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Buildings: 1/3 of total energy use and carbon emissions

Global Alliance for Buildings and 

Construction , “The 2019 Global 

Status Report for Buildings and 

Construction”

(embodied carbon)



Outline

● The evidence for green premium

● Drivers and barriers of building decarbonization



The evidence for

green premium
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The economics of green buildings:

Doing well by doing good

T years

……

O: Energy bill + Maintenance cost

R: Rent

0.5-15% incremental cost∆𝑉

∆𝑅

∆𝑂

Green Building Brown Building
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Is there a business case for green buildings?

Refurbishment/Acquisition

Cost

Benefit
Tenancy Operation

𝑦𝑒𝑎𝑟 𝑇

Design/Construction

0 ~ 12.5%
Higher Upfront cost ∆𝐶

0 ~ 43%

Higher Sale

Price ∆𝑉

Sale

Higher Rent ∆𝑅

Tenancy Operation

Lower Operation

costs ∆𝑂2

Less hospital stays

Learn faster

Higher  

Productivity/Health/

WB ∆𝐻
Tenancy Operation

Aggregate operating 

cost 

-14~26%

Lower Operation

costs ∆𝑂1

Rent 0 ~ 17%

Occupancy 0~23%

Higher Effective Rent ∆𝑅

Resale ~10%

Lower

depreciation ∆𝑉′

Lower discount rate i (cost of capital)

Higher

Purchaing 

Price ∆𝑉

0 ~ 43%

OwnersDevelopers

Tenants

Sample: 71 reviewed publications 2008-2019, mainly in US, UK, AUS, CAN 

markets. (Leskinen, Vimpari and Junnil, 2020)



Green building certificates

• The role of certificates: Solving information asymmetry.

• LEED: Checklist based process

• Ratings: Certified (40-49); Silver (50-59); Gold (60-79); Platinum (80+)

Source: link

https://www.cambridgema.gov/-/media/Files/CDD/ZoningDevel/SpecialPermits/sp179/sp179_ParcelI_Residential_20180316_2.pdf


Estimate green premium: Hedonic model

𝐿𝑜𝑔 𝑃𝑟𝑖𝑐𝑒𝑖𝑗𝑡 = 𝑿𝟏𝒊𝜷𝟏 + 𝑿𝟐𝒋𝜷𝟐 + 𝑈𝑖𝑗𝑡

𝑿′1𝒊𝜷′𝟏 + 𝜷𝒈𝑮𝒓𝒆𝒆𝒏

Green

Premium

Dummy (green = 1, otherwise = 0)

Or categorical variables, such as LEED

{Silver, Gold, Platinum}

Hedonic regression Building and

location controls



Eichholtz, P., Kok, N., & Quigley, J. M. (2013). The Economics of Green Building. The 

Review of Economics and Statistics, 95(1), 50-63. 

How to make an “apple-to-apple” comparison

Matching:

• Geographic matching

• Propensity score matching (PSM)

0.2 square miles

20,801 observations

1,943 clusters Cluster 1

Cluster 2

Cluster 3





Rental premium for green buildings

Dalton and Fuerst (2018):  
Meta analysis of green real 
estate rents

Overall significant rent 
premium of 6%

• 5.4% commercial

• 8.2% residential

Studies also find 5% - 9% 
higher occupancy rates for 
commercial real estate. 

Fuerst, Dalton And. 2018. The Green Value Proposition in Real Estate: A Meta-Analysis. Routledge.



Price premium for green buildings

Dalton and Fuerst (2018) also look 
at evidence sales prices

Overall price premium of 7.6%

• For commercial 11.5%

• For residential 5.5%

Fuerst, Dalton And. 2018. The Green Value 

Proposition in Real Estate: A Meta-Analysis. 

Routledge.



Drivers and barriers for

building decarbonization
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Negative Lifecyle Cost: Market Opportunity Unexploited

McKinsey Curve: 

“Carbon emissions in the Building 

sector can be substantially reduced, 

either with net economic benefits or 

at low cost.”

Why are the vast negative cost green 

opportunity unexploited? 

Energy efficiency gap: Investment in 

energy efficient technologies/products 

is below (privately) optimal level.



What could explain this gap?

An easy-to-read piece: Jaffe, A. B., R. G. Newell, and R. N. Stavins. 2004. “Economics of Energy Efficiency.” Encyclopedia of Energy 2: 79–

90.

A good review piece: Allcott, H., & Greenstone, M. (2012). Is there an Energy Efficiency Gap? The Journal of Economic Perspectives: A 

Journal of the American Economic Association, 26(1), 3–28.

Non-market failure

explanations
- Heterogeneity in energy users

- Under-estimated costs and over-

estimated energy savings

▪ Performance gap

Market failures
- Environmental externalities: regulations and subsidies (e.g. LL97 in NYC)

- Inadequate information
Davis, Lucas W., and Gilbert E. Metcalf. 2016. “Does Better Information Lead to Better Choices? 

Evidence from Energy-Efficiency Labels.” Journal of the Association of Environmental and Resource 

Economists 3 (3): 589–625.

Zhang, Li, Cong Sun, Hongyu Liu, and Siqi Zheng. "The role of public information in increasing 

homebuyers' willingness-to-pay for green housing: Evidence from Beijing." Ecological Economics 129 

(2016): 40-49.

- Split incentive in the rental sector
Aydin, Erdal, Piet M. A. Eichholtz, and Rogier Holtermans. 2024. “Split Incentives and Energy 

Efficiency Investment: Evidence from the Housing Market.” Social Science Research Network. 

https://doi.org/10.2139/ssrn.4944953.

https://doi.org/10.2139/ssrn.4944953


Information, learning and WTP for green buildings

• “The Role of Public Information in Increasing Homebuyers’ Willingness-to-Pay for Green Housing: Evidence from Beijing.” 
Zhang, Sun, Liu and Zheng 2016, Ecological Economics

Information & knowledge matter!

Low awareness among residents in 

non-green buildings
Intervention: information card

Significant increase in the WTP for 

green buildings for non-green 

building residents



Split incentive in rental properties

Owner

Does not pay the energy bill thus will not 

benefit if they pay for energy efficiency 

upgrades

Tenants

Do pay the energy bill but do not own

the building, thus usually hesitant to

make long-term investment on someone 

else’s building.

If tenants pay the bill (such as the “triple net lease”, NNN)

Similarly, for buildings with a full-service lease structure (i.e., no additional expenditure for utility): 

• The owner wants to keep the energy cost down

• Tenants have no incentive to save energy as they pay the flat rate.

Net Lease

Gross Lease

Dutch housing market covering 3.8 million homes. Rental properties exhibit approximately 7.7% lower energy efficiency 

compared to similar owner-occupied homes.

- the transition from rental to owner status leads to a reduction in subsequent energy consumption of up to approximately 

6%.

Aydin, E., Eichholtz, P. M. A., & Holtermans, R. (2024). Split incentives and energy efficiency investment: Evidence from the housing market. In 

Social Science Research Network. https://doi.org/10.2139/ssrn.494495



Performance gap

Realized savings are 58% (Allcott and Greenstone,

2017), 30% (Fowlie et al., 2018), 51% (Christensen

et al., 2021) of predicted savings.

Fowlie, M., Greenstone, M., & Wolfram, C. (2018). Do energy 

efficiency investments deliver? Evidence from the weatherization 

assistance program. The Quarterly Journal of Economics, 133(3), 

1597-1644.

The weatherization Assistant Program in Michigan – Upfront costs are

about twice the actual energy savings. The rate of return = -7%

Explained by

● Rebound effect – 6%

● Bias in engineering models – 41% (over-

estimated savings in wall insulation)

● Heterogeneity in workmanship/installation

– 43%

Non-monetary costs:
Fowlie, M., Greenstone, M., & Wolfram, C. (2015). Are the 

non-monetary costs of energy efficiency investments large? 

Understanding low take-up of a free energy efficiency 

program. American Economic Review, 105(5), 201–204.

Christensen, P., Francisco, P., Myers, E., & Souza, M. (2023). 

Decomposing the wedge between projected and realized returns 

in energy efficiency programs. Review of Economics and 

Statistics, 105(4), 798-817.



Research directions

● RCT to test mechanisms and the effectiveness of policy instruments

● Energy audits and energy conservation

Akesson, J., Hahn, R. W., Kochhar, R., & Metcalfe, R. D. (2023). Do Water Audits Work? https://www.nber.org/papers/w31831

● Information acquisition value

La Nauze, A., & Myers, E. (2023). Do Consumers Acquire Information Optimally? Experimental Evidence from Energy Efficiency. 

https://www.nber.org/papers/w31742

● Peer effects

Carattini, S., Gillingham, K., Meng, X., & Yoeli, E. (2024). Peer-to-peer solar and social rewards: Evidence from a field experiment. Journal 

of Economic Behavior & Organization, 219, 340–370.

https://www.nber.org/papers/w31831
https://www.nber.org/papers/w31742


Research directions

● Machine learning for targeting

Christensen, P., Francisco, P., Myers, E., Shao, H., & Souza, M. (2024). Energy efficiency 

can deliver for climate policy: Evidence from machine learning-based targeting. Journal of 

Public Economics, 234(105098), 105098.

A data-driven approach to predicting retrofit impacts based on previously realized outcomes is more accurate than 

the status quo engineering models. Targeting high-return interventions based on these predictions dramatically 

increases net social benefits.

Gerarden, T., & Yang, M. (2022). Using targeting to optimize program design: Evidence 

from an energy conservation experiment. Journal of the Association of Environmental and 

Resource Economists. https://doi.org/10.1086/722833

● New “green” technologies

Davis, L. W. (2023). The Economic Determinants of Heat Pump Adoption (No. 31344). 

National Bureau of Economic Research. https://doi.org/10.3386/w31344

Knittel, C., Ontiveros J., Palacios, J. Zheng, S. (2024). Learning by Doing: Contractors’

Learning in Heat Pump Installations

https://doi.org/10.3386/w31344


• With the current building stock, 

building owners face sizeable 

fines 

• Strong need to retrofit properties 

to meet targets

Energy Performance Criteria – LL97 in NYC

LL97

Buildings Mandate

Requires all buildings larger 

than 25,000 square feet to 

meet ambitious carbon 

reduction targets

Emissions Distribution 
of Covered Properties 

This graph is meant as a conceptual aid and does not represent 
actual properties or emissions limits. 

Carbon Emission 
Standard

The penalty for emissions above the limit is $268/year/metric ton.



Example: Madison Square Garden
Data from 2019 As Required by LL84

https://be-exchange.org/ll97-calculator/

$1.31M Penalty $2.14M Penalty



Tenancy Operation

Operation costs

? ↓     Energy costs 
                     +   

? ↓  Emission Penalties 

Rent Income

? Rent ✕↓Leased space

Year 40

Building Completed End Investment 

↑ Construction cost

Design/Construction

𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛 𝐷𝑎𝑡𝑒

Annual Cash Flows

Rent premiums for 
fully-electric buildings:

• LL97, and LL 154 newly constructed buildings 
to be fully electric in 2027

• Corporate tenants 

Energy prices: 

• Prices subject to high 
volatility for fossil fuels 

100% dependent on NYC electric grid

• Plan to decarbonize grid by year 2040
• Local Law 97 fines owners with $268 per metric ton of 

emissions above caps from 2024

1

2

3

Source: KPF, MIT Center for Real Estate

The Role of Future Uncertainties



Building Energy Model + Financial Model: Incorporating uncertainties 

Echeverria, A. J. V., Palacios, J., Davila, C. C., & Zheng, S. (2023). Quantifying the financial value of building decarbonization technology 

under uncertainty: Integrating energy modeling and investment analysis. Energy and Buildings, 297, 113260.



Case Study: Office building in Manhattan

• 920,000 ft2 office building in Manhattan

• Challenge: Do we construct a building that uses natural 

gas or a building that is fully electric?

• Tradeoffs:



Three design options

Three design options:

Option A

Building with 

natural gas 

heating 

systems

Option C

Building with the 

flexibility to fully 

electrify in the 

future

Option B

Building with 

fully electric 

heating 

systems

And a whole lot of uncertainty:

Natural Gas Prices

Rate of Grid Decarbonization

Electricity Prices

• Building energy use

• Technological 

development

• Energy efficiency 

market premiums

• Equipment 

performance / costs

• And more… 
In 10,000 different future scenarios, which design option is 

most profitable most often?



The flexibility option always wins!

Each point represents the 

difference in NPVs of two 

design options in one 

scenario

The greater the number of 

points on one design option’s 

side, the higher the probability 

that it will be more profitable 

across different scenarios

Results



Residential sector:
Where are today’s residential heat pumps cost effective?

Johnson, B., & Krishnamoorthy, S. (2021). Where are Today's Residential Heat Pump 

Technologies Cost-Effective?. ASHRAE Transactions, 127(1).

Heat Pump Adoption Rates by State

Benefit-cost ratio of (heat pump + backup 

heating) compared to (AC + natural gas heating)

Davis, L. W. (2023). The Economic Determinants of Heat Pump Adoption (No. 

31344). National Bureau of Economic Research. https://doi.org/10.3386/w31344

https://doi.org/10.3386/w31344


Further challenge: shortage of qualified contractors

Controlling for: MOY, Year; Footage; Zillow value; Current Fuel Source; Num Heat Pump Units; Installed 
Capacity; Retrofit; Year Built; Home Type; Town; Bedrooms; Bathrooms; Number of Previous Installations

Contractors who 

cost less than 

average.

Contractors who cost 

more than average.

Contractors who are installing 

less than average.

Contractors who are installing 

more than average.

Total cost variation by contractor

Installed capacity variation by contractor

• Global demand for heat pump installers requires over 1.3 

million workers by 2030, nearly triple the current amount, 

raising the potential for skilled labor shortages, especially for 

installers.

• Lack of heat pump installation skills lead to vast variations of 

total cost and installed capacity (MassCEC, MA homes that 

installed heat pumps in 2014-2019)

Knittel, C., Ontiveros, J., Palacios, J. & Zheng, S. (2024). Learning by 

doing: Contractors’ Learning in Heat Pump Installations. Working 

Paper.



• As contractors install more heat pumps, 
they are reducing the size of the systems.

• Interpretation: for every doubling in experience, 
contractors are downsizing systems by 2.3%.

• A large amount of cost is described 
through the sizing of the system.

• Larger system = higher total cost.

• Learning leads to installation behavior 
shifts, but is it going to the right direction?

Learning effect on cost and capacity

Knittel, C., Ontiveros, J., Palacios, J. & Zheng, S. (2024). Learning by 

doing: Contractors’ Learning in Heat Pump Installations. Working 

Paper.



Trade-offs: private benefit vs. environmental benefit

Finding the right size with National Renewable Energy 

Laboratory (NREL)’ ResStock tool

Comparison of learning effect across outcomes 

(1)

Ln(Total 

Cost)

(2)

Backup 

Hours

(3)

Modulation 

Hours

(4)

Ln(Backup/ 

Mod Ratio)

Ln(Number 

Past Installs)

-0.024**

(0.012) 

56.46*

(33.49) 

-22.70

(22.48) 

0.053**

(0.022) 

Observations 12844 11424 11424 11424

Downsizing comes at the cost of of using the backup 

heat source more hours out of the year.

What might explain this behavior in downsizing?

Knittel, C., Ontiveros, J., Palacios, J. & Zheng, S. (2024). Learning by 

doing: Contractors’ Learning in Heat Pump Installations. Working Paper.



(1)

All Types

(2)

Natural Gas

(3)

Oil

(4)

Other

(A) Outcome: Installed Capacity 

Ln(Number Past 

Installations)

-0.031***

(0.012)

-0.045**

(0.021)

-0.026

(0.016)

-0.014

(0.031)

Observations 12825 4409 5001 2025

R-Squared 0.36 0.79 0.76 0.90

(B) Outcome: Installation Cost

Ln(Number Past 

Installations)

-0.021

(0.014)

-0.046**

(0.021)

-0.0076

(0.020)

-0.0081

(0.033)

Observations 12825 4409 5001 2025

R-Squared 0.41 0.80 0.78 0.91

Average Cost to Produce Heat this Winter (2023/24) 

for Different Technologies, Source: MassGov DOER

Natural gas is the cheapest source of 

heat, followed by electricity for heat 

pumps.

Keeping natural gas heating as the

backup has a clear private benefit,

with potential environmental cost.

Aligning private benefit and

environmental benefit with

technological advances is important

and possible.

Trade-offs: private benefit vs. environmental benefit

Knittel, C., Ontiveros, J., Palacios, J. & Zheng, S. (2024). Learning by 

doing: Contractors’ Learning in Heat Pump Installations. Working Paper.

https://www.mass.gov/info-details/massachusetts-household-heating-costs


ESG push from the capital market: sustainable engagement

• S&P 1500 firms 14,689 times engaged from 2006 to

2022 

• 58% Governance; 42% Environmental & Social topics

• Shareholder engagement affects financials (Dimson, Karakas, & Li, 2015)

and is correlated with CO2 level reductions (Bauer, Derwall,& Tissen,

2022)

• Hedge fund activism (Akey & Appel, 2019) and Boardroom Accountability

Project (Naaraayanan, Sachdeva, & Sharma, 2021) reduced pollution in US

manufacturing plants

• Challenge in identification: endogenous selection in targets

• Both profitable and environmental improvements?

• Investors have limited engagement personnel (Bebchuk, Cohen, Hirst, 2017)

• Impact optimization through target selection - target low-hanging fruits

• Economic rationale: Investors selectively engage, imposing a positive 

selection bias on the impact of engagement.

Van der Kroft, B., Palacios, J., Rigobon, R., & 

Zheng, S. (2024). Timing sustainable engagement in 

real asset investments (No. w32646). National 

Bureau of Economic Research.



Engagement Process: Shareholder Proposal

Van der Kroft, B., Palacios, J., Rigobon, R., & Zheng, S. (2024). Timing sustainable engagement in real 

asset investments (No. w32646). National Bureau of Economic Research.



Real estate: engagement timing exogenous of retrofit waves

• We have the entire sample of 207 REITS in the US, with combined marketcap of $1.3 trillion.

We exact each building’s attributes from CoStar %SNL, 1990-2023, in total 61,870 properties

• We also collect all US building new construction and retrofit permits., 1990-2022.

• Investors do not know the exact physical depreciation rhythms and thus the retrofit timing for

each building, they also face legal constraints (SEC regulations) for engagement timing.

Van der Kroft, B., Palacios, J., Rigobon, R., & Zheng, S. (2024). Timing sustainable 

engagement in real asset investments (No. w32646). National Bureau of Economic 

Research.



Right-timing engagements boost sustainable performance

Past returns, size, leverage, net income, revenue. REIT and quarter fixed effects and clustered s.e.raphical

representation

Van der Kroft, B., Palacios, J., Rigobon, R., & 

Zheng, S. (2024). Timing sustainable 

engagement in real asset investments (No. 

w32646). National Bureau of Economic 

Research.



Thank You!

Questions?

37
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