Technical Appendix - Wedge Analysis

Explanation of Tabs

o Wedge: This tab contains the wedge graph, visually depicting incremental emission
reductions over the timeline analyzed.

e Table: This tab provides a structured summary of emission reduction data organized by
sector, year, and implementation scenario, enabling clear comparison against the BAU
scenario.

e Values: This tab exclusively houses numeric values for simplicity in presentation and ease
of calculation. It forms the basis for the "Table" tab but is not a direct replication of the
"Measures" tab. Notably, in cases where emission reduction potentials are set to zero, this
decision reflects an intentional suppression of measures whose combined effect would
otherwise exceed projected emissions for the relevant year. Measures demonstrating
relatively minor reduction potentials have thus been reduced to zero, while those with
significant potential have been retained to ensure total reductions do not surpass BAU
scenario emissions.

e Values Reorganized: This tab presents a restructured version of the original Values tab,
with emission reduction measures categorized to support the construction of the wedge
diagram.

e Measures: This tab originates from the "Current Measures" sheet within the GHG
Reduction Measures spreadsheet’. It includes specific emission reduction measures,
their associated emission categories, and anticipated GHG emission reductions for target
years 2030 and 2050. Calculations to estimate emissions reductions are primarily
conducted here, except where previously determined calculations from the "Calculations"
tab or other referenced documentation are utilized. Detailed calculation methodologies are
discussed in subsequent sections.

e 2022Inventory: This tab contains baseline data drawn directly from the Cleveland-Elyria
MSA BAU (Business-As-Usual) Scenario file?, serving as the foundational reference
scenario for the analysis.

Methodological Assumptions

A key methodological assumption underlying this analysis is that reductions in GHG emissions
will occur linearly across two distinct stages: the first stage from the current year (2026) to 2030,
and the second stage from 2031 to 2050. Under this approach, annual emission reductions within
each stage are uniformly distributed. Emission reduction calculations follow this general formula:

" GHG Reduction Measures, GHG Reduction Measures
2 Updated Cleveland-Elyria MSA BAU Scenario (1), Updated Cleveland-Elyria MSA BAU Scenario
(1).xlsx



https://docs.google.com/spreadsheets/d/1INp3ghLBvtyWFipI4xMzG91bum7RojiwbGz8q77h7Ts/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1plPhzZr1aLJICDoEf2_leaERpPssM4uM/edit?usp=sharing&ouid=109896497694525283158&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1plPhzZr1aLJICDoEf2_leaERpPssM4uM/edit?usp=sharing&ouid=109896497694525283158&rtpof=true&sd=true

Annual Emission Reduction = Baseline Emission * (Progress within
Stage (year) / Total Years in Stage * Reduction Percentage or Specified
Numeric Target
Examples

o Percentage-Based Reduction: For the measure "Community enrollment in renewable
energy CCA," the projected reduction for 2030 is stated as "100% of residential electricity
emissions" To compute the emission reduction for the year 2026 (the first year in a five-
year stage), the calculation is as follows:

2775682 (2022 Residential Electricity Emissions) * 1/5 (First year fraction) * 100% = 555136

e Numeric-Target Reduction: For the measure "BEV/FCEV adoption of light-duty vehicles,"
where reductions are provided as absolute numeric targets rather than percentages, the
2026 calculation is:

494123 (Projected Emission Reduction in 2030) * 1/5 (First year fraction) = 98825

List of Measures Using Similar Approach
The following measures utilize the same stage-based calculation methodology described above:

e 3 C1-1 Community enroliment in renewable energy CCA

e 3 C2-1 Intelligent grid management systems (R)

e 3 C2-2 Grid-scale power systems modernization (R)

e 3 C3-1 Convert lighting to energy efficient light-emitting diode (LED) light bulbs (R)
e 3 C1-3 Physical PPA (Commercial)

e 3 C2-1 Intelligent grid management systems (C)

e 3 C2-2 Grid-scale power systems modernization (C)

e 3 C3-1 Convert lighting to energy efficient light-emitting diode (LED) light bulbs (C)
e 3 C1-3 Physical PPA (Industrial)

e 5 C1-4 Energy Efficient Equipment

e 5 C1-1 Energy audits

o 3 C2-1 intelligent grid management systems (I)

o 3 C2-2 Grid-scale power systems modernization (I)

e 3 C3-1 Convert lighting to energy efficient light-emitting diode (LED) light bulbs (I)
e 5 C3-3 Electrify machine drives in synergy with grid decarbonization (Electricity)

o 5 (C2-2 Use lower GWP gases for anesthetics (Electricity)

e 5 C1-2 Waste heat recovery and utilization systems (Electricity)

e 5 (C1-5 Automation (Electricity)

o 5 C3-1 Electrification of industrial process heat in synergy with grid development

e 5 C3-3 Electrify machine drives in synergy with grid decarbonization (Non Electricity)
e 5 (C2-2 Use lower GWP gases for anesthetics (Non Electricity)

o 5 (C1-2 Waste heat recovery and utilization systems (Non Electricity)

e 5 C1-5 Automation (Non Electricity)



e 5 (C3-2 Replace BF-BOF system at Cleveland Works with a green steel alternative

e 5 (C4-1 Carbon capture at Cleveland Works w/ geologic sequestration

e 6 C1-8 Advance the use of sustainable aviation fuel at regional airports

e 6 C1-9 Advance the use of sustainable liquid and gaseous fuels at regional maritime ports

e 6C1-1/5/6 Expand BEV charging and FCEV fueling infrastructure

o 6C1-2/7 BEV adoption in government fleets

e 6 C1-3 BEV adoption of light-duty passenger vehicles by households

e Added BEV/FCEV adoption of medium and heavy-duty vehicles by fleets

e 6 C2-2 Expand networks of protected bike lanes, off-street trails, and lane conversions

e 6 C2-3 Increase density and mix of uses around transit stations and BRT stops

e 5 (C3-2 Replace BF-BOF system at Cleveland Works with a green steel alternative

e 5 C4-1 Carbon capture at Cleveland Works w/ geologic sequestration

e 5 C4-2 Cement making carbon capture

e 7 C1-1 Install gas capture systems for landfill gas

e 7 C1-2 Restaurant and grocery food waste reduction/composting program

e 7 C1-3 Add compost bins to public facilities, parks, and sports stadiums to divert organic
waste from land fills

e 7 C1-4 Support composting and food waste reduction with organic waste diversion from
landfills

e 7 C2-1 Post incineration scrubbers installed at wastewater treatment facilities with
fluidized bed incinerators

e 7 C3-1 use climate friendly refrigerants

e 7 C3-2End of equipment life facilities, dropoff/collection programs to ensure proper
containment of refrigerants

e 8 C1-2 Expand Wetland Restoration Programs

o 8 C2-1 Reforest agriculture lands no longer in use

Methodology for Addressing Redundancy

As previously demonstrated, some measures are represented by multiple entries within this
analysis. This redundancy is intentional, as certain measures have cross-sectoral impacts,
spanning the residential, commercial, and industrial domains. For instance, Intelligent Grid
Management Systems are projected to reduce electricity-related emissions by 2% by 2030, an
effect that is realized across all three sectors.

To prevent both double counting and overestimation, these measures are evaluated
independently within each sector. Emissions data are further disaggregated into electricity-related
and non-electricity-related categories. Accordingly, annotations are provided after each measure
to denote the relevant sector(s), Residential (R), Commercial (C), and Industrial (l), as well as the
distinction between Electricity and Non-Electricity emissions.

The following is a list of these cross-sectoral measures, along with their corresponding sectoral
and emission-type annotations.



3 C2-1 Intelligent grid management systems (R)

3 C2-2 Grid-scale power systems modernization (R)

3 C3-1 Convert lighting to energy efficient light-emitting diode (LED) light bulbs (R)
3 C1-3 Physical PPA (C)

3 C2-1 Intelligent grid management systems (C)

3 C2-2 Grid-scale power systems modernization (C)

3 C3-1 Convert lighting to energy efficient light-emitting diode (LED) light bulbs (C)
3 C1-3 Physical PPA (I)

3 C2-1 Intelligent grid management systems (I)

3 C2-2 Grid-scale power systems modernization (I)

3 C3-1 Convert lighting to energy efficient light-emitting diode (LED) light bulbs (1)
5 C3-3 Electrify machine drives in synergy with grid decarbonization (Electricity)

5 C2-2 Use lower GWP gases for anesthetics (Electricity)

5 C1-2 Waste heat recovery and utilization systems (Electricity)

5 C1-5 Automation (Electricity)

5 C3-3 Electrify machine drives in synergy with grid decarbonization (Non Electricity)
5 C2-2 Use lower GWP gases for anesthetics (Non Electricity)

5 C1-2 Waste heat recovery and utilization systems (Non Electricity)

5 C1-5 Automation (Non Electricity)

Measures with Distinctive Methodologies

3 C4-9 District thermal energy system, 3 C4-1 Utility-scaled solar (in-region), 3 C4-9
Geothermal electricity generation, and 3 C4-10 Offshore wind: One-third of the reduction
potential attributed to these measures has been allocated to the residential sector to
address non-electric emissions. The remaining reduction potential is assigned to non-
electric emissions in the commercial sector.

5 C3-2 Replace BF-BOF system at Cleveland Works with a green steel alternative & 5
C4-1 Carbon capture at Cleveland Works w/ geologic sequestration: Cleveland Cliffs
operates independently from the broader industrial sector; thus, its emission reduction
measures are not shared with other industrial sources. Consequently, the reductions for
the remainder of the industrial sector are calculated as the difference between the overall
sectoral emissions and those attributable to Cleveland Cliffs. The projection for Cleveland
Cliffs is a 90% reduction in stationary combustion emissions by 2040, followed by the
adoption of green steel technologies to achieve net zero. Remaining emissions,
categorized as process and fugitive, are assumed to follow a similar reduction trajectory.
Carmeuse Lime, another significant source of process and fugitive emissions, follows the
same methodological approach, but its implementation timeline extends from 2031 to
2050, as opposed to the two distinct periods of 2026—-2030 and 2031-2050.

7 C1-2 Restaurant and grocery food waste reduction/composting program, 7 C1-3 Add
compost bins to public facilities, parks, and sports stadiums to divert organic waste from
land fills, and 7 C1-4 Support composting and food waste reduction with organic waste



diversion from landfills: The projected emissions reductions from these combined waste
management measures are represented by a single numerical value and are modeled
using a linear assumption. As such, annual reductions form an arithmetic progression
throughout the projection period.

7 C3-1 use climate friendly refrigerants & 7 C3-2 end of equipment life facilities,
dropoff/collection programs to ensure proper containment of refrigerants: Both measures
target emission reductions in the HFC sector and are highly overlapping in scope.
Therefore, only the maximum reduction potential of either measure is considered in
projection calculations to avoid double counting.

5 C4-3 Regional Direct Air Capture, 8 C1-1 Habitat Restoration, 8 C3-1 Tree carbon-
capture, 8 C3-3 Expand agriculture practices, and 8 C3-5 Land bank set-asides for carbon
storage: These carbon sequestration measures each have a fixed annual reduction value,

which remains constant throughout the implementation stages.

Directly Sourced Data

In certain cases, the figures presented are directly sourced from existing calculations. The table
below details each measure along with its corresponding source, cited after each entry.

3C4-3 Residential rooftop solar Calculations tab under GHG Reduction
Measures13
4 C11 Increasing Retrofit Envelope 4 C1-1 Retrofit_Annualized tab under GHG
Efficiency Reduction Measures_Comm+Resid4*
4 C1-2 Building System Electrification (Deep | 4 C1-2 Electrification Annualized tab under
Retrofit) GHG Reduction Measures_ Comm+Resid
4 C2-1 Implement the latest state adopted 4 C2-1 Code Implementation tab under
building standards & codes (R) GHG Reduction Measures_ Comm+Resid
4 C4-2 Grid-Coordinated Demand 4 C4-2 Active Energy Adjustment for Grid
Response & Load Shaping (R) Support (Demand Response) under GHG
Reduction Measures_ Comm+Resid
3 C4-9 District thermal energy system Calculations tab under GHG Reduction
Measures
3C4-4 Commercial-scale rooftop & parking [ Calculations tab under GHG Reduction
lot solar Measures
3 C4-1 Utility-scaled solar (in-region) Calculations tab under GHG Reduction
Measures
3C2-3 Community-serving microgrid and Calculations tab under GHG Reduction
minigrid systems Measures

3 GHG Reduction Measures,GHG Reduction Measures
4 GHG Reduction Measures_Comm+Resid, GHG Reduction Measures Comm-+Resid.xIsx



https://docs.google.com/spreadsheets/d/1INp3ghLBvtyWFipI4xMzG91bum7RojiwbGz8q77h7Ts/edit?usp=sharing
https://docs.google.com/spreadsheets/d/12BV3DfvWwwyX6gmpSXjH8G8I8MIHymNE/edit?usp=sharing&ouid=109896497694525283158&rtpof=true&sd=true

3C24

District or utility-scale battery storage
- short duration (<4 hrs)

Calculations tab under GHG Reduction
Measures

3 C4-6 District or utility-scale battery storage | Calculations tab under GHG Reduction
- Long duration (>10 hrs) Measures

3 C4-9 Geothermal electricity generation Calculations tab under GHG Reduction
Measures

3 C4-10 | Offshore wind Calculations tab under GHG Reduction
Measures

3 C4-8 New Nuclear at Perry Calculations tab under GHG Reduction

Measures




Technical Appendix — Clean Electricity

Residential Rooftop Solar Recommendations:

Starting with the Greenlink report from 2021, which had suggested an adoption rate of 52 kw/yr
for the city of Cleveland for rooftop residential solar, and considering this resource, Standard
Solar Panel Sizes And Wattages (100W-500W Dimensions), we've arrived at some estimates
for rooftop solar.

If one estimates 17.25 watts per square foot, and a house with 200 sq ft of available roof space,
you come up with 3.45kw installed. One would need only ~15 houses a year of rooftop solar
added to meet the Greenlink ACES scenario for the City of Cleveland. (Greenlink report is
specific to the City of Cleveland).

This page is also useful to come up with daily / monthly and annual calculations,
How Much Power Does A 5kW Solar System Produce Per Day, Month, Year? In addition to
PVWatts site.

The 52kw number is puzzling - unless for a low adoption scenario. In reading further in the
Greenlink report, in the MCE (most cost effective) scenario (page 37) 65% of residential solar
potential is met - that seems higher than 52kw/yr.

An important challenge with the scenarios in the Greenlink report is that they did not have to
reach net zero by 2050.

Therefore 2 scenarios are proposed, given different community typologies:

e 50kw installed / per year / per 1000 stand-alone houses (or 14 houses per 1000 per
year). That implies that after 25 years, ~350 homes have installed solar, covering ~1/3 of
their annual electricity needs (more with a battery and a home energy management
system), out of each 1000 stand-alone homes. (Established cities, legacy cities, 1st ring
suburbs)

e 100kw installed / per year / per 1000 stand-alone houses (or 28 houses per 1000). That
implies that after 25 years, ~700 homes have installed solar out of each 1000 stand-
alone homes. (outer ring suburban/ rural).

With single-family residence counts as follows:
e Cuyahoga County: 414,806
e Geauga County 43,444
e Lake County 77,532
e Lorain County 114,052
e Medina County 72,227
¢ Non-Cuyahoga County total: 307,255 - using this as a proxy for outer ring suburban
and rural


https://thegreenwatt.com/standard-solar-panel-sizes-and-wattages-dimensions/
https://thegreenwatt.com/standard-solar-panel-sizes-and-wattages-dimensions/
https://thegreenwatt.com/how-much-power-does-a-5kw-solar-system-produce-per-day/

¢ MSA total: 722,061
Please see the calculations sheet on the GHG Reduction Measures table.

Based on this approach, 14,392 houses per year would add a simple rooftop solar array, or
nearly 58 houses a day per workday for the year! Nearly 50 MW (49.6) of generation would be
installed each year.

For a point of comparison, California lists 1,561,807 residential solar projects®. With nearly all of
those built in 2008 and later, the average of over 86,767 residences adding solar a year speaks
to the size of the industry. Of course, capacity to install solar has grown and scaled;

California was already adding over 50MW of installed residential capacity per year in 2009, but
added 1.9 GW of rooftop solar in 2023.

Commercial Rooftop / Parking Solar Recommendations:

If one continues to use 17.25 watts per square foot of solar panel, and a building with 1000 sq ft
of available roof space, you come up with 17.25kw installed. So it would only take ~8
buildings/schools a year of rooftop solar added to meet 150kw of solar installed, as estimated by
Greenlink. This page is also useful to come up with daily / monthly and annual calculations.

A proposed scenario of: 150kw installed / per year / per 300 stand-alone commercial /
businesses/ schools / mercantile establishments. That implies that after 25 years, ~200 out of
the 300 buildings have installed solar.

Using the “Commercial + Education” Building Occupancy classification, we have counts as
follows:

e Cuyahoga County: 17,053

e Geauga County 2,138

e Lake County 4,536

e Lorain County 8,470

e Medina County 4,216

e MSA total: 36,413

Based on the counts above, and assuming that commercial properties are more alike from one
community to the next than residential units, 8 buildings adding solar per year per 300 buildings
translates to 970 buildings per year, with approximately 16.7 MW of solar added each yer.

A key challenge confronting the energy sector is how to deal with peak loads. Per the NERC
2024 Long-Term Reliability Assessment, peak summer periods generally only last for a few
hours; however, winter peak loads can persist for 48 hours or longer. The extended duration or

5 https://www.californiadgstats.ca.gov/charts/



https://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/NERC_Long%20Term%20Reliability%20Assessment_2024.pdf
https://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/NERC_Long%20Term%20Reliability%20Assessment_2024.pdf
https://www.californiadgstats.ca.gov/charts/

winter peak events “has significant implications for the reliability contribution of energy-limited
and non-dispatchable resources.” (NERC, 2024, P 17)

Additionally, NERC notes that for the PJM area, “on-peak reserve margins fall below the
Reference Margin Levels (RML) (the levels required by jurisdictional resource adequacy
requirements) beginning in 2034. (NERC 2024, P 8)

Long Duration Energy Storage Systems:

With few long-duration energy storage systems (over 10 hours storage) in place, there is a
dearth of information as to the emissions reduction potential of such systems. The following 4
articles suggest a framework within which we might estimate such reductions. Collectively, they
note that emissions reductions are greatest when paired with abundant renewable energy, when
charged and discharged through optimized control management systems by a district or utility-
scale operator, and at peak demand when replacing electricity that would otherwise come from
the most polluting generation sources.

1. Benchmarking and contribution analysis of carbon emission reduction for renewable
power systems considering multi-factor coupling - ScienceDirect

2. Quantifying the carbon footprint of energy storage applications with an energy system
simulation framework — Energy System Network - ScienceDirect

3. The carbon footprint of island grids with lithium-ion battery systems: An analysis based
on levelized emissions of energy supply - ScienceDirect - this one is imperfect for our
MSA, but might be useful as we consider isolation of different factors.

4. A Quantitative Method of Carbon Emission Reduction for Electrochemical Energy
Storage Based on the Clean Development Mechanism

If a utility within the MSA built a 200MW / 2000MHw (10 hour) system by 2045, and if our range
of emissions reductions ranged from 17% to 37% (using the 17-37% emissions reduction range
from article 2), with an average of 27% - which | interpret to mean that the MWH are replacing
GHG emitted electrons, and that the % would be of the M\Wh, then we could calculate the
reduction. In the absence of other information, using 27% as the equivalent of a capacity factor
for such technology allows an estimate of kwh discharged, and therefore of emissions reduced.
2045 is selected, as a time when sufficient offshore wind would be available to support the
charging of a long-duration battery during periods when excess electricity is generated.

The 27% is also used as the capacity factor for 4 hour energy storage systems under grid
modernization.


https://www.sciencedirect.com/science/article/pii/S0360544224014476
https://www.sciencedirect.com/science/article/pii/S0360544224014476
https://www.sciencedirect.com/science/article/pii/S0196890424001493
https://www.sciencedirect.com/science/article/pii/S0196890424001493
https://www.sciencedirect.com/science/article/pii/S1364032121006390
https://www.sciencedirect.com/science/article/pii/S1364032121006390
https://www.mdpi.com/2227-9717/12/11/2472
https://www.mdpi.com/2227-9717/12/11/2472

Technical Appendix — Calculation Methods for
Commercial and Residential Buildings

C1-1 Energy efficiency Retrofit: Envelope Efficiency

Assumptions:

Commercial buildings assumptions
1.
2.
3.

Residential buildings assumptions
1.

Total commercial floor area by 2050: 70 million ft2 (median estimate)
By 2030, the floor area to be retrofitted is 30% (21 million ft2).
Energy efficiency upgrade cost: $13.50 per ft? (adjusted from national $15/ft? using

~90% regional cost factor)

Annual energy savings:

Scenario Energy Savings GHG Reduction
($/ft2lyear) (kgCO,e/ft?/year)
Full (Deep retrofit) $1.50 10
No HVAC/Lighting $0.75 5
Envelope-only $0.60 4
The Cost of Retrofit Scenarios:
Scenario Cost of Retrofit
Full retrofit: $55/4t2
No HVAC/Lighting: $30/4t2
Envelope-only: $17.50/ft2

Annual CO.,e emissions reductions per ft% 6 kg CO,e/ft? (national average energy
savings emissions factor for mixed electricity/fossil energy end uses)

Number of homes renovated by 2050: 150,000 (based on age groups provided)
1. 100,000 homes that are 50 years or older.
2. 30,000 homes that are 40-50 years old.
3. 20,000 homes that are 30-40 years old.
Energy efficiency upgrade cost per home: $9,000 (adjusted from national $10,000/home

using ~90% regional cost factor)

Annual energy savings (based on typical 20-30% savings from average residential
energy bills in Climate Zone 5A):

Scenario Energy Savings GHG Reduction
($unit/year) (kgCO.elft?lyear)

Full (Deep retrofit) $1,200 10

No HVAC/Lighting $600 5

Envelope-only $550 4

The Cost of Retrofit Scenarios:

| Scenario

| Cost of Retrofit




Full retrofit: $55/1t2
No HVAC/Lighting: $30/4t2
Envelope-only: $17.50/ft

6. Annual CO,e emissions reductions per home: 2.5 metric tons CO,e/home (midpoint
estimate based on US DOE residential retrofit studies)

Calculation assumptions
o Simple payback period: Total cost + annual savings (no discount)
e Emissions reduction calculations:
o Commercial: 70 million ft2 x 6 kg CO,e/ft> = 420,000 metric tons CO.e reduced
per year
o Residential: 150,000 homes x 2.5 metric tons CO,e = 375,000 metric tons CO,e
reduced per year
o No utility incentive reductions applied in base calculations (would lower net costs and
payback if included).
e No operational maintenance savings or rebound effects were included.

Narrative

The cost-benefit analysis and payback period (PBP) were calculated by first estimating the total
investment cost, determined by multiplying the total building area or number of units by the cost
per square foot or per unit for energy efficiency upgrades. For commercial buildings, this
equates to 70 million square feet multiplied by $13.50 per square foot, resulting in a total cost of
$945 million. Annual energy savings were calculated by multiplying the same total area by the
annual savings per square foot ($1.35), giving $94.5 million in annual savings. For residential
buildings, the calculation used 150,000 homes, each with a cost of $9,000, resulting in a total
cost of $1.35 billion. Additionally, 150,000 homes, each with a cost of $600, resulted in $90
million in annual savings.

The payback period (PBP) was determined by dividing the total investment cost by the annual
savings, indicating the number of years it would take for the savings to recover the initial
investment. For commercial buildings, this results in a 10-year payback, and for residential
buildings, a 15-year payback. In terms of CO,e emissions reductions, assuming average
commercial building emissions reductions of 6 kg CO.e per ft2 annually, total commercial
savings would reach approximately 420,000 metric tons of CO,e reduced each year. For
residential buildings, with typical savings of 2-3 metric tons CO.,e per home annually, total
reductions would be approximately 375,000 to 450,000 metric tons of CO,e per year,
contributing significantly to regional decarbonization targets alongside financial benefits.

Resources

1. Sources for commercial building assumptions

e Cost of commercial energy efficiency upgrades ($15/ft2 national average):
o U.S. Department of Energy (DOE). “Commercial Building Energy Efficiency
Retrofit Analysis.”
o ACEEE (American Council for an Energy-Efficient Economy). “Guide to
Energy Efficiency Upgrades for Commercial Buildings.”
e Regional cost adjustment (~90% of national average):



o RSMeans Construction Cost Index (Cleveland regional adjustment factors).

o Turner Construction Cost Index — Cleveland market reports.
e Annual energy savings ($1.5/ft2 national average):

o DOE Building Energy Data Book.

o ASHRAE Advanced Energy Design Guides for Office and Retail Buildings.
e Commercial CO,e emissions reduction factor (6 kg CO,e/ft?):

o U.S. EPA ENERGY STAR Portfolio Manager Technical Reference.

o DOE eGRID emissions factors (2023).

2. Sources for residential building assumptions

e Cost of residential whole-home energy efficiency upgrades ($10,000/home national
average):
o DOE Weatherization Assistance Program Technical Briefs.
o ACEEE “Residential Retrofit Programs: Best Practices.”
e Regional cost adjustment (~90% of national average):
o RSMeans Residential Cost Data for Midwest/Ohio regions.
e Annual residential energy savings ($500—-700/home):
o EIA Residential Energy Consumption Survey (RECS).
o DOE Home Energy Saver Pro Tool and national retrofit studies.
¢ Residential CO,e emissions reduction (2-3 metric tons CO,e/home):
o DOE Better Buildings Residential Network.
o U.S. EPA Carbon Footprint Calculator and regional emissions factors.

3. General references

¢ Climate zone and heating-cooling balance data:
o ASHRAE Climate Zone Maps (Cleveland is Zone 5A).
o NOAA Heating Degree Day and Cooling Degree Day data for Cleveland-
Elyria.
o Electricity and natural gas prices (Ohio averages):
o U.S. Energy Information Administration (EIA), Electricity Data Browser and
Natural Gas Annual.

C1-2 Energy Efficiency Retrofit: Electrifying Building Systems

Assumptions
1. General Assumptions
Category Assumption Notes
Measurement Electrification + energy efficiency + solar Full retrofits including HVAC,
Scope PV for 130,000 homes (100,000 pre-1975 | appliances, lighting, and
+ 30,000 from 1975-1985) electrical upgrades
Retrofit period: 2026—2050 Linear distribution
Commercial buildings retrofitted: 800,000 Linear annual retrofits
ft2 by 2050

2. Cost Assumptions

| Category | Assumption | Notes




Home retrofit cost

$40,000-$50,000
per home

Includes air-to-air or ground-coupled heat pumps,
electrical upgrades, lighting, appliances, roof-
mounted solar PV

Commercial retrofit
cost

$80-$150 per ft2

HVAC upgrades, electrification, lighting, PV
integration

Solar PV installation
cost

~$2,500 per kW

Assumed for residential rooftop PV

Average PV system
size (residential)

5-8 kW

Based on typical roof area and household
electricity demand

3. Savings Assumptions

Category

Assumption

Notes

Annual savings per
home

$1,500-$2,000

Reduced heating/cooling energy from heat pumps
+ PV offset + efficient appliances and lighting

Annual savings per
ft2 commercial

$2-$3 per ft?

Reduced heating/cooling + lighting energy + PV
generation benefits

PV generation benefit
(residential)

~1,000 USD per
year

From 6,000-8,000 kWh generation x $0.14/kWh

4. Financial Assumptions

Category

Assumption

Notes

Discount rate

3-5%

For NPV evaluation in full cost-
benefit analysis

Electricity cost
inflation rate

~2% per annum

Escalation factor for long-term
savings evaluation

Tax credits / subsidies

Not included in base simple

Inclusion would reduce payback

payback period
5. Operational Assumptions
Category Assumption Notes
Retrofit 100% of retrofitted homes electrified | Linear ramp-up from 20% by
completion target | by 2050 2030
Technology High-efficiency electric appliances Based on current heat pump
performance and heat pumps with typical performance data for Cleveland
seasonal COP of ~3—4 climate zone
Maintenance Not included in simple payback To be included in full lifecycle
savings or costs CBA
6. Payback Period Specific Assumptions
Category Assumption Notes
Calculation Simple payback period: Initial Does not consider discounting
approach Investment / Annual Savings future cash flows in simple model
Time horizon Payback computed for full recovery of | For CBA, NPV over 25-30 years
upfront cost by annual utility bill is recommended.
savings.

7. Exclusions

e Health co-benefits of electrification (indoor air quality improvement)
o Grid decarbonization benefits or avoided gas infrastructure costs.
e Financing structure (e.g., PACE loans, green bonds)




Narrative

The cost-benefit analysis of electrifying homes and commercial buildings in the Cleveland-Elyria
MSA from 2026 to 2050 demonstrates significant long-term societal and economic benefits. The
retrofit plan targets 130,000 homes and 800,000 square feet of commercial space, replacing
inefficient HVAC systems, gas furnaces, boilers, appliances, and lighting with high-efficiency
electric systems and heat pumps, along with the installation of roof-mounted solar panels. The
estimated annual CO.e reduction is approximately 19,280 metric tons (18,960 from residential
retrofits and 320 from commercial retrofits). Using the EPA’s 2023 Social Cost of Carbon
estimate of $190 per ton, this translates to an annual societal benefit of over $3.66 million,
accumulating to more than $91 million by 2050 (undiscounted). These benefits include avoided
climate damage, improved public health due to reduced emissions from combustion, and
enhanced regional energy security.

The payback period analysis Indicates that the simple payback for residential retrofits Is
approximately 20-23 years, considering an average upfront investment of $45,000 per home
and annual utility bill savings of around $2,000 from heat pump efficiency, electrification, and
solar PV offsets. For commercial buildings, the simple payback period is longer, ranging from 40
to 50 years, driven by higher per-square-foot retrofit costs relative to direct utility savings.
However, when incorporating the monetized CO,e reduction benefits, along with potential utility
incentives, tax credits, maintenance savings, and health co-benefits, the overall societal
payback period is substantially shortened. This integrated analysis supports the case for
aggressive electrification policies, demonstrating that although upfront investments are
substantial, long-term environmental, social, and economic benefits outweigh the costs,
advancing decarbonization goals while reducing regional climate vulnerability.

Resources

1. U.S. Environmental Protection Agency (EPA).
“Technical Support Document: Social Cost of Carbon, Methane, and Nitrous Oxide — Interim
Estimates under Executive Order 13990.”
December 2023.
EPA Social Cost of Greenhouse Gases
2. U.S. Department of Energy (DOE).
“Residential Energy Consumption Survey (RECS) 2020.”
For typical home energy use, retrofit savings potential, and HVAC system performance data.
DOE RECS 2020
3. National Renewable Energy Laboratory (NREL).
“Cost and Performance Data for Residential Buildings: Building America Research
Benchmark.”
For retrofit and PV installation cost assumptions.
NREL Cost Data
4. Interagency Working Group on Social Cost of Greenhouse Gases (IWG).
“Technical Update of the Social Cost of Carbon for Regulatory Impact Analysis under
Executive Order 12866.”
February 2021.
IWG SCC Estimates
5. U.S. Department of Energy (DOE) Solar Energy Technologies Office.
“Residential Solar PV Cost Benchmark: Q1 2023.”



https://www.epa.gov/environmental-economics/social-cost-greenhouse-gases
https://www.eia.gov/consumption/residential/
https://www.nrel.gov/docs/fy14osti/60916.pdf
https://www.whitehouse.gov/wp-content/uploads/2021/02/TechnicalSupportDocument_SocialCostofCarbonMethaneNitrousOxide.pdf

For rooftop PV installation cost per kW.

DOE PV Benchmark

6.

ASHRAE Standard 90.1 and Building Decarbonization Coalition reports.

For HVAC electrification savings ranges in Midwestern climates.

7.

California Public Utilities Commission (CPUC).

“Heat Pump Market Transformation Plan.”
For assumptions on heat pump performance, costs, and utility bill savings.

C2-1 High-performance new construction: Building Code Adoption

Assumptions

1. Residential Sector Assumptions

Parameter Value Source / Notes

Total new homes (2026-2050) 100,000 units | Scenario input

Annual new homes built ~4,000/year | Even distribution over 25 years

Base annual energy use/home 12,000 kWh | Regional average home electricity use

Energy cost per kWh $0.13 Northeast Ohio residential average

High-performance energy savings | 30% Target improvement over the code

Inspection cost/home $900 DOE & ICC estimates

Admin/permit cost/home $600 Local and national blended average

Total code enforcement cost/home | $1,500 Inspection + admin

2. Commercial Sector Assumptions

Parameter Value Source / Notes

Total new commercial floor area 70.6 million ft2 Scenario input

(2026—2050)

Annual new commercial area ~2.8 million Even distribution over 25 years

ft?/year

Average building size 25,000 ftz Based on CBECS, LoopNet, and
regional estimates

Base annual energy use 3.0 kWwh/ft? Your input for the commercial
baseline

Energy cost per kWh $0.13 Regional average commercial rate

High-performance energy savings | 30% reduction Policy target

Resulting energy use 2.1 kWh/ft?/lyear | 3.0 x (1 —0.30)

Inspection cost/ft? $1.00 DOE, ICC, Urban Green Council
range

Admin/permit cost/ft? $0.75 DOE & ICC estimates blended

Total code enforcement cost/ft? $1.75 Inspection + admin

3. Carbon Emissions Assumptions

Parameter

Value

Source / Notes

Emission factor

0.92 kg CO,e/kWh

EPA eGRID average for Ohio

Conversion to tons

Divide by 1000

kg to metric tons

4. Payback Calculation Assumptions

Parameter

Value Notes

Annual energy cost savings/ft? (commercial)

$0.117 | (3—-2.1) x $0.13



https://www.nrel.gov/docs/fy23osti/83502.pdf

Upfront implementation cost/ft? $1.75 Enforcement + permitting
Simple payback period ~15 years | $1.75 + $0.117

5. General Assumptions
e Linear adoption ramp from 30% (2030) to 100% (2050).
e No discount rate or inflation adjustment (simple payback only).
o Excludes productivity, health, resilience, or tax incentives.
e No assumed changes in grid emissions factor by 2050.

Narrative

The cost-benefit analysis for implementing high-performance building codes in the Cleveland—
Elyria MSA reveals substantial long-term environmental and economic gains. For residential
buildings, assuming 100,000 new homes by 2050 with each achieving a 30% reduction in
energy use over the baseline of 12,000 kWh/year, the annual savings per home reach 3,600
kWh. With an electricity cost of $0.13/kWh, this equates to $468 in annual energy cost savings
per home. Commercial buildings, modeled with a baseline energy use of 3.0 kWh/ft? and a 30%
reduction to 2.1 kWh/ft?, yield annual savings of 0.9 kWh/ft?. Across an estimated 70.6 million ft?
of new commercial space, this results in substantial energy cost reductions. Importantly, the
total carbon emissions reduction is significant: using an emission factor of 0.92 kg CO,e/kWh,
the residential sector alone avoids over 331,200 metric tons of CO,e annually (calculated as
100,000 homes x 3,600 kWh/home x 0.92 kg CO,e/kWh + 1000). Similar scaled reductions in
the commercial sector further amplify the decarbonization impact for the region.

The simple payback period analysis demonstrates the economic feasibility of these code
upgrades. For commercial buildings, the upfront implementation and enforcement cost is
estimated at $1.75/ft2, with annual energy cost savings calculated at approximately $0.117/ft2.
This results in a simple payback period of around 15 years (1.75 + 0.117). For residential
buildings, with an enforcement cost of $1,500 per home and annual savings of $468, the
payback period is just over 3 years. These results underline that, despite the moderate initial
costs for code implementation and enforcement, the long-term operational savings and
significant emissions reductions position high-performance building standards as a financially
and environmentally responsible strategy for advancing the Cleveland—Elyria MSA’s
decarbonization and climate goals by 2050.

Resources

1. Energy Use and Building Data
e Residential baseline energy use: 12,000 kWh/home/year
o Source: U.S. Energy Information Administration (EIA) — Residential Energy
Consumption Survey (RECS) for Midwest regions.
e Commercial baseline energy use: 3.0 kWh/ft?/year
o Source: Your provided input; aligns with regional averages in energy
benchmarking studies (EPA ENERGY STAR Portfolio Manager Data Trends).
2. Energy Cost
e Electricity cost (residential and commercial): $0.13/kWh
o Source: U.S. Energy Information Administration (EIA), Ohio Electricity Profile
(average between residential and small commercial rates).
3. Building Construction and Floor Area Estimates
o Total new residential units (2026—2050): 100,000 units
e Total new commercial floor area (2026—2050): 70.6 million ft



o Source: Scenario assumptions based on your decarbonization planning inputs
and regional development forecasts.
4. Carbon Emissions Factor
e Emission factor: 0.92 kg CO,e/kWh
o Source: EPA eGRID regional emission factors for Ohio (reflecting a relatively
carbon-intensive grid mix).
5. Code Implementation & Enforcement Costs
¢ Residential code enforcement cost: $1,500 per home ($900 inspection + $600
admin/permit)
o Source: DOE Building Energy Codes Program, ICC cost studies, and regional
averages.
e Commercial code enforcement cost: $1.75/ft? ($1.00 inspection + $0.75 admin/permit)
o Source: DOE Building Energy Codes Program, International Code Council (ICC)
reports, Urban Green Council stretch code implementation reports.
6. Payback Calculation Methodology
e Simple Payback Period formula:
Upfront Cost

Annual energy Cost Savings

o Source: Standard financial analysis methodology in building energy economics
and policy assessments (ASHRAE Fundamentals; DOE Energy Efficiency
Financial Analysis Guidelines).

Payback Period =

C2-2 High-performance new construction: Smart Energy Management Systems (SEMS)

Assumptions

1. Building Stock Assumptions
e Total commercial building area (existing):
100 million ft2
e Percent renovated by 2050:
85% — 85 million ft? renovated.
e New commercial building area by 2050:
Median used: 70 million ft?
e No residential buildings are included in the calculations.
2. Implementation Schedule
e New buildings with SEMS:
o 30% (21 million ft?) by 2030
o 100% (70 million ft?) by 2050
e Renovated buildings with SEMS:
o 30% (25.5 million ft?) by 2030
o 85% (72.25 million ft?) by 2050
e Linear adoption rate within each policy phase.
3. Cost Assumptions
e New construction SEMS cost: $2.50/ft?
¢ Renovation SEMS cost: $3.00/ft?
e Source:
o US DOE Better Buildings Alliance
o Lawrence Berkeley National Laboratory (LBNL)
o ACEEE Commercial Sector Technical Briefs
o ASHRAE standards



4. Savings Assumptions
e Annual dollar savings: $1.25/ft?/year
o Based on average EMS energy savings and operational efficiency
improvements.
o Electricity price for conversion to kWh: $0.12/kWh (EIA regional average)

e Calculated energy savings: 3—2 = 10.42 kWh/ft2. yr

5. CO,e Savings Assumptions
o Direct CO,e savings per ft? (efficiency gains): 0.005 metric tons/ft*/year
o Electricity grid emissions factor: 0.45 kg CO,e/kWh (EPA eGRID PJM regional average)
e CO,e conversion: kgC0,, = kWh saved x 0.45
6. Payback Calculation Assumptions
e Simple payback formula: Cost / Annual savings

e No discounting or inflation (simple payback only)
e No incentives or rebates included (conservative estimate)
o Immediate full upfront cost in the year of installation
¢ Annual savings remain constant over time.
Narrative

A comprehensive cost-benefit analysis was conducted to evaluate the implementation of Smart
Energy Management Systems (SEMS) in all new and renovated commercial buildings across
the Cleveland-Elyria MSA region between 2025 and 2050. The analysis assumed a total
existing commercial area of 100 million ft? with 85% undergoing renovations by 2050, alongside
70 million ft2 of new construction. SEMS installation costs were estimated at $2.50/ft? for new
buildings and $3.00/ft? for renovated buildings, based on industry benchmarks from the US DOE
Better Buildings Alliance, LBNL, and ASHRAE. Annual operational savings were assumed to be
$1.25/ft?/year, translating to energy savings of approximately 10.42 kWh/ft?/year given an
average regional electricity price of $0.12/kWh. The adoption schedule targeted 30% of new
buildings and renovated areas by 2030, increasing to 100% for new and 85% for renovated
areas by 2050.

The payback period analysis demonstrated strong economic viability for SEMS investments in
the region. For new commercial buildings, the simple payback period was calculated to be 2.0
years. In contrast, for renovated buildings, it was 2.4 years, reflecting the rapid recoupment of
installation costs through reduced energy consumption and operational efficiencies. Additionally,
the use of SEMS was estimated to directly reduce carbon emissions by 0.005 metric tons CO,e
per ft2 annually, complemented by avoided emissions from energy savings, calculated using a
PJM regional grid emissions factor® of 0.45 kg CO,e/kWh. This combined effect yields
significant decarbonization benefits, supporting Cleveland-Elyria’s regional climate goals while
enhancing the financial sustainability of commercial buildings.

6 PJM stands for Pennsylvania-New Jersey-Maryland Interconnection, which is the regional transmission
organization (RTO) that coordinates the movement of wholesale electricity in all or parts of 13 states and
Washington, D.C., including Ohio (where the Cleveland-Elyria MSA is located).



Resources

1. Building Stock and Market Data
e US Energy Information Administration (EIA):
Commercial Buildings Energy Consumption Survey (CBECS) — regional commercial
floor area growth estimates and electricity prices.
2. Cost Estimates
e US DOE Better Buildings Alliance (2018—2021):
Reported EMS/SEMS installation costs in new construction ($1.50-$3.00/ft?).
e Lawrence Berkeley National Laboratory (LBNL):
Technical briefs and case studies on retrofit EMS costs ($2.50-$4.00/ft?) with advanced
controls integration.
e American Council for an Energy-Efficient Economy (ACEEE):
Commercial Sector Technical Briefs (2019) reporting retrofit smart controls costs
between $3.00-$4.50/ft2.
o ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers):
Guidelines for EMS/BMS cost ranges in commercial projects ($1.50-$3.50/ft2).
3. Savings and Performance
e US DOE Better Buildings Initiative:
Average annual energy savings for EMS/SEMS retrofits (~10-20% of energy use),
translated here to $1.25/ft?/year for conservative modeling.
4. Energy Price Assumptions
e USEIA (2023):
Average commercial electricity price for Ohio and PJM region used as $0.12/kWh.
5. Carbon Emissions Factors
e US EPA eGRID (2022 data):
PJM regional average emissions factor of 0.45 kg CO,e/kWh, reflecting the grid mix of
coal, gas, nuclear, and renewables in Ohio and neighboring states.
6. Calculation Methods and Definitions
o Standard engineering economics formulas:
o Simple payback period = Cost / Annual Savings
o Energy savings (kWh) = Dollar savings / Electricity price
o CO,e savings (kg) = kWh saved x Emissions factor

C3-1 Low-Embodied Carbon: Materials Substitution

Assumptions
1. Residential Assumptions
Variable Value Notes
Average unit area 2,000 ft2 Weighted average of single- and multi-family
units
Baseline embodied carbon 30 kgCO,e/ft2 | Source: EC3 database/CLF benchmarks,
intensity conservative estimate
Reduction potential (low- 25% From mass timber, low-carbon concrete, and
carbon strategy) recycled steel substitution
Construction cost per ft? $180 RSMeans regional average
Additional cost% % (low- 2% Mid-range estimate based on literature and
carbon materials) industry case studies
Social Cost of Carbon (SCC) | $50/MTCO,e | EPA mid-range estimate for 2025-2050




kg to MT conversion factor 1,000 kg =1 Standard Sl conversion

MT
2. Commercial Assumptions
Variable Value Notes
Baseline embodied carbon 40 kgCO,e/ft? | Source: EC3 database/CLF benchmarks,
intensity conservative estimate
Reduction potential (low- 25% From mass timber, low-carbon concrete, and
carbon strategy) recycled steel substitution
Construction cost per ft? $250 RSMeans regional average
Additional cost % (low- 3% Mid-range estimate based on literature and
carbon materials) industry case studies
Social Cost of Carbon $50/MTCO,e | EPA mid-range estimate for 2025-2050
(SCC)
kg to MT conversion factor | 1,000 kg = 1 Standard Sl conversion
MT
3. Payback Calculation Assumptions
Variable Value Notes
Payback period Additional cost / Standard financial metric
formula Annual SCC savings
SCC savings treated Yes Assumes CO,e reductions result in
as annual benefit equivalent annual avoided damage or
monetized savings
No operational energy | N/A Calculations only include embodied carbon
savings included material substitution impacts
No subsidy, rebate, or | N/A Conservative estimate without incentives
tax credit included

Narrative

We conducted the cost-benefit analysis for low-embodied carbon material substitution by first
estimating baseline embodied carbon intensities for residential and commercial construction in
the Cleveland-Elyria MSA. For residential units, we assumed an average unit size of 2,000 ft?
with a baseline embodied carbon intensity of 30 kgCO.e/ft?, resulting in 60,000 kgCO,e (60
MTCO.e) per house. Applying a 25% reduction potential (achievable through mass timber, low-
carbon concrete, and recycled steel strategies), each house achieves a CO,e reduction of
15,000 kg (15 MTCO,e). For commercial buildings, with a baseline intensity of 40 kgCO,e/ft?,
the reduction per square foot is 10 kgCO,e (0.01 MTCO.e). We calculated the additional cost of
implementing these strategies, estimated at 2% of the construction cost ($180/ft2) for residential
buildings and 3% of the construction cost ($250/ft?) for commercial buildings, resulting in $7,200
per residential unit and $7.50 per commercial square foot, respectively. These annual additional
costs were compared against the Social Cost of Carbon (SCC) savings derived by multiplying
CO.e reductions by an SCC value of $50 per MTCO,e.

To determine the payback period, we divided the additional cost by the annual SCC savings.
For residential units, annual savings equate to 15 MTCO,e x $50 = $750, yielding a payback
period of approximately 9.6 years ($7,200 / $750). For commercial buildings, annual savings per
ftz2 are 0.01 MTCO.e x $50 = $0.50, resulting in a payback period of 15 years ($7.50 / $0.50).
These calculations demonstrate that while low-embodied carbon materials incur significant




upfront costs, they provide measurable long-term environmental and societal benefits. However,
without a market carbon price or a direct monetization mechanism, the payback remains purely

societal rather than financial, highlighting the importance of policy incentives and carbon pricing

mechanisms in supporting adoption.

Resources

1. Embodied Carbon Intensity Data
e Carbon Leadership Forum (CLF) Embodied Carbon Benchmark Database
o Baseline embodied carbon intensities (residential: 30 kgCO,e/ft%, commercial:
40 kgCO,elft?)
o Source: CLF 2021 Embodied Carbon Benchmark Study
o carbonleadershipforum.org
e EC3 Database (Embodied Carbon in Construction Calculator)
o Used for cross-checking material-specific embodied carbon intensities (mass
timber, concrete, steel)
o Developed by Building Transparency
o buildingtransparency.org
2. Reduction Potential Data
o Literature Review on Mass Timber and Low-Carbon Concrete Impact
o Mass timber reduction potential ~20-35% (WoodWorks, 2021)
o Low-carbon concrete reduction potential ~10-20% (NRMCA, 2020)
o Recycled steel ~10-15% reduction (AISC Sustainability Report, 2020)
o For conservative modeling, a blended 25% reduction potential was used.
3. Construction Cost Data
e RSMeans Construction Cost Data (2023—2024 Editions)
o Residential average construction cost: $180/ft?
o Commercial average construction cost: $250/ft?
o Adjusted for regional Cleveland-Elyria market conditions and recent inflation.
4. Additional Cost Premium Estimates
5. Industry Case Studies and Meta-Analysis (CLF, WoodWorks, NRMCA)
Additional cost premium for low-carbon materials estimated at 2—3%
Source references:
WoodWorks Mass Timber Cost Evaluation Report (2021)
NRMCA Concrete Sustainability Report (2020)
o CLF Policy Briefs on Embodied Carbon Reduction Costs (2021-2022).
5. Social Cost of Carbon (SCC)
e U.S. EPA Technical Support Document on SCC (2023 Update)
o SCC mid-range estimate used: $50 per MTCO,e
o Reflects global damage estimates including health, agricultural, and climate
impacts.
o epa.gov
6. Conversion Factors
7. Standard Sl Conversions
o 1,000 kg = 1 metric ton (MT)
o Used for converting kgCO.e per ft2 to MTCO.e per ft? or per unit.
7. Policy Adoption and Construction Forecasts
1. Cleveland-Elyria MSA Regional Housing and Commercial Development Forecasts
o Total new residential units (2025-2050): 100,000
o Total new commercial area (2025-2050): 6575 million ft2 (median 70 million ft?)

O O O O


https://carbonleadershipforum.org/
https://www.epa.gov/environmental-economics/social-cost-carbon

o Source: Regional Planning Commission and U.S. Census building permit
projections (2022—-2023).
8. Methodological References
e CLF “Embodied Carbon Policy Toolkit” (2021) — for methodological approaches to
embodied carbon reduction analysis.
e EC3 User Guide and Technical Documentation (2020) — for embodied carbon calculation
methods and category-specific benchmarks.



C3-2 Low-Embodied Carbon: Modular and Prefabricated Construction

Assumptions

1. General Model Assumptions

Category Assumption Value / Source / Note
Analysis period Years analyzed 2025-2050 (annual basis)
Region Cleveland—Elyria MSA As specified in prompt

Annual new homes built

Constant per year

3,000 homes/year (median from
regional forecast)

Home size

Average unit size

2,000 ft? (final user specification)

Baseline construction
cost

Conventional build cost
per ft?

$150/ft2 (local market data)

Baseline build cost per
home

$300,000 (2,000 ftz x $150)

2. Modular / Prefabricated Construction Assumptions

Category Assumption Value / Source / Note
Incremental cost Modular/prefab vs. +5% (McKinsey Global Institute;
premium conventional NAHB general estimates)

Modular cost/home

Baseline x 1.05

$315,000 per home

Adoption rate

% of new homes built with
modular/prefab

Linear increase from 0% (2025) to
15% (2050)

3. Embodied Carbon Assumptions

Category

Assumption

Value / Source / Note

Embodied carbon per
home

Total embodied
carbon footprint

50 MTCO.e per 2,000 ft> home (approx. 250
kgCO,e/m? conservative literature average)

Reduction with
modular/prefab

% embodied carbon
savings

30% reduction (World Green Building Council,
2020; literature synthesis)

4. Operational Energy & Carbon Assumptions

Category

Assumption

Value / Source / Note

Baseline operational CO.,e

Annual CO,e from
energy use

6 MTCO,e/homel/year

performance

Reduction with high energy

% operational CO,e
savings

30% reduction from baseline

Annual utility cost baseline

Annual energy bill

$2,500-$3,000 average (EIA Ohio
residential data)

Operational energy cost
saving

Due to a 30% improved
performance

$800/year (approximate median
savings)

5. Economic Valuation Assumptions

Category Assumption Value / Source / Note
Social Cost of Carbon CO,e valuation $51/MTCO,e (EPA central estimate,
(SCC) 2021)

Embodied + operational
CO,e monetization

Only SCC-based societal savings are
included in prior outputs.




Payback period Based on direct owner | Excludes SCC in financial payback;
calculation utility savings includes only $800/year utility bill
savings

6. Adoption Schedule

Year Modular Adoption %

2025 0.0%

2030 5.0%

2040 10.0%

2050 15.0%

Other years | Linear interpolation between the above milestones

Key Exclusions / Conservative Factors
e Commercial buildings were excluded from this calculation.

o Financing costs of incremental capital investment are not modeled.

e Maintenance, durability, health, and productivity benefits were not included.

e No energy price escalation or discounting was applied (simple payback calculation).

¢ No embodied carbon intensity improvements over time were assumed in base runs.
Narrative

Implementing modular and prefabricated construction strategies for all new residential buildings
in the Cleveland—Elyria MSA between 2025 and 2050 shows clear environmental benefits with
moderate economic implications. Assuming an average unit size of 2,000 ft*> and a baseline
construction cost of $300,000 per home, adopting modular construction with a 5% cost premium
results in an incremental investment of approximately $15,000 per home. The adoption rate is
projected to increase linearly from 0% in 2025 to 15% by 2050, resulting in approximately 450
modular homes being added annually by the end of the study period. The embodied carbon
reduction achieved through modular construction is estimated at 30% compared to conventional
construction methods, resulting in a savings of 15 MTCO,e per home, while operational carbon
reductions from improved energy performance standards (30% below current requirements)
achieve an additional 1.8 MTCO,e per home per year.

From a financial perspective, the payback period for homeowners is approximately 19 years,
calculated by dividing the incremental cost of modular construction by the annual operational
utility savings of around $800 per home. However, when considering societal benefits by
incorporating the social cost of carbon (SCC), the payback period is effectively shorter, as each
home’s combined embodied and operational carbon savings equate to approximately $918 per
year in avoided CO,e damage costs. Overall, this measure yields a significant environmental
benefit, reducing approximately 16.8 MTCO,e emissions per home in the first year, which
contributes to long-term decarbonization goals while delivering energy cost savings to
homeowners over the building's lifespan.

Resources

Category Resource / Source Notes




Baseline
construction cost

HomeBlue, Houzeo, Rocket
Homes, Zillow market data (2023—
2024)

Average build cost for Cleveland—
Elyria MSA $120-$160/ft?,
assumed $150/ft2 for analysis

Average home
size

US Census Bureau; NAHB

Typical new home size range
1,800-2,500 ft2, user specified
2,000 ft* for analysis.

Incremental cost
premium for
modular

McKinsey Global Institute, Modular
Construction: From Projects to
Products (2019); NAHB modular
construction estimates

Typical +5% cost premium, varies
by local supply chain maturity.

New homes built
annually

Regional forecasts; general
planning assumptions

4,000 homes/year median used

Embodied carbon
per home

World Green Building Council
(2020). Bringing Embodied Carbon
Upfront; Architecture 2030

Average 250 kgCO,e/m? — ~50
MTCO.e per 2,000 ft> home

Embodied carbon
reduction with
modular

World Green Building Council; Arup
(2020)

30% reduction potential via
material efficiency and factory
precision

Operational CO,e
baseline per
home

US DOE Residential Energy
Consumption Survey (RECS); EIA
Ohio data

~6 MTCO,e/homelyear estimated
(electricity + gas)

Operational CO,e
reduction

Assumed 30% improvement

Reflecting a high-performance
construction standard

Social Cost of
Carbon (SCC)

US EPA (2021), Technical Support
Document: Social Cost of Carbon

$51/MTCO,e central estimate

Utility energy cost
savings estimate

EIA Ohio average residential bills
(2023)

$2,500-$3,000/year average utility
costs; 30% savings = $800—
$900/year

Payback Standard engineering economic Payback = incremental cost /
calculation analysis annual direct savings

method

Adoption User scenario assumption Linear increase: 0% (2025) —
schedule 15% (2050)




C4-1 Grid-Interactive Buildings: Automated Building Systems

Assumptions

1. General Program Design Assumptions

Region: Cleveland—Elyria MSA (five counties).
Building type: New residential homes (commercial buildings were noted but primary
cost-benefit calculations focused on residential due to available data).
Timeline:
o Pilot phase by 2030
o Full deployment by 2050

2. Technical Deployment Assumptions

Number of new homes by 2030: ~30,000 (pilot considers ~50% smart meter coverage =
15,000 homes).
Number of new homes by 2050: ~75,000 (70% automation coverage = 52,500 homes).
Smart meter installation rate:

o 20% by 2030 (pilot)

o 70% with automation by 2050
Smart meter unit cost: $250 per home (includes meter, installation, basic customer
setup).
Automation equipment unit cost: $800 per home (smart thermostat, basic load controller,
controls integration).
Program administration & IT costs:

o $5M for 2030 pilot (admin staff, IT upgrades, marketing, community outreach).

o $10M additional for 2050 scale-up (further IT, program expansion, monitoring

systems).

3. Energy Savings & Peak Load Assumptions

Annual energy savings per home: $150 per year
o Based on ~5-10% reduction in annual electricity usage
o Uses average residential electricity bill of ~$1,500 (EIA data for Ohio).

4. Payback Calculation Assumptions

Benefits included in payback: Direct household energy savings only.
Benefits excluded from payback:

o Social cost of carbon (GHG emissions avoided)

o Air quality health benefits

o Broader grid reliability and resiliency value

o Potential increase in property value from smart automation
Discount rate: The payback period is calculated using simple payback (no discounting)
for conservative clarity.
Inflation and energy price escalation: Not included — assumes constant $150 annual
savings; in reality, energy cost inflation would slightly shorten payback.

5. Equity and Adoption Assumptions

Automation adoption rate: 70% of homes by 2050 (uniform across all income groups).
Participation barriers (e.g., digital literacy, language access): Not quantified in this
calculation, though critical in implementation design.

& Technical Performance Assumptions

No maijor technology failure rates or maintenance costs included, assuming reliable
smart meters and automation with minimal annual maintenance (realistic given current
technology performance).



Narrative

The proposed decarbonization strategy for residential new buildings in the Cleveland—Elyria
MSA involves launching Grid-Interactive Efficient Building (GEB) pilot programs, installing smart
meters in 20% of homes by 2030, and scaling to peak load shifting through automation in 70%
of homes by 2050. The total estimated investment is approximately $8.75 million for the 2030
pilot phase and $65.125 million for full deployment by 2050, covering smart meter installation at
$250 per home, automation equipment at $800 per home, and necessary program
administration and IT upgrades. Annual benefits are projected at $2 million for the pilot and
$15.75 million for the scaled program, yielding payback periods of 4.4 years for the pilot and 4.1
years for full deployment. Benefits include both direct household energy savings (estimated at
$150 per home annually) and avoided peak capacity and transmission/distribution costs (also
$150 per home annually), reflecting the value of 1.5 kW of avoided peak demand per home at
$100/kW-year.

In addition to substantial financial returns, the program offers meaningful climate benefits.
Assuming 52,500 homes are automated by 2050, with an average annual energy savings of 750
kWh per home, and using the PJM region emission factor of 0.45 kg CO.e per kWh, the
strategy would avoid approximately 16,912 metric tons of CO.,e each year (52,500 homes x 750
kWh x 0.45 kg/kWh + 1,000). Over a 20-year program horizon, this equates to over 338,000
metric tons of CO,e avoided, contributing to regional decarbonization and air quality
improvement goals. These findings demonstrate that investments in smart meters, GEB
automation, and load shifting not only pay for themselves within a short period but also
significantly advance climate mitigation, grid resilience, and household energy affordability.

Resources

1. Regional Housing and Demographic Data
e NOACA (Northeast Ohio Areawide Coordinating Agency) regional housing forecasts
(Estimates of ~30,000 new homes by 2030 and ~75,000 new homes by 2050)
2. Smart Meter and Automation Costs
e DOE (U.S. Department of Energy) Advanced Metering Infrastructure (AMI) Cost Data
https://www.energy.gov/sites/prod/files/Smart_Meter_Costs DOE.pdf
(Average smart meter installation cost: $200-$300 per unit)
e Building Technologies Office, U.S. DOE: Grid-Interactive Efficient Buildings (GEB)
Technical Reports (2021-2023)
https://gebroadmap.Ibl.gov/
(Average smart thermostat and load automation equipment costs: ~$800 per home)
3. Energy Savings and Peak Load Reduction
o DOE GEB Pilot Program Results
https://www.energy.gov/eere/buildings/grid-interactive-efficient-buildings
(5—-10% annual energy savings per home, average savings of $150 per home based on
Ohio average electricity bills)
e PJM Interconnection Capacity Market Clearing Prices & Avoided Capacity Cost Studies
https://www.pjm.com/markets-and-operations
(Estimated avoided peak capacity costs: $50—$150 per kW per year, assumed $100/kW-
year)
4. CO, Emission Factors
o EPA eGRID Emissions Factors (PJM region)
https://www.epa.gov/egrid



https://www.epa.gov/egrid

(Average emission factor: 0.43 kg CO,e per kWh for PJM, reflecting Ohio grid mix in
recent years)
5. Program Administration Costs
o Utility Program Implementation Cost Benchmarks (Smart Meter & Energy Efficiency
Programs)
o NREL & ACEEE program cost summaries
o https://www.nrel.gov/docs/fy220sti/81668.pdf
o https://www.aceee.org/research-report/u2103
(Admin and IT upgrade costs for regional scale pilots: $5—10M typical)
6. Workforce and Occupation Cost Data
e Bureau of Labor Statistics (BLS), Occupational Employment and Wage Statistics
https://www.bls.gov/oes/
(Used for general verification of installation and technician wage assumptions)

C4-2 Grid-Interactive Buildings: Active Energy Adjustment for Grid Support (Demand
Response)

Assumptions
1. Program Participation Assumptions
Parameter Assumption Basis
Residential 30% of new homes by 2030, Based on DOE GEB Roadmap
participation rate | linear growth to 85% by 2050 adoption potential and typical market
ramp-up.
Commercial 30% of new commercial floor A similar adoption trajectory is based
participation rate | space by 2030, linear growth to on the commercial sector's
85% by 2050 automation readiness.
2. New Construction Estimates
Parameter Assumption Basis
New residential units | ~30,000 by 2030 — Based on regional housing forecasts
built ~75,000 by 2050 (NOACA, US Census trends).
New commercial ~20M sq ft by 2030 — Based on historical permit data and
floorspace built ~60M sq ft by 2050 local economic growth projections.

3. Technology & Cost Assumptions

Parameter Assumption | Basis

Residential upfront cost per | $1,000 Covers smart thermostat, load controller,
home installation, and average across building types.
Commercial upfront cost per | $7,500 Includes DR automation module, integration
10,000 sq ft with BMS, and commissioning costs.
Residential annual operating | $50 Utility program admin, aggregator platform fee,
cost per home and maintenance.

Commercial annual $750 DR aggregator contract costs, monitoring, and
operating cost per 10,000 sq admin.

ft

4. Savings Assumptions

| Parameter | Assumption | Basis




Residential annual gross | $800 Based on typical DR event incentives + peak
savings per home avoidance bill savings in PUM/DOE studies.
Commercial annual $2,000 Based on DR market capacity payments + peak
gross savings per demand cost avoidance from ASHRAE/NREL
10,000 sq ft commercial case studies.

5. CO,e Reduction Assumptions

Parameter Assumption | Basis
Residential CO.e ~0.5 tons Assumes ~1,200 kWh peak demand reduction x
avoided per home per ~0.4 kg CO,e/kWh (EPA eGRID average for
year Ohio).
Commercial CO,e ~5 tons Based on typical commercial DR load flexibility
avoided per 10,000 sq ft (e.g. HVAC chiller staging, lighting load shedding)
per year per ASHRAE/LBNL.
6. Financial Calculation Assumptions
Parameter Assumption Basis
Payback period Simple payback: Upfront cost / No discounting applied (real dollar
calculation Net annual savings analysis).
Net annual savings | Annual gross savings — annual Conservative approach to reflect
operating costs ongoing admin expenses.
Narrative

This cost-benefit and payback period analysis evaluated the implementation of Grid-
Coordinated Demand Response (DR) and Load Shaping for new residential and commercial
buildings in the five-county Cleveland—Elyria MSA between 2030 and 2050. The approach
begins with estimating new construction projections for residential units (30,000 by 2030 and
75,000 by 2050) and commercial floor area (20 million sq ft by 2030 and 60 million sq ft by
2050). Participation rates were modeled to increase linearly from 30% in 2030 to 85% in 2050.
For each building type, upfront costs were calculated ($1,000 per home and $7,500 per 10,000
sq ft commercial space) along with annual gross savings ($800 per home and $2,000 per
10,000 sq ft commercial) and annual operating costs ($50 per home and $750 per 10,000 sq ft
commercial). The net annual savings were determined by subtracting operating costs from
gross savings, and simple payback periods were calculated by dividing upfront costs by net
yearly savings.

To estimate CO,e emissions reductions from implementing Demand Response (DR) and load
shaping, average per-unit peak demand reductions were multiplied by the regional grid emission
factor. For residential buildings, each participating home was assumed to reduce peak electricity
use by approximately 1,200 kWh annually, with an emission factor of ~0.4 kg CO.,e per kWh
(based on U.S. EPA eGRID data for Ohio), resulting in a reduction of approximately 0.5 tons
CO.e per home per year. For commercial buildings, a conservative estimate of 5 tons CO,e
reduction per 10,000 sq ft per year was used, reflecting typical peak load shedding impacts in
HVAC, lighting, and process loads. These per-unit reductions were multiplied by the number of
enrolled buildings or floor area each year to calculate total avoided emissions, which are
projected to reach ~60,000 to 105,000 tons CO,e annually by 2050. This method provided a
clear financial and environmental assessment to guide building decarbonization planning
decisions in the region.



Resources

1. Participation Rates, Savings, and DR Program Performance
e U.S. Department of Energy (DOE).
Grid-Interactive Efficient Buildings (GEB) Technical Report.
DOE GEB Roadmap
— Used for adoption rate assumptions and potential participation rates by building
sector.
o National Renewable Energy Laboratory (NREL).
Demand Response Potential Studies and Peak Load Reduction Strategies.
— Provided typical DR participation, savings percentages, and integration scenarios.
o Electric Power Research Institute (EPRI).
Cost of Demand Response Programs and DR Valuation Reports.
— Used to define annual savings ranges for residential and commercial DR programs.
e Smart Energy Consumer Collaborative (SECC).
Residential Smart Thermostat DR Program Evaluations.
— Provided typical per-home savings ($500-$1,200 per year) used to justify the
$800/home/year assumption.
2. Technology and Cost Data
o Lawrence Berkeley National Laboratory (LBNL).
Automated Demand Response Cost & Performance Database.
— Used for commercial automation upgrade cost estimates (~$7,500 per 10,000 sq ft).
o ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers).
Grid-Responsive Buildings & Load Flexibility Guidelines.
— Provided commercial DR savings potential and typical operating cost structures.
e Utility Smart Meter & DR Programs.
Examples:
o AEP Ohio Advanced Metering Infrastructure filings
o Duke Energy Smart Thermostat DR program tariffs
o PJM market DR aggregator contract structures
3. Emissions Data
e U.S. Environmental Protection Agency (EPA).
eGRID 2023 Data for RFC (Reliability First Corporation) Region.
— Used for grid average CO,e emission factor: ~0.4 kg CO,e/kWh for Ohio.
EPA eGRID
e NREL.
Peak Load Management Impacts on Emissions.
— Verified that peak shaving often avoids fossil peaker emissions in the 0.4-0.7 kg
CO.,e/kWh range.
4. Regional Housing and Commercial Development Forecasts
e Northeast Ohio Areawide Coordinating Agency (NOACA).
Long Range Transportation and Development Plans.
— Provided new residential and commercial construction projections for the five-county
Cleveland—Elyria MSA.
e U.S. Census Bureau.
Building Permits Survey Data.
— Used for historical construction trends to validate forecast ranges.
o City of Cleveland Housing and Climate Action Plans.
— Referenced to align with regional decarbonization targets and policy frameworks.


https://www.epa.gov/egrid
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