition envelope degradation measure paired with 

a high efficiency equipment/PV measure in selective 

climate zones where the net energy use between the 

envelope degradation and the high efficiency 

envelope/PV scenarios suggests allowable trade-offs. 

For these selective allowable trade-off envelope 

degradation at the code edition level, the absolute value 

of the energy use reduction from the high efficiency 

envelope/PV scenarios must be equal to or greater than 

the energy use increases from the envelope degradation. 

Since the energy use reduction of the high efficiency 

equipment/PV measure is greater than the energy use 

increases from the envelope degradation, for this cost 

analysis the annual energy changes for the envelope 

degradation were adjusted to equal those of the high 

efficiency equipment/PV measures. This generates a fair 

cost comparison of the performance between the 

envelope degradation and high efficiency equipment/PV 

measures. 

Rows 5 to 6 and 8 to 9 show the equalized percent 

changes and absolute annual energy use change over the 

2021 IECC baseline from the envelope degradation and 

high efficiency equipment/PV, respectively.  Rows 11 to 

12 display the corresponding lifetime energy (kBtu) 

changes to the 2021 IECC baseline calculated based on 

measure lifetimes.  Rows 14 to 15 present the 

corresponding annual energy cost changes and rows 17 

to 18 shows the corresponding present value of lifetime 

energy cost changes to the 2021 IECC baseline. The 

annual energy costs (rows 14 to 15) are dissimilar 

between the envelope and equipment measures due to 

differences in electric and gas use and fuel price. 
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Discussion 

Envelope Degradation by IECC Code Editions 

Figure 1 shows that all high efficiency equipment/PV 

scenarios allow the envelope of a residential building to 

be degraded to the 2012 IECC level. In climates zones 1 

and 2, the higher tiers of equipment efficiency/PV 

scenarios allow envelope degradation to the 2006 IECC 

level. 

Ceiling Insulation Degradation 

Ceiling insulation is a critical component in the overall 

envelope thermal efficiency and helps regulate the 

home’s internal temperature. DOE suggests that ceiling 

insulation should not go below a minimum of R-30 for 

optimal efficiency and comfort (Energy.Gov, 2022).  

The results shown in Figure 2 that high efficiency 

equipment/PV scenarios allow ceiling insulation 

degradation below code minimums to either R-0 or R-11 

in climate zones 1 & 2, from R-49 to R-19 in climate 

zone 3, and from R-60 to R-19 at climate zones 4-8 while 

complying with the energy performance requirements of 

the code. The resulting trade-offs for ceiling insulation 

can reach levels well below the minimum R-30 

insulation and as a result, comfort issues are likely to 

arise in these cases.  
 

 

Figure 2 The impacts of ceiling degradation  

 

Above-Grade Wall Insulation Degradation 

Above-grade wall insulation is another large contributor 

to building loads and regulator of comfort for any home 

(Salcido et al. 2021a, b). Insulation can be housed 

completely in the cavity, or outside the stud cavities, or 

a combination to meet the energy code requirements.  

The results shown in Figure 3 suggest  that high 

efficiency equipment/PV scenarios allow above grade 

wall insulation degradation from R-13 to R-0 

(uninsulated) in climate zones 1 & 2, degradation from 

R-20 to R-11 in climate zones 3 & 4, and degradation 

from R-20+5 to R-11 or R-13 in climate zones 5-8 while 

complying with the energy performance requirements of 

the code. As shown in Figure 3, there is a dramatic 

increase in energy use for uninsulated walls ranging from 

47% to 93% where R-0 is allowed. When setting 

insulation levels to R-11 or R-13, energy use increases 

by 5.9% to 28.5% but would be considered complying 

when accounting for high efficiency equipment/PV. 
 

 

Figure 3 The impacts of above grade wall insulation 

degradation  

 

Fenestration U-Factor Degradation 

Homes with high-performance windows are more 

comfortable and consume less energy than homes with 

traditional windows.  Reducing the performance of 

windows due to trade-offs with high efficiency 

equipment will not increase energy use dramatically but 

can have a effect on occupant comfort. 

The results shown in Figure 4 reveal that the high 

efficiency equipment/PV scenarios allow fenestration 

degradation from U-0.4 or U-0.3 to U-1.20 in climate 

zones 2-4, degradation from U-0.3 to U-0.65 in climates 

zones 5-7, and degradation from U-0.3 to U-0.5 in 

climate zones 4-8 while complying with the energy 

performance requirements of the code. There could be 
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significant fenestration U-factor degradation trade-off 

allowed for any climate zone.  

 

Figure 4 The impacts of fenestration U-factor  

Envelope Air Leakage Degradation 

Air leakage can come from numerous small openings in 

the envelope such as penetrations, window frames, 

joints, etc. Allowing higher levels of air leakage into the 

home can result in substantial increase in energy use for 

both heating and cooling depending on climate zone. 

As suggested by Figure 5, in climate zones 1 through 4, 

air leakage at 7 or 8 ACH50 can be complaint with 

energy code with the high efficiency equipment trade-

offs.  Climate zones 5 through 8 would pass at 5 ACH50 

which is the maximum allowed envelope leakage for the 

2021 IECC.  

 

Figure 5 The impacts of envelope air tightness 

(ACH50) degradation  

Cost Analysis 

Table 8 illustrates that while the changes in annual 

energy and present value of energy cost from those of the 

2021 IECC baseline for the envelope degradation and 

high efficiency equipment/PV measures are roughly 

equal, the envelope measures show higher lifetime 

changes due to their longer lifetimes.  The cost analysis 

results indicates that it is important to not gauge the 

effectiveness of equipment or envelope measures based 

solely on first costs or first year energy costs but by the 

lifetime value of the measure. In this case, the envelope 

measures have the better value and can also provide 

improved thermal comfort and moisture mitigation. 

Conclusion 

If full trade-offs between the thermal envelope and high 

efficiency HVAC-DHW/PV equipment are allowed by 

code, installed costs are the only determining factor in 

choosing the efficiency measure to be implemented and 

lifetime costs or savings of the components are not 

accounted for.  Costs or efficiency of replacements and 

measure lifetimes are not part of the equation. 

Insulation has a lifetime of 40 or more years while 

residential HVAC/DHW equipment has a lifetime of 

12-15 years and PV panels have a life of 25 years. Over 

the life of the home, HVAC/DHW equipment will be 

replaced several times while the insulation, if installed 

correctly and adequately, may never need replacing. In 

the case of full trade-off allowance, there is the 

possibility that a high efficiency HVAC/DHW system 

would be replaced with a federal minimum efficiency 

equipment, thus losing the efficiency benefit from the 

original equipment with a less efficient envelope. 

Viewing the lifetime energy and energy cost savings, 

the envelope would be a much more cost-effective 

approach for building energy efficiency. Thus it is 

imperative that envelope efficiency backstops remain in 

energy codes for performance-based compliance. 

Additionally, lifetime savings instead of annual savings 

may be considered as alternative compliance path 

(Thornton et al. 2015, Jonlin et al, 2016).   
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