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 Abstract:  

This report presents the findings of an analysis of the nature and magnitude of capital consumption in 
commercial property structures in the United States. Capital consumption refers to the total cost of the usage 
and aging of the built asset, including both capital improvement expenditures plus net depreciation, which 
together equal “gross depreciation.” Commercial properties represent a huge asset class, worth over $20 
trillion (as much market value as the entire NYSE). Yet their depreciation has not been comprehensively 
and rigorously studied since the highly influential work of Hulten and Wykoff almost 40 years ago. The 
present analysis is based on a combined database of income producing commercial investment properties, 
including multi-family rental residential properties (apartment buildings) as well as the main core sectors 
of nonresidential commercial property: office, industrial (warehouse), and retail (hotels are not included). 
The database has been contributed by Real Capital Analytics Inc (RCA), the National Association of Real 
Estate Investment Fiduciaries (NCREIF), and Green Street Advisors (GSA). This is by far the largest and 
highest quality database of commercial property assets ever studied regarding depreciation, dwarfing the 
data used by Hulten and Wykoff. The analysis of net depreciation is based on over 100,000 transaction 
prices of commercial properties primarily from the RCA database. The analysis of capital improvement 
expenditures (“capex”) is based on operating data from NCREIF and GSA. In combination with data on 
demolished buildings and other indications regarding land value fractions, statistical analysis of transaction 
prices is used to infer net and gross depreciation rates as a fraction of remaining structure value and as a 
function of building age. The focus of the study is on economic depreciation, not accounting or tax policies. 
Overall, we find net depreciation rates per year around 1.7% of property value and 3.1% of structure value 
for nonresidential property, and for apartments 2.0% of property value and 3.9% of structure value. The 
corresponding rates for capex are 1.8% of property value and 3.5% of structure value for typical commercial 
properties, and for apartments 2.4% and 4.9% of property and structure value respectively. The sum of 
these are the per annum gross depreciation rates: 3.5% of property and 6.7% of structure value for 
commercial; 4.4% of property and 8.8% of structure for apartments. These rates suggest close to $700 
billion in investment property capital consumption per year in the U.S., four percent of the GDP. The capex 
rates would likely be noticeably greater if we could include expenditures on major renovation projects, 
which are missing in our data. We find the typical building value/age profile suggests a rather 
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anthropomorphic life cycle, with three stages: “Youth” (1-30 years old), “Middle Age” (30-65 years), and 
“Old Age” (65-100 years). Net depreciation is highly accelerated during the building’s youth. Middle-age 
is characterized by little net depreciation (though capex rates increase). Old age sees the final decline to 
just land value (ripe for demolition/redevelopment) to complete the property life-cycle at an overall average 
age around 100 years. 
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Executive Summary 
Commercial property, including apartments, is a major sector of the productive physical capital 
of the United States, with investment property alone in 2015 probably amounting to over $17 
trillion in value. Yet there has been no comprehensive, rigorous study of the nature and 
magnitude of the capital consumption of U.S. commercial buildings since the seminal study by 
Hulten and Wykoff almost 40 years ago, based on data collected in a 1972 survey. Not only have 
times changed greatly since then, but the quantity and quality of empirical data relevant for 
studying depreciation dwarfs what was available to Hulten & Wykoff. Their seminal study was 
broadly focused on all types of capital assets, not just real estate, and since then, theory and 
methodology in urban economics has greatly advanced.  

The present study aims to rectify this weakness. We not only update the analysis of commercial 
property depreciation, but we greatly improve upon the previous work, which includes after 
Hulten & Wykoff more recent studies by (Sanders and Weiss 2000) and (Fisher, et al. 2005). We 
are able to use a combined database from Real Capital Analytics (RCA), NCREIF, and Green 
Street Advisors (GSA) which dwarfs the data available to previous studies.  The largest previous 
database studied was the survey used by Hulten & Wykoff, with some 8,000 responses to a 
question about “price net of land”. Our database includes actual direct transaction price 
observations (from RCA) of over 107,000 existing commercial property sales (over 80,000 
nonresidential commercial and 27,000 apartment transactions) with existing buildings, plus over 
12,000 sales of development sites. Unlike previous studies, we include data on capital 
improvement expenditures (capex), which enables us to quantify gross depreciation, also known 
as total capital consumption, which is the sum of capex plus the net depreciation that occurs even 
after or in spite of capex. We have capex data from over 16,000 NCREIF commercial and 
apartment properties and almost 1,300 GSA apartment properties held by REITs. The larger, 
richer datasets as well as advances in methodology enable us to study both net and gross 
depreciation in much greater depth and detail than previous studies. 

While commercial property depreciation is a complex and nuanced phenomenon, at a broad 
brush level our analysis can be boiled down to some salient findings. First, it is clear that 
commercial property depreciation is substantial, perhaps more significant than most people have 
previously appreciated. Overall, gross depreciation averages over seven percent per year of the 
average structure’s value, split roughly evenly between capex and net depreciation, and with 
apartment buildings displaying a bit more depreciation than nonresidential commercial 
structures. This amounts to close to $700 billion per year nationwide, in investment property 
alone, equating to some four percent of the GDP. To put this in a more familiar perspective, it 
would be as if a household earning the mean annual income in the U.S. of $73,000 owned 
$88,000 worth of commercial property of which $44,000 was structure value (excluding the 
value of the land), and this structure asset was costing $3,200 per year including $1,700 in capex 
plus $1,500 of net depreciation in the real value of the structure. In other words, it is as if the 
average household is experiencing almost $270/month in commercial property capital 
consumption. 

To provide a brief glimpse into the richness of this study’s findings, consider Figures X1 and X2 
below. They provide a summary of our findings regarding net depreciation for commercial and  
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Figure X 1: Property Value/Age Profile, Commercial 

 
Figure X 2: Property Value/Age Profile, Apartment 
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apartment properties.1  

The thin, “bumpy” lines in the Figures are our “non-parametric” estimates of the property asset 
value/age profile.2 This type of estimation represents an advance over prior studies that had to 
“force” the profile into a smooth parametric curve shape. The non-parametric estimation, 
combined with our ability to estimate the value/age profile over the entire property life cycle 
(which we have been able to peg at a canonical 100-year building life expectancy), enables a 
nuanced comprehension of net depreciation. We see that commercial buildings exhibit a three-
stage lifetime, similar to a human being: a first 30 or so years of “youth”, followed by a 
subsequent 30-40 years of “middle age”, followed by a final “old age” decline to just the residual 
land value (which we are able to estimate with some degree of rigor based on data on 
development site sales and building age-at-demolition data; implying average new-development 
land value fractions of 30% for nonresidential commercial and 20% for apartment projects). 
Subtracting the land value/age profile (which is flat in the cross-sectional context of the 
value/age profile) from the property value/age profile gives the structure value/age profile which 
is the fundamental indication of net depreciation.  

The smooth, thick curves in the Figures represent the best-fit geometrically-shaped profiles 
based on the first 50 years of the non-parametric structure value/age profiles, combined with a 
straight-line fit to the last 50 years. These best-fit geometric curves provide a single summary 
annual rate for net depreciation applicable to the first 50 years of structure life, which includes 
the majority of all buildings. These rates are 3.1 percent per year for commercial and 3.9 percent 
per year for apartment buildings. 

We then combine these estimates of net depreciation with estimates of the rate of capital 
expenditures (net of leasing commissions) to arrive at gross depreciation rates (total capital 
consumption) as a fraction of property value or structure value, as a function of building age. 
These are shown in Figures X3 and X4 on the following page, for commercial and apartment 
properties respectively. The results can be summarized succinctly as in the table below, for a 
typical 25-year-old building:3 

  
                                                           
1 In the figures, “LVF” refers to the land value fraction of total property value at the indicated structure age, and 
the “median age” refers to the median structure age at the time of the property sale transactions within our RCA 
sample. 
2 It should be noted that in this version of this Report we use the term “non-parametric” to refer to our price/age 
model specification in which we use age dummy variables rather than any mathematical functional form to specify 
a “shape” for the asset value/age profile. We should note, however, that the term “non-parametric” also has a 
specific meaning in formal econometrics, which is technically different than what we are referring to herein by our 
use of this term. 
3 As discussed in Chapter 5 of the study, the capex portion of the gross depreciation would likely be noticeably 
larger than what we are able to find in the present study if we were also able to include the costs of non-scale-
expanding major renovation projects, a type of capex which in principle should be included but for which we lack 
data. 

Percent of Value of: Property Structure Property Structure
Net Depreciation 1.63% 3.14% 2.38% 3.94%
Capex 1.75% 3.47% 1.96% 3.36%
Gross Depreciation 3.39% 6.61% 4.34% 7.30%

Commercial: Apartment:
Annual Gross Depreciation Rates for 25-year-old Building:
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Figure X 3: Net Depreciation & Capex, Commercial 

 
Figure X 4: Net Depreciation & Capex, Apartment 
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Chapter 1: Introduction 
Commercial property, including private multi-family rental housing (apartments), is a 

huge asset class in the United States.4 As of 2013 the Bureau of Economic Analysis (BEA) 
National Balance Sheet listed over $16 trillion net worth of nonresidential structures valued at 
current cost, over 30 percent of the value of all the produced assets on the National Balance 
Sheet.5 This does not include land value or apartment structures, which together would probably 
bring total nonresidential and apartment property value to near $40 trillion, approximately equal 
to the value of all U.S. corporate equities.6 While much of this value is owner-occupied non-
investment property, (Florance, et al. 2010) did an inventory of all properties in the CoStar 
database, which primarily reflects investment property, and estimated a value of $9 trillion as of 
2009, the low point in the recent commercial property price cycle. Since then the Moody’s/RCA 
Commercial Property Price Index has risen 87 percent, suggesting that US investment property 
may by 2015 be worth over $17 trillion, similar in value to the NYSE market cap.7 If half of that 
is structure value, then that makes investment property structures alone more valuable than all of 
the machinery and equipment in the US economy (which is less than $7 trillion).8 

In spite of this large importance, the nature and magnitude of the capital consumption of 
US commercial structures has not been much studied. The most influential work was done 
almost 40 years ago! It was based on a Treasury Department survey of property owners taken in 
1972. That study only considered net depreciation, ignoring capital improvement expenditures, 
and it ignored apartment buildings.9 Not only have times changed drastically, but today we have 
a quantity and quality of data about commercial property that could only have been dreamed of a 
generation ago. Hence, the motivation for the study reported herein. 

Specifically, the present study provides several advancements and contributions relative 
to the previous literature on commercial property depreciation: 

                                                           
4 While the present study focuses primarily on income-producing (investment) property, much so-called 
“corporate real estate” (owner-occupied commercial properties) is physically and operationally very similar to 
income property, such that it is probably reasonable to believe that the structure depreciation characteristics are 
similar. In fact, approximately nine percent of our RCA transaction price sample on which our net depreciation 
analysis is based, consists of owner-occupied commercial properties. 
5 Two-thirds of this value is in the private sector. A caveat regarding the BEA Fixed Asset tables valuations is raised 
by the fact that our study finds noticeably faster net depreciation rates on average than what the BEA applies to 
estimate the value of the stock of structures using the Perpetual Inventory Method. (See Section 4.3 at the end of 
Chapter 4.) 
6 The value of apartment properties in the RCA data is 30% of the value of the nonresidential properties. This 
would imply total CRE structure value of 1.3*16 = $21 trillion. The analysis reported herein finds that for structures 
of the median age in the RCA transaction sample, land is about half of the total property value, suggesting total 
CRE property value including land on the order of at least $40 trillion. 
7 The CoStar study found apartments to equal 15% of the total value, somewhat less than in the RCA sample. As of 
June 2015 the NYSE reported total market capitalization of $19.9 trillion (www.nyxdata.com). By way of 
comparison, Federal Reserve Bank Balance Sheets list over $28 trillion of private sector property that is either non-
residential or non-owner-occupied-residential, including land value (Table z-1).  
8 (Bureau of Economic Analysis 2015) 
9 (Hulten and Wykoff ( 1981a, 1981b) 
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• Updating: The most obvious need filled by this study is simply to update with 
more current data the analysis of the nature and magnitude of economic 
depreciation in commercial structures. 

• Larger sample: To analyze net depreciation as a function of building age, the 
present study uses a transaction price sample from Real Capital Analytics (RCA) 
which exceeds 100,000 sales observations spanning 2001-2014 for nonresidential 
and multi-family commercial properties, well over ten times the size of the largest 
previous studies. 

• Includes capex: This is the first study that is able to comprehensively and 
rigorously analyze gross depreciation, also referred to as total capital 
consumption, not just net depreciation, by adding the cost of capital improvement 
expenditures (capex) to the net depreciation that occurs in spite of such 
improvements. The present study uses data provided by the National Council of 
Real Estate Investment Fiduciaries (NCREIF) and Green Street Advisors (GSA) 
to estimate and report the magnitude of such expenditures as a function of 
building age for both nonresidential commercial and apartment properties. 

• Better methodology: The quality and quantity of the data enable us to develop 
more sophisticated models of depreciation. We can control for other variables that 
can affect property price or capex besides just the building age, by including data 
on property and location characteristics, better than has been possible in previous 
studies. This study is the first to avail itself of a transaction price sample large 
enough and with enough range in building ages to be able to model the entire 
property life cycle from “birth” (development) to “death” (demolition). We 
employ a more flexible and general model specification that enables nuanced 
estimation of the shape of the entire structure value/age profile. We estimate 
building life expectancy, and correct censored sample bias (due to building 
retirement). Instead of relying on subjective or vague estimates of the 
land/structure value decomposition as all previous studies have done, our bias-
corrected model of the full-cycle property value/age profile, together with 
independent evidence about life expectancy and development land value fractions, 
enable us to derive structure value/age profiles based directly on the most 
plentiful, reliable and meaningful type of relevant empirical data, which is the 
transaction prices of the traded whole property assets. 

• Major findings: Overall, we find for typical age buildings net depreciation rates 
per year around 1.7% of property value and 3.1% of structure value for 
nonresidential property, and for apartments 2.0% of property value and 3.9% of 
structure value. The corresponding rates for capex are 1.8% of property value and 
3.5% of structure value for typical commercial properties, and for apartments 
2.4% and 4.9% of property and structure value respectively. The sum of these are 
the per annum gross depreciation rates: 3.5% of property and 6.7% of structure 
value for commercial; 4.4% of property and 8.8% of structure for apartments. 
These rates amount to nearly $700 billion in investment property capital 
consumption per year in the U.S., some four percent of the GDP, broken out 
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roughly evenly between routine capex and net depreciation.10 We find the typical 
building value/age profile suggests a rather anthropomorphic life cycle, with three 
stages: “Youth” (approximately 1-30 years old), “Middle Age” (30-65 years), and 
“Old Age” (65-100 years). Net depreciation is highly accelerated during the 
building’s youth. Middle-age is characterized by little net depreciation (though 
capex rates increase). Old age sees the final decline to just land value (ripe for 
demolition/redevelopment) to complete the property life-cycle at an overall 
average age around 100 years. 

The remainder of this report is organized into five chapters plus appendices. Chapter 2 
presents a discussion of the major previous literature and thereby provides some basic 
background and motivation for this study. Chapter 3 describes the databases and summarizes the 
basic descriptive statistics from the data. Chapter 4 presents the analytical methodology and 
major results of our empirical analysis of net depreciation. Chapter 5 does the same thing for our 
study of capex. Finally, Chapter 6 integrates the empirical findings of the two preceding chapters 
to report total capital consumption (gross depreciation), the “bottom line” of this study. In 
addition, several appendices present details and technical points. Appendix A presents basic 
background considerations for the study, including essential theory, definitional and conceptual 
issues.11 Appendices B, C, and D correspond specifically to each of the three databases used in 
the study, and cover details of the empirical analyses of those databases that are not summarized 
in the chapters of the main body of the Report. Appendix B in particular describes a wide range 
of specific analyses that were done to establish and confirm the robustness of the net 
depreciation findings reported in this study.

                                                           
10 This compares to total U.S. private nonresidential construction expenditures currently approximately $400 
billion/year. Total sales of significant investment property as tracked by RCA has been running well in excess of 
$400 billion/year (tracking sales of existing properties in excess of $5 million in value, also including some $20 
billion in development site transactions), up from a low of only about $60 billion in 2009. [Sources: (Bureau of 
Economic Analysis 2013), (Real Capital Analytics 2015)]. 
 
11 Appendix A is particularly recommended for someone with little or no background in the economic study of 
depreciation and urban and real estate economics. However, it should be useful for anyone wanting a full 
explication of the methodology and framework used in this study.  
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Chapter 2: Considerations from the Previous Literature 
This Chapter discusses the major prior studies that are of most interest and use to the 

present study, together with the important issues and considerations they raise for our analytical 
framework. The major topics include the magnitude of the depreciation rate findings in the 
previous literature, some major particular challenges and considerations in the empirical analysis 
of commercial property depreciation, and the shape of the property value/age profile. Additional 
relevant background and theory is covered in Appendix A. 

 
2.1 The Hulten-Wykoff Study 

The principal and most influential previous work on commercial property depreciation in 
the U.S. was undertaken by Charles Hulten and Frank Wykoff almost four decades ago [ (Hulten 
and Wykoff 1981a), (1981b), (1996)]. Their work was part of a body of research that economists 
were undertaking to better understand the nature and magnitude of capital depreciation broadly 
in the economy, not particularly focused on commercial buildings although including 
commercial property as one asset class. The economists focused specifically on two related 
questions. One is the “shape” of the value/age profile. Is the depreciation straight-line, 
accelerated, or decelerated? The other is the parameterization of whatever shape exists, in other 
words, how fast does the asset fully depreciate, or, how much does the asset depreciate with each 
year of age? These two questions are depicted in Figure 2-1. The left panel depicts three major 
possible general canonical shapes, straight, convex, and concave. The right panel depicts the 
most popular convex shape, constant-rate geometric decay, showing three different 
parameterizations (different rates of decay). The entire value/age profile, not just its endpoint, 
can be important in determining the present value of the lifetime depreciation cost as a fraction 
of the initial asset value, an important summary metric from an economic perspective. 

Figure 2- 1: Value/Age Profiles, Canonical Shapes 
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2.2 Considerations of the value/age profile shape 
Hulten & Wykoff (hereafter HW) argued very influentially that for most types of capital 

assets, including commercial property, economic depreciation results in a convex value/age 
profile. However, HW were really only studying net depreciation (as this term is defined and 
distinguished from gross depreciation in Appendix A), as they had no data on capital 
improvement expenditures. But HW established that economic net depreciation tends to be what 
accountants refer to as “accelerated,” that is, larger real monetary value declines in the asset 
value occur earlier in the asset’s life. Indeed, HW went farther to argue that the empirical 
evidence across a wide range of types of capital assets suggested that economic depreciation can 
be well approximated by constant-rate geometric decay, a mathematical shape that accountants 
refer to as “declining balance”. This shape can be described by the following formula: 
     SA = (1 – δ)SA-1      (1) 
where “SA” is the value of the capital asset at age “A” (in years), and “δ” is the constant annual 
rate of depreciation.12  

As an accounting convention, the constant rate of depreciation in the geometric form is 
often expressed as the product of a “service life” rate times a “declining balance rate” or 
“declining balance factor” (DBF). Thus, supposing the actual constant depreciation rate is 
5%/year (that is, the δ = 0.05 geometric curve best fits the actual value/age profile), and the 
“service life” for the asset is considered to be 40 years, then the DBF would be: 5%/(1/40) = 
5%/2.5% = 2.0. In fact, DBF=2 is referred to as “double declining balance” (DDB) depreciation. 
The actual meaning of the “service life” in this context is not clear (i.e., it does not mean that the 
asset will generally be worthless when it is 40 years old). What is clear is that from an economic 
perspective what matters is the constant rate of geometric depreciation curve that best fits the 
actual value/age profile implied by the used asset market.13 

Constant-rate geometric decay seems intuitive, implying that depreciation is always the 
same proportion of the remaining value of the capital asset. However, prior to HW many people 
argued that economic deprecation followed a straight-line shape, and in the case of assets like 
commercial property which didn’t seem to obviously lose value until they were very old, some 
people argued that depreciation reflected a concave shape (decelerated relative to straight-line).14 
The rationale for a concave value/age profile for commercial property is a concept economists 
call “one-hoss shay” (or “one horse shay”) type of depreciation. If the present value of the asset 
is the discounted sum of a finite-lived constant productivity stream, the result is “decelerated” 
depreciation or a concave shaped value/age profile. (See the left panel of Figure 1.) HW suggest 
that in the case of long-lived assets such as commercial property the existence of monetary 
inflation tended to mask the convex nature of the real (net of inflation) value/age profile, leading 
                                                           
12 The continuous time representation, known as “exponential” instead of “geometric” decay, is: SA = SA-1exp(-δ), 
where “exp()” is the exponential function (the inverse of the natural logarithm function). For a given cumulative 
decline in the value level, the “δ” rate in continuous time will be slightly larger than the “δ” rate in discrete time 
expressed in the geometric formula (1) above. An alternative geometric specification: SA = SA-1/(1+δ), would have a 
“δ” rate even slightly larger still. These differences are very minor in most practical circumstances. The point is that 
the rate of depreciation as a fraction of the remaining asset value, “δ”, is constant as the asset ages. The mean age 
of an exponential decay function is 1/δ, and the half-life or median age is LN(2)/δ, or approximately 0.69/δ. 
13 HW find this best-fit rate by regressing the natural log of the asset value/age profile onto the age in years, 
reflecting the fact that the geometric shape equates to the log/linear functional form.  
14 See e.g. (Taubman and Rasche 1969). 
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people to think that the asset was not losing productivity when in reality it was. People observed 
that in nominal terms a building seemed to be charging nearly the same rent up until it was torn 
down to make way for new development. In reality, adjusting for inflation, the property was 
having to lower its rents in order to compete against the newer buildings in its market (and it also 
may have been experiencing greater operating expenses or suffering from lower occupancy, or 
providing new tenants with concessions). Casual observers may not realize how much of 
property value as structures age is actually in the land value component of the property, no 
longer in the structure which is the depreciable capital asset.  

No studies subsequent to HW have refuted their finding of the convex shape for the 
value/age profile for commercial property, and this general shape seems to have become a well-
established principle for the economic depreciation of commercial property. However, all of the 
(really quite few such) studies have had to “force” the estimated shape to assume a simple 
mathematical function, because they did not have sufficient data to allow the value/age profile 
estimate to be more flexible. In the present study we are able to allow for a more flexible shape. 

In spite of economists’ preference for geometric depreciation, straight-line depreciation is 
often used in accounting contexts, including sometimes in national income accounting, and also 
in financial accounting and in income tax accounting. Straight-line depreciation is convenient in 
such contexts because it implies an equal dollar amount of depreciation each period.15 
Sometimes accounting rules combine geometric and straight-line shapes, with for example 
declining balance depreciation applied until a certain age and thereafter a straight-line shape to 
the end of the expected lifetime. Depending on the rate of geometric decline, geometric and 
straight-line shapes can be pretty similar over a substantial range of ages. Importantly, as of a 
given asset age, any shape can be equated to a straight-line shape with a depreciable lifetime that 
provides the same present value of the total depreciation, given a discount rate for the present 
value computation. Constant-rate geometric depreciation has the appealing mathematical 
property that the straight-line lifetime that equates the present value of the depreciation as a 
fraction of the starting value of the asset is always the same no matter what is the starting age of 
the asset (assuming a constant discount rate in the present value computation).16  

 
2.3 Considerations in the empirical analysis of the value/age profile 

The data that HW used to arrive at their conclusions about commercial building structure 
depreciation consisted of 8066 observations about 22 types of nonresidential buildings, from a 
survey conducted by the U.S. Treasury’s Office of Industrial Economics in 1972. This was not 
directly a transaction price observation dataset, and it did not include any information about 
capital improvement expenditures on the properties. The HW data was a survey in which 
building owners were asked when their buildings were built, when they acquired the building, 
and the price they paid exclusive of the land. It is not clear how the survey respondents estimated 
the structure values of their buildings, in effect, how the land value component was estimated 
and subtracted from the purchase price of the property asset. The bulk of the data pertained to 

                                                           
15 As discussed in Appendix A, in principle from an economic perspective, such depreciation should be adjusted for 
inflation, at least, for inflation in the price of building construction. However, in practice both financial and tax 
accounting in the U.S. is done in nominal (current dollar) terms, based on historical cost. 
16 This is because by definition the geometric function declines at always a constant proportion of the remaining 
value. 
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office buildings, warehouses, retail stores, and factories. The HW study did not include multi-
family rental property (apartments). 

HW raised three conceptual issues in the empirical analysis of depreciation, including 
two problems of sample selection bias with their data, which they attempted to address. One 
problem that was very current in the economic theory literature of the day is known as the 
“lemons” problem. The point is that capital assets that tend to get sold in the “used asset” market 
may not be representative of the broader population of such assets, and in particular, they may 
tend to be of lower quality than the population average. If sellers have private information about 
the quality of the good they are selling, they may be able to get a higher price for it than it is 
really worth. Yet buyers, realizing this, discount their offers below the average value prevailing 
in the unsold population of similar assets. This would cause prices observed in the sales sample 
to reflect values lower than the average values of the same type and vintage of assets in the 
population. HW do not correct for this potential problem but instead argue that commercial 
property assets sold in the property market should not reflect this type of bias. Their point is that 
buyers in the commercial property market are sophisticated investors who know how to correctly 
identify issues with buildings they are considering buying, in effect removing the private 
information effect.17 Indeed, subsequent considerations also argue that the “lemons” problem is 
probably not important in commercial property price samples for studying depreciation. For one 
thing, there are counter-vailing phenomena in the realm of “behavioral economics” suggesting 
that, if anything, property sales samples might be upward rather than downward biased in terms 
of prices relative to values in the overall (unsold) population. Behavioral phenomena such as the 
“disposition effect” (selling of “winners”) and “loss aversion” (avoiding selling “losers”) may 
counteract any sort of “lemons” effect. Another consideration is that for any sample selection 
bias to affect studies of depreciation, the bias would have to systematically differentially affect 
properties of different ages. For example, would buyers perceive older properties for sale as 
having a greater probability of being a “lemon” than younger properties that are for sale? Or a 
lesser probability? This is not at all clear. 

The second sampling issue that HW addressed is known as censored sample bias, or in 
the depreciation context, survivor bias. The only buildings that can be included in a sample are 
those that still exist, i.e., the survivors from an original vintage cohort that have not yet been 
demolished. Yet the complete picture of depreciation requires tracing the decline in structure 
value of all of the buildings built in each vintage cohort. By definition, buildings are only torn 
down when they are worthless as such, hence, fully depreciated. Thus, any sample of existing 
buildings will be missing the buildings that depreciated the fastest, creating an upward bias in the 
value-age profile, or a downward bias in the estimated depreciation rate implied by the sample. 

HW proposed, and applied, an elegant correction for this type of survival bias. Taking the 
current value of all the original members of the vintage as the objective to measure (for 
constructing the value-age profile), the relevant value would be: 

(Proportion Still Standing)*(Observable Value) + (Proportion Demolished)*(Zero Value) 
Thus, HW estimated a survival probability curve as a function of building age. For each building 
in their sample, they multiplied its reported value times the probability of survival to the age of 

                                                           
17 It is also the case that for long-lived assets like commercial property, a buyer at one point in time will 
subsequently be a seller of the same asset at a later point in time, tending to offset in round-trip investment 
performance any information disadvantage or advantage. 
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the structure at the time of its value report, and then took this “expected value” as the value to be 
modeled in their estimated value/age profile.18 To implement their correction, HW used a 
survival probability curve for commercial structures that was somewhat ad hoc, taken from some 
very old and obscure studies.19  

The HW survival bias correction is intuitive and makes sense. However, most prior and 
subsequent studies of building depreciation did not apply any such survival bias correction. In 
most cases this is likely simply an omission. In some cases however it has been argued that the 
correction is not necessary, or is excessive. The argument is that in most cases buildings are 
demolished voluntarily by the property owner as part of a profitable redevelopment project, not 
because the pre-existing building is no longer productive. Hence, it seems somehow excessive to 
attribute the demolished building with zero value. But this is to confuse property value and in 
particular land value with the value of the pre-existing structure. If the pre-existing structure is 
demolished, no matter how “happy” (i.e., economically profitable) the overall circumstances, the 
pre-existing structure is clearly at that point worthless. New capital must be built to take its 
place. This really does reflect the full depreciation of the previous structure, with the value of the 
property at that point reflecting its land value, not pre-existing structure value.  

In this context it is important to note that the HW data on building values and ages 
presumably included only structure value, excluding the land value component. Hence, it made 
sense for them to assume a zero value for the missing (“censored”) observations in each 
construction year vintage cohort. However, the value/age data used in our current study are the 
transaction prices of property sales, including the entire asset, structure plus land. In our analysis 
the HW correction would imply zero land value at the time of building demolition, resulting in 
an over-correction of the survival bias, the more so the greater is the land value. Nevertheless, 
we apply the HW bias correction procedure, and compare results with and without the correction. 
Although the “true” value/age profile should in theory lie somewhere between the HW-corrected 
and uncorrected estimate, we find in fact that the correction makes little difference to the 
estimated value/age profile during the first 50 years of building age, the age range of the vast 
majority of our data. Furthermore, there are other reasons to believe that the HW method does 
not in fact over-correct the value/age profile estimated from our sample.20 

A third consideration that is raised in some of the prior literature concerns the possible 
effect of so-called “vintages” of asset classes on their value/age profiles. The idea is that capital 
assets constructed during certain periods of history might exhibit different value/age profiles than 
those built in other periods of history. For example, perhaps a five-year-old tricorder built in 
2000 would lose 10 percent of its value in the next year (2006), while a five-year-old tricorder 
built in 2003 would lose only 5 percent of its value in the next year (2009). This type of vintage 
year effect is primarily related to new technological developments, and is most important in 
technology intensive capital products. However, some researchers have looked for, and to some 
                                                           
18 This correction may be applied either at the disaggregate (individual property) level pre-regression, or at the 
aggregate level post-regression. Results are virtually identical. 
19 One is attributed to R. Winfrey in 1935, and the other is a “Bulletin F” attributed to the IRS in 1942. 
20 In particular, the building life expectancies and land value fractions implied by our HW-corrected results seem 
reasonable and consistent with other independent evidence found in the RCA database for transactions of land 
and buildings to be demolished. In any case, we will focus our major conclusions on the 0-50 years age range 
where our data is most reliable, which is where the HW correction has very little effect because our empirical data 
on age at demolition indicates very few structures demolished in their first 50 years. 
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extent found, vintage effects in the depreciation of single-family houses.21 Presumably in this 
case the vintage effects are related to consumers (home buyers) preferences for certain historical 
architectural traits (e.g., 1920s bungalows are all the rage in Chicago…). HW note that vintage 
effects are extremely difficult to rigorously identify and estimate, separately from the overall 
effect of age, because age and vintage are mathematically perfectly correlated. They suggest, and 
in the present study we agree, that vintage effects must effectively be included in overall 
depreciation, defining depreciation to include the effects of obsolescence from any and all 
sources of obsolescence. To the extent particular vintages of properties become obsolete faster, 
or slower, than other vintages, this will be reflected in the overall value/age profile, in effect 
reflecting economic or functional obsolescence (or lack thereof). In other words, in their 
statistical estimation of commercial structure value/age profiles HW do not control for the year 
or period of construction, and neither do we.22  

The much greater data availability and homogeneity of single-family houses, in contrast 
to commercial property, may enable vintage effects to be statistically identified in the case of 
housing, but this is much less realistic for commercial property. Furthermore, there is less reason 
to believe that vintage effects should be important in commercial property, which are production 
goods not consumer goods. It is also not clear that vintage effects, to the extent they might exist 
in commercial buildings, would be stationary through time. For example, just because 1960s 
buildings may be “out of style” in 2010, does not necessarily imply that they will continue to be 
regarded thusly by users or investors in 2020.23 

 
2.4 Indications of the magnitude of net depreciation 

HW (1981a) estimated value/age profiles for office, warehouse, retail, and factory 
structures based on their 1972 Treasury Department survey of reported acquisition prices net of 
land value. Their estimates were based on regressing price per square foot onto age at the time of 
transaction. HW’s model was primitive in that it included virtually no property characteristic 
variables to control for differences across properties other than the general type of property. HW 
do not report goodness of fit measures for their study, nor even the number of observations for 
the four types of property. They report depreciation rates per year of building age for office, 
warehouse, and retail structures, respectively averaging 2.47, 2.73, and 2.02 percent. These are 

                                                           
21 See e.g., (Clapp and Giaccotto 1998) or (Francke and van de Minne 2015). 
22 HW do test for the related question of whether the estimated value/age profile is stable through time, that is, 
based on prices as of different dates. They conclude that there is sufficient stability in estimated value/age profiles. 
In our analysis we have less historical range of transaction dates. However, we have tested for value/age profile 
differences between the pre-crisis “bubble” period (2005-07) and the rest of the sample. Based on almost 24,000 
sales transactions during the bubble period we find nearly imperceptibly less depreciation during the bubble 
period, with the difference of no economic significance, though it is of statistical significance. See also our 
discussion of Figure 2 in the next section. 
23 If a vintage suddenly loses value due to a change in fashion or technology, this would presumably cause a 
downward shift in the entire value-age profile for that vintage. While this might be correctly interpreted as 
implying a one-time depreciation in all assets of that vintage, it is not clear that it subsequently implies different 
depreciation rates as a fraction of remaining value then going forward. It is therefore not clear how vintage effects 
could be handled in practice in accounting for commercial structure depreciation. This is another reason for 
lumping vintage effects in with overall obsolescence from whatever source, and simply estimating a single 
aggregate value-age profile for all commercial property no matter when originally built. 
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the constant geometric rates that best fit their estimated value/age profiles. HW characterize their 
overall findings as suggesting a range of 1.5% to 3.5% for the constant geometric depreciation 
rate, or a midpoint of about 2.5%. In a subsequent minor updating of their analysis, HW report a 
slightly greater average depreciation rate of 3.0% for all non-residential structures (HW 1996).  

Figure 2- 2: Commercial Value/Age Profiles: Ours vs Hulten-Wykoff 

 
HW argue that their value-age profile findings are well approximated by constant-rate 

geometric functions. In fact, however, they report that the polynomial function that best fits their 
data is the declining convex quadratic function (which is more accelerated than geometric 
depreciation in early years). The HW value/age profiles based on their more flexible Box-Cox 
specification indicate building values declining to near zero at ages somewhat in excess of 100 
years. Their Box-Cox results imply depreciation rates that are much more accelerated during the 
early years of building life. For example, they estimate that one-year-old office buildings 
depreciate at a 4.3 percent rate, while 10-year old buildings depreciate at only 2.6 percent, 20-
year-olds at 2.3 percent, and 70-year-old buildings are declining at only 2.0 percent per year of 
additional age. Figure 2-2 compares the HW Box-Cox estimate of commercial property 
value/age profiles with a geometric curve fit to our estimated structure value/age profile that we 
will present in Chapter 4, over the first 50 years of structure life, the age range covered by most 
of the data. The HW estimates based on 1972 data are effectively not very different from ours, 
which suggests that structure value/age profiles are likely pretty stable over time, and suggests 
that estimates of net depreciation are pretty robust, at least over the first 50 years of age. 

 
2.5 The Deloitte-Touche Study 

After the HW study, there was no major new subsequent empirical study of commercial 
property depreciation until a 2000 study by Deloitte-Touche sponsored by a consortium of 
commercial property industry associations (Sanders & Randall, 2000). The Deloitte-Touche 
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study (hereafter “DT”) made several contributions, apart from simply updating the HW findings 
with more recent data. For one thing, they highlighted the point that the HW study was only of 
net depreciation, ignoring the role of capital improvement expenditures, and the DT study 
attempted to shed light on the gross depreciation issue. Secondly, DT enhanced the HW 
value/age profile empirical analysis by including variables controlling for property 
characteristics as well as location and date of sale. DT analyzed both the value/age profile and a 
rent/age profile, although as noted in Appendix A, economic depreciation is conceptually defined 
on the former not the latter. Finally, the DT study included apartment properties while HW had 
studied only nonresidential structures. 

The DT study of commercial property value/age profiles was based on a sample of 3,144 
acquisitions of properties by REITs as compiled by SNL Financial.24 Separate regressions were 
run on office, industrial, retail and residential properties with sample sizes of 832, 674, 917 and 
721 acquisitions respectively. The SNL REIT data reported land and structure values separately 
for each acquisition, so the study was able to use structure values directly. However, as is always 
the case with such data, it is never clear exactly how, or how accurately, the breakout of the 
property asset prices between structure and land components has been done in the data. As we 
have emphasized, the traded good in the property market is always the combined whole property 
asset. With that caveat in mind, DT regressed the log of the presumed structure value per square 
foot onto the several property and location characteristic variables, including the age of the 
structure at the time of the acquisition. The regression thus was limited to finding the 
depreciation rate assuming a pure constant-rate geometric shape of the value/age profile, 
although DT explored the log-quadratic specification and found the quadratic term to be not 
statistically significant and therefore was dropped in the final specification. The results indicated 
structure net depreciation rates of 3.46, 2.10, 4.48 and 3.95 percent per year of age respectively 
for office, industrial, retail and apartment properties, in other words, slightly higher than the rates 
found by HW. This compares to 3.1 percent and 3.9 percent average annual net depreciation 
rates that we find for commercial and apartment properties respectively, for the first 50 years 
(see Chapter 4). 

The way DT dealt with the issue of capital improvements was to analyze the value/age 
profile only for acquisitions of properties whose structures were less than 20 years old at the time 
of the acquisition, since DT did not actually have capex data available to them. The idea was that 
in the first 20 years relatively little major renovations are undertaken. However, as DT admitted, 
this was not a very satisfactory way to resolve the problem which they had highlighted. For one 
thing, their analysis of the SNL data revealed that even properties younger than 20 years of age 
sometimes underwent major renovation and scale-expanding projects.25 Perhaps more 
importantly, DT had no way of measuring or controlling within their property sample for the 
magnitude of routine capital improvement expenditures that occur in virtually all properties 
practically every year (the type of data that we do have for our present study). Thus, although DT 
highlight the importance of including capex as a component of gross depreciation (or total capital 

                                                           
24 It is not clear whether this is a smaller or larger sample size than the HW study, as HW do not report how many 
of their total 8,066 observations were in the four commercial property categories they analyzed. 
25 This was particularly true for retail properties where between 12% and 29% of properties 20 years old or 
younger experienced major renovations. For office properties the proportion was nearly 10%.  
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consumption), they do not really solve this problem, and their results represent net depreciation 
rates. 

Although DT note the censored sample bias problem addressed in the HW study, they do 
not implement any bias correction in their own study. However, with their study limited to 
buildings 20 years old and younger, DT argue convincingly that retirement (demolition) of 
structures in their cohorts would have been minimal, likely resulting in no significant effect from 
the HW sample bias correction procedure anyway. 

The 20-year age limit in the DT study also impacts the nature of the value/age profile 
shape that they found. Constant-rate geometric depreciation is likely to be a better fit for a 
sample that is limited to only pretty young buildings. If the true, more complete value/age profile 
is actually more convex (more accelerated) during early years (as suggested by HW and as found 
in our study), then the first 20-year age range studied by DT would exhibit faster depreciation 
rates than would be exhibited by older properties.  

Finally, it should be noted that the goodness of fit of the DT regressions was not very 
impressive, with adjusted R-squares ranging from 0.19 (for office) to 0.43 for retail. This 
suggests that, although DT were correct in principle in attempting to control for property 
characteristics, they only succeeded marginally in doing so in practice. Many of their regressor 
variables (right-hand-side variables in their regression models) have statistically insignificant t-
statistics, and their lack of property or transaction-specific hedonic characteristics blunted the 
effectiveness of their hedonic model. 

 
2.6 The Fisher et al Study 

The only other major empirical study of investment property depreciation since the DT 
study is an academic paper by (Fisher, et al. 2005) which examined only apartment properties in 
the NCREIF database.26 This study was based on 1,516 apartment property acquisitions by 
NCREIF members spanning 1983-2004. The structures ranged in age from new to 83 years old. 
NCREIF apartments tend to be relatively large, upscale properties, possibly not completely 
representative of the broad cross-section of apartment properties.27 The regression model 
controlled for location at a rather micro-level by including zip code fixed-effects, as well as 
annual time-dummies to control for variations in the asset market. The regression also included 
several property characteristics, including size, size-squared, construction quality (indicated by 
price per square-foot quintile), and an indicator for garden apartments. The dependent variable 
was the log of the property asset acquisition price (including the land) per square foot. Age, age-
squared, and age-cubed were all included among the regressors, but age-cubed was dropped due 
to insignificance, and age-squared had no impact on the results because its estimated coefficient 
was so small. No correction was made for the censored sample bias resulting from “retired” 
(demolished) structures. It seems likely that the sample did not include enough structures of 
sufficiently advanced age to either allow the quadratic age coefficient to be well estimated or to 
render much need for correction of the sample censoring problem.  

                                                           
26 A more recent working paper by (Bokhari and Geltner 2015) be viewed as a precursor to the present study, and 
will be integrated into our report of our findings herein rather than being treated in this Chapter on prior 
literature. 
27 The mean historical purchase price was approximately $18 million, with 322 units in the average property. 
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The Fisher et al study produced an estimated geometric depreciation rate for NCREIF 
apartments of 2.7 percent per year of age, as a percent of total property value including land. To 
address the fact that land does not depreciate, Fisher et al used the 59 (of the total 1,516) 
acquisitions in their dataset for which a land and structure value decomposition was given. For 
these the land value fraction averaged 17 percent of the total property value. (It is likely that 
these were newly constructed development projects, as the land value fraction would be expected 
to be greater than that for older properties.28) Applying this ratio to the 2.7 percent total property 
depreciation rate, they suggested that the implied rate of structure depreciation was more like: 
3.25% = 2.70%/(1 – 0.17). Of course, this would understate the structure depreciation rate if the 
average land value fraction were in fact greater, as would be the case if the 17% figure really 
applied mostly to new buildings. The Fisher study’s result is a net depreciation rate, as no 
adjustment is made for capital improvement expenditures, which were not included in the study. 
Their depreciation rate findings compare to ours for apartment properties of 2.4% of property 
value and 3.9% of structure value. 
 

                                                           
28 We find an average new-development land value fraction of 19 percent based on our RCA sample of 234 
apartment development projects during 2001-14 in which the developed property was sold within four years of 
the land acquisition (using a price index adjusted value for the resale price of the built property). 
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Chapter 3: Description of the Data Used in the Study 
This study is based on three major databases from leading industry data providers, Real 

Capital Analytics (RCA), Green Street Advisors (GSA) and the National Council of Real Estate 
Investment Fiduciaries (NCREIF).  

The RCA database consists of market transaction prices and other information about 
commercial and apartment property transactions in the U.S. We use the RCA database to 
estimate the property value/age profile reflecting net depreciation. The data has indication 
whether and when the property has undergone a major renovation, but it does not have 
information about capital expenditures on the properties. RCA also provided two supplementary 
datasets on development sites, their purchases, and in some cases, the eventual sales of the 
buildings developed on those sites. These data are instrumental in estimating the survival 
probability curve for buildings and to provide independent estimates of new development land 
value fractions.  

The GSA and NCREIF databases allow analysis of capital improvement expenditures 
based on properties owned by publicly traded REITs (in the case of GSA) and privately-held by 
large institutional investors (NCREIF). The GSA data is also our only source of some tentative 
indications about the magnitude of major renovation expenditures, in addition to routine capex. 
In the subsections below, we will summarize the characteristics of these three data sets 
separately. (See Appendices A, B, and C respectively for more details on the analyses of the 
RCA, NCREIF, and GSA data.) 

 
3.1. Property Asset Value Data  

This consists of data on the transaction prices of nonresidential commercial and 
apartment properties traded in the private property market. 

 
3.1.1. The RCA Database  

Our primary source of property asset value data is the RCA database. RCA attempts to 
capture all transactions of greater than $2,500,000 value, and the firm estimates their capture rate 
averages over 90 percent (likely lower in non-disclosure states such as Texas and prior to 
2005).29 This data represent a much larger and more comprehensive set of investment property 
transactions than prior studies of depreciation. The present analysis is limited to the four major 
core property sectors of office, industrial (primarily warehouse), retail, and apartment. The study 
dataset consists of all such transactions in the RCA database from its inception in 2001 through 
the second quarter of 2014 and which pass the data quality control filters and for which there is 

                                                           
29 We do not have data on what proportion of total U.S. commercial property stock would be represented by 
properties greater than $2.5 million in value. However, some suggestion can be provided by information reported 
by CoStar Group regarding their CoStar Commercial Repeat Sales Index (CCRSI). CoStar breaks their indices into 
two categories by property size, “general commercial” and “investment grade” properties. What they call 
“investment grade” probably corresponds roughly to the $2.5+ million threshold covered by RCA. Within CoStar’s 
repeat-sales database that they use to produce the CCRSI, “investment grade” properties account for less than 
20% of all the repeat-sales observations, but almost 70% of the dollar value. (Source: 
http://www.costargroup.com/costar-news/ccrsi.) 

http://www.costargroup.com/costar-news/ccrsi
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sufficient hedonic information in the RCA database, 107,805 transactions in all.30 This includes 
80,431 nonresidential commercial properties and 27,374 apartment property sales. A subsample 
of 43,877 are located in the six major markets (metro areas) of Boston, Chicago, Los Angeles, 
New York, San Francisco and Washington DC. Tables 1 and 2 present the summary statistics for 
the final study sample. The average age of all buildings in our sample is 32 years and the median 
is 25 years. Apartment buildings have a mean of 40 years (median of 35 years) and commercial 
buildings are on average 29 years old (median of 23 years). The majority of the data comprises 
of buildings 50 years or younger, 75% of apartment and 85% of commercial.  

Table 1: Summary Statistics 

Variable Mean31 Std Dev Count 
Age 32 26  107,805  
Age - Apartment 40 28  27,374  
Age - Commercial 29 25  80,431  
Apartment 0.25 0.44  107,805  
Industrial 0.26 0.44  107,805  
Office 0.23 0.42  107,805  
Retail 0.25 0.43  107,805  
Price ($) $15,200,000 $47,600,000  107,805  
Square Feet  116,694   178,773   107,805  
Units - Apartment 139 159  27,374  
CBD  0.15 0.36  107,805  
Major Markets 0.41 0.49  107,805  
Seller Type - User/Other 0.04 0.19  107,805  
Seller Type - CBMS 
Financed 0.00 0.05  107,805  
Seller Type - Equity Fund 0.03 0.18  107,805  
Seller Type - Institutional 0.11 0.31  107,805  
Seller Type - Private 0.69 0.46  107,805  
Seller Type - Public 0.05 0.21  107,805  
Distressed Flag 0.07 0.25  107,805  
CMBS Flag 0.11 0.31  107,805  
Excess Land Potential Flag 0.02 0.15  107,805  

 
Table 1 summarizes the descriptive statistics for the main transaction price sample of 

existing buildings properties. The data are broadly representative geographically across the 
country. Appendix B reveals that the frequency distribution of the sample across the 50 states 
and District of Columbia is highly correlated (+85%) with the frequency distribution of non-farm 
                                                           
30 “Hedonic” information refers to data fields describing the characteristics of the property, its location, and the 
transaction. (See Tables 1 & 2 below.) The RCA data is filtered by RCA to eliminate non-arms-length transaction 
prices. 
31 The means for zero/one characteristics variables (“dummy variables”) indicate the proportion of the 
observations with the subject characteristic. For example, 25% of the observations are apartment properties. 
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employment across the 50 states and DC. Non-farm employment should be highly correlated 
with the stock of commercial properties. Thus, the geographical distribution of the sample seems 
quite representative by state. The data are fairly equally distributed across the four core property 
types. In addition to information about the properties and their locations, the data includes 
information about the transactions. The seller types are broadly categorized as Equity, 
Institutional, Public, Private, User and CMBS-Financed, of which Private constitutes about 69% 
of the data. About 15% of the data is located in Central Business Districts (CBD). The average 
transaction price of all properties is roughly $15.2 million. Finally, 18% of the sample has had 
some renovation done on the property at some time in its life prior to the sale.  

Table 2: Distribution of Age by Type 

Percentile All Apartment Commercial 
p5 2 4 2 
p25 13 20 11 
Median 25 35 23 
p75 42 50 38 
p95 91 97 88 
N 107,805 27,374 80,431 

 
Table 2 reports the percentiles of the age distribution of the observations. (For example, 

the “p5” row indicates that five percent of the 27,374 apartment transaction observations had 
buildings four years old or less at the time of the sale, while the “p95” row indicates that five 
percent of the nonresidential commercial properties sales were of buildings older than 88 years.) 

 
3.1.2. Data on Development Sites 

In addition to the above-described data on built property transactions, RCA also provided 
data on 12,903 development site transactions where the existing structure has either been 
demolished or is to be demolished for the purpose of new construction at the highest and best use 
of the site. We use this data to correct for censored sample bias as pointed by (Hulten and 
Wykoff 1981b) and described in Chapter 2. To recap, if only buildings that have survived are 
included in the analysis, then the estimated rates of depreciation would be biased towards zero 
since the buildings that had depreciated the most (the demolished buildings) were not taken into 
account. In order to correct this sample selection bias, we need to construct a survival probability 
curve as a function of building age that is based on both surviving and demolished buildings. In 
our context, this would be a total of 107,805 + 12,903 = 120,708 observations. 

Table 3 shows just the distribution of age of the 12,903 development site data. Of these, 
only 2,109 observations have non-missing age and the rest had to be imputed using a multiple 
imputation statistical technique (the details on which are provided in the data appendix).32 It is 
important to compare the age distribution in Table 3 with that in Table 2 and note that, as 
expected, the demolished buildings are on average much older than the buildings that have 
                                                           
32 Table 3 shows combined together the distribution of age of both the 2,109 buildings for which data on age were 
available as well as the average across 20 imputations of age for the rest of 10,794 observations with missing age 
information. In the data appendix, the distributions of these two subsets are also shown separately to show that 
the two are similarly distributed (and thus different from that shown in Table 2 for surviving buildings).  
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survived. For example, the average age of buildings being demolished is 59, whereas the average 
age among buildings still in operation is 32.33 

Table 3: Distribution of Age of Demolished Buildings 

percentile Age 
p5 35 
p25 48 
p50 56 
p75 68 
p95 94 
Mean 59 
N 12,903 

 
Each of these 12,903 buildings has a purchase price recorded in the RCA database. Of 

these, there are 830 observations for which development was completed and the new building 
sold within 36 months. Table 4 shows the mean new development land value fraction (NDLVF) 
of these newly developed buildings. The NDLVF is the ratio of the purchase price of the original 
development site divided by the subsequent sale price of the developed properties after adjusting 
for property market appreciation and yield (more on this adjustment process in Appendix B, 
Section B.7). The average land value fraction for the 139 apartment developments is 0.18 and 
that for the 691 commercial buildings is 0.32.  

Table 4: Land Value Fractions (Holding Periods of 36 Months of Less) 

  Mean NDLVF N 
Apartment 0.18 139 
Commercial 0.32 691 
   
Total 0.30 830 

 
3.2. Capital Improvement Expenditure Data 

This type of data consists of operating data about capital improvement expenditures from 
commercial investment property databases, including NCREIF for private institutionally held 
properties, and Green Street Advisors (GSA) for properties held by major publicly traded equity 
REITs. There is also some other information about the properties, particularly in the NCREIF 
database. 

 
3.2.1. The NCREIF Database 

The NCREIF data consists of quarterly property-level information on buildings privately 
owned and managed by large real estate institutional investors and investment managers. As such 
it covers a smaller population of properties than RCA, but with possibly a high degree of 

                                                           
33 This does not imply that the average life expectancy for buildings is 59 years, as the demolition sample is skewed 
to the left just as the operating sample is skewed to the right. 
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overlap. To get an idea of the characteristics of the NCREIF properties, it is instructive to 
compare Table 5 below to the summary statistics on the RCA data in Table 1. In the NCREIF 
table below, only properties that have been sold out of the NCREIF database are shown. This is a 
sub-sample that we do not actually use by itself in the present study, because for purposes of 
estimating the capex fraction of market value it is quite acceptable to use appraised values as 
well as transaction prices, enabling us to use for that purpose essentially all of the properties in 
the NCREIF database, both those that have been sold out of the database and those that are still 
in it. However, Table 5 is of interest to compare to the comparable statistics in the much larger 
RCA data. In the NCREIF sold sample the mean sale price is $31.6 million with average 
building size of 273,000 square feet. In contrast, the corresponding averages in the RCA data are 
roughly $15.2 million and 116,000 SF, respectively. The NCREIF properties are also a bit 
younger, with a mean age at sale of 20 years.  

Table 5: Characteristics of NCREIF Property Sales (7,436 Sales) 

Variable Mean Std Dev 
Sale Price $31,600,000 $53,600,000 
Square Feet  272,975   373,353  
NOI per quarter $338,786 $718,461 
Age 20 14 
Apartments share 0.22 0.42 
Office 0.28 0.45 
Retail 0.17 0.38 
Industrial 0.33 0.47 

 
A key feature of the NCREIF data, not available for the RCA data, is that it has quarterly 

information on capital improvement expenditures (capex) that are separate and distinct from 
operating income and expenses. Indeed, NCREIF is our primary source for information about 
commercial property capex for purposes of quantifying total capital consumption, or gross 
depreciation. For this purpose, we use the entire NCREIF database consisting of both sold and 
unsold properties (that is, properties currently still held within the database).  

It is important to note that the method of reporting capex in the NCREIF data is based on 
accrual accounting. One implication is that an entry for a particular quarter could be a debit 
against a previously entered amount, as accounting corrections are made. This causes the 
quarterly frequency capex data to be messy. In order to get meaningful results, we compute the 
annualized average capex over all of the quarters each property is available in the NCREIF 
database (that is, its holding period by the NCREIF member). To relate this capex to the rate of 
capital consumption, so we can combine it with the annual net depreciation rates we obtain from 
our property value/age profiles, we divide the average annualized capex by the average market 
value of the property during the same span of time, based on the property’s periodic reappraisals 
during the holding period.34 Table 6 below shows the summary statistics by commercial and 

                                                           
34 We use only appraisals from the NCREIF Capital Value Indicator (CVI), which are so-called “serious” reappraisals 
in which the reported estimated market value changes from the prior report for the property by other than just 
the capital expenditures during the period (indicating that a substantial reappraisal was undertaken). These CVI 
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apartment buildings, both sold and unsold. It is important to note that we excluded, as best as we 
could identify, any capital expenditures that were for a major building expansion (as distinct 
from renovation) or incurred as leasing commissions. As noted in Appendix A, leasing 
commissions are excluded from our measure of capex because they do not capitalize into the 
value of the physical structure.35 In Appendix C it is noted that the frequency of the NCREIF 
property sample is highly correlated (+90%) with the frequency of non-farm employment by 
state, suggesting that the sample is very geographically representative of commercial property in 
the U.S., and in this respect is similar to the RCA sample described above which is used for the 
net depreciation analysis. Thus, it is broadly reasonable to apply results from both samples 
together to measure gross deprecation (as we will do in Chapter 6). 

About 17% of the combined nonresidential and apartment sample has had a major 
renovation in the past. However, upon checking the year of that renovation, we find that 90% of 
these renovations took place before the property entered the NCREIF database. As such, none of 
the capital improvement expenditures associated with those previous renovations would be 
recorded in the current database, although presumably their capitalization should be reflected in 
the market values. Thus, while we do not attempt to filter out (non-scale-expanding) major 
renovations in our study of NCREIF capex, in reality our data includes very little of major 
renovation expenditures. Importantly, a far smaller proportion of the NCREIF properties had 
major renovations during their NCREIF holding period for which we have capex data than the 
proportion of RCA properties in our major transaction price sample. As noted, about 18% of the 
RCA properties indicated renovations had occurred on the properties subsequent to initial 
construction, a similar figure to the 17% of NCREIF properties indicating prior renovations. But 
only about 1% of the NCREIF properties underwent major renovation during the NCREIF 
holding period reflected in our capex data. The business strategy of most NCREIF data 
contributing members is generally not to be in the major renovation business for the properties 
submitted into the NCREIF database.  

Thus, our NCREIF capex data should be considered as reflecting only routine capex, the 
type of expenditures that are very common and necessary on an on-going basis for property 
maintenance, upkeep, and leasing. As a result, while our net depreciation estimates based on 
transaction prices will reflect the effect of major renovations on property value preservation or 
enhancement, our capex data necessary to gross up the depreciation to total capital consumption 

                                                           
appraisals occur typically about once per year. It should be noted that the “market value” defined by NCREIF is the 
reported appraised value of property asset, including land as well as structure value. 
35 Leasing commissions are certainly an actual capital expenditure item viewed from an investments or financial 
economic perspective (for income property), resulting in a deduction from actual property net cash flow. Of 
course, leasing commissions are nonexistent in owner-occupied commercial property and apartment properties. 
But for income properties with long-term leases, we exclude leasing commissions in the present study only 
because we are focusing purely on structure depreciation. Both from the perspective of financial accounting and 
national economic statistics accounting, leasing commissions are not capitalized into the building structure value 
but rather into a separate account associated with the lease. In Chapter 5 we report the data we have on leasing 
commissions, which suggests that for nonresidential income property in the NCREIF database the excluded leasing 
commissions average around 20 percent of the value of the included remainder of the capex. (See Figure 5-2.)  
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rates will not reflect the cost (or “capital consumption”) of those renovations. This will cause a 
downward bias in our overall capital consumption estimates, as elaborated in Appendix A.36  

The annualized routine capex (excluding leasing commissions) per dollar of market value 
(MV) averages around 1.57% for commercial properties and 1.26% for apartment properties. In 
other words, the annual spending is $2 per sqft for commercial buildings and $1500 per unit for 
apartment buildings. In this sample, over 96% of the buildings are younger than 50 years.  

 
Table 6: NCREIF Summary Statistics by Property Type 

Variable Mean Std Dev 
Commercial (11,773 Properties)     

Annualized Capex per dollar of MV 0.0157 0.0170 
Annualized Capex per square feet $2.06 $3.60 
Standardized Cap Rate37 0.001 0.029 
Mean Age 19 15 
Proportion Office 0.32 0.46 
Retail 0.22 0.41 
Industrial 0.47 0.50 
Avg Square Feet  283,158   423,089  

Apartment (3,927 Properties)     
Annualized Capex per dollar of MV 0.0126 0.0143 
Annualized Capex per unit  $1,506   $1,880  
Mean Age 15 16 
Average No. of Units Per Property 312 259 

 
3.2.2. The Green Street Advisors Apartment Database  

Green Street Advisors has compiled a large database on capex of properties owned by the 
major REITs that they track. However, with the exception of apartment properties owned by the 
major apartment REITs, the GSA capex data available to us was aggregate, REIT entity level 
data, not disaggregated to the individual property records. Such aggregate data is quite 
interesting and relevant for providing information about the overall average magnitude of capex 
in REIT owned properties. However, there is not much that we can add in the study of such data 
beyond what GSA has already reported. Accordingly, our analysis of GSA data has been 
confined to the apartment sector, in which their database is broken out at the individual property 
level, enabling us to do more or less the same type of analysis with the GSA apartment data that 
we can do with the NCREIF data. 

                                                           
36 See in particular Section A.1 in that Appendix. We discuss this issue further in Chapter 5, where based on the 
GSA data we tentatively explore some indication about the likely magnitude of the omitted major renovation 
expenditures. 
37 The “standardized cap rate” is the difference between the property’s cap rate (defined as current annual NOI 
divided by market value) and the average cap rate in the NCREIF database for properties of the same type and 
location. It is used as an indicator of the relative quality level of the property. 
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With this in mind, the GSA data used in the present study consists of apartment buildings 
owned altogether by 11 pure-play apartment REITs. These represent pretty much all the major 
apartment REITs. They held approximately 1300 properties as of 2013 in our sample. If these 
buildings were present in the REIT portfolio in years prior to 2013, then GSA would collect 
information on them all the way back to the firm’s inception in 1997, wherever such data are 
available (but only for the “surviving” buildings still present in 2013). For each year, the number 
of units, age and capex per unit is available. GSA has pre-filtered this data to remove major 
renovations expenditures, limiting the capex to only routine on-going type capital improvements 
that virtually all apartment properties must consistently undertake. For consistency and 
comparison with our main source of capex data which is the previously described NCREIF 
database, we focus our analysis of the GSA data onto this pre-filtered capex data (referred to by 
GSA as “adjusted” capex).38 Table 7 provides summary statistics for the three available property 
characteristic variables. We do not have sales prices or estimates of market value for the 
apartment properties in the GSA sample, as REITs rarely sell properties and do not regularly 
appraise them either. 

Table 7: GSA Data Summary Statistics 

  Capex/yr/unit Avg Age Avg Units 
Mean $1467 21 285 
Std dev $1696 16 178 
p5 $146 3 84 
p25 $495 10 174 
p50 $912 17 252 
p75 $1789 27 350 
p95 $4841 44 608 

 
The mean annual capex spending per unit is $1467, which is quite similar to the $1500 

per unit for the NCREIF apartment buildings (see Table 6). Similar to the NCREIF data, pretty 
much all of the apartment buildings are younger than 50 years. The average number of units is 
285, which is only a bit less than the average of 312 units for the NCREIF apartment buildings. 
As noted, GSA cleans the data to exclude large-scale redevelopments, making the data largely 
comparable to the NCREIF capex data in that regard.  

                                                           
38 Section 5.3 at the end of Chapter 5 makes some use of the unfiltered (“unadjusted”) capex data that does 
include major renovation expenditures. 
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Chapter 4: Net Depreciation 
This Chapter presents our analysis and findings regarding net depreciation in U.S. 

commercial properties, including both nonresidential and apartments, separately. As described in 
Appendix A, economic net depreciation refers to the loss in property market value attributable to 
the structure as a function of the age of the building, even after and in spite of expenditures on 
capital improvements and renovations (capex). Net depreciation is one of two components of 
total capital consumption or “gross depreciation,” along with the cost of the capex itself as the 
other component. Capex will be treated in Chapter 5. Net depreciation arises from physical, 
functional, and economic (or “external”) obsolescence, as described in Appendix A.  

  
4.1. Methodology Overview 

The main subject of our analysis of net depreciation is what is often called the asset 
value/age profile. As introduced and described in Chapter 2 and Appendix A, the value/age 
profile reflects the cumulative depreciation (or equivalently, the remaining asset value) as a 
fraction of the initial asset value (when it was newly constructed), as a function of the age of the 
asset, measuring depreciation always in real terms (net of inflation). More precisely, the 
value/age profile depicts the asset market value as a fraction of the initial market value as a 
function of the age of the building in years. This market value reflects the accumulated 
depreciation since the building was new. The value/age profile is thus a declining line or curve 
intercepting a left-hand vertical axis at a value of unity (1.00) at building age zero and declining 
over a horizontal axis that measures the building age in years. As described in Appendix A, the 
value/age profile is a cross-sectional construct, comparing assets of different ages as of the same 
point in time. As noted in Chapter 2, the prior literature on depreciation has focused on both the 
shape of the value/age profile curve, as well as the overall magnitude or rate of depreciation. For 
commercial property, prior studies have not had sufficient data to model the value/age profile 
over the entire property life cycle, that is, all the way through to the end of the life-expectancy of 
the structure.39 However, our RCA dataset includes structures well over a century old and 
contains sufficient observations to enable us to model what we regard as the full life cycle 
value/age profile for typical commercial structures, and also to do so in a manner that allows the 
shape of the curve to be fully flexible, without the shape restrictions imposed in previous studies 
(such as an assumption of geometric decline). 

Real property assets include both structure and land value components, and property 
value is, by definition, the sum of the structure value plus the land value. The combined property 
asset is the good that is traded in the marketplace and therefore the fundamental source of 
information about economic depreciation, how property market values change with the structure 
age. But only the structure depreciates, not the land. All of the decline in property value that we 
can observe as a function of the age of the building, the net depreciation, is attributed to the 
structure. Therefore, starting from the more fundamental property value/age profile, we need to 
subtract an appropriate land value fraction to arrive at the implied structure value/age profile 
which is the basis for quantifying net depreciation rates relative to structure value. We obtain our 
land value estimate from two partially independent analyses, based on largely different RCA 
datasets. Thus, broadly speaking, our net depreciation estimation methodology has two major 
                                                           
39 The concept of the property life cycle is described and discussed in Appendix A. 
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steps. First, we estimate the property asset value/age profile, and then we subtract the land value 
fraction to arrive at the structure value/age profile. (In fact, the property asset value/age profile is 
also of interest in its own right.40)  

The following sections walk through the steps of our net depreciation estimation 
methodology in more detail. Further depth and detail is in Appendix B.41 

 
4.1.1. Building Survival Probability and Censored Sample Bias Correction 

As suggested above, in principle the first step in our net depreciation estimation process 
is to quantify the underlying property asset value/age profile. However, in practice there is a 
prior step that needs to be taken. We need to estimate a building physical survival probability 
curve, sometimes referred to as a hazard function or attrition curve. There are two major ways in 
which the building survival probability curve is useful for us. First, our raw transaction price 
sample is what is known in statistics as “right-censored”, because it reflects only surviving 
buildings, those that are still in full operation. To estimate the property value/age profile, we 
need to correct this data for censored-sample bias, as described in Chapter 2 (section 2.1.3). 
Second, the survival probability curve reflects the frequency distribution of the “lifetimes” of the 
structures, from which we can ascertain the life-expectancy of the buildings. This is useful to 
help identify the length of the average property building life cycle, the time from “birth” 
(construction) to “death” (demolition and redevelopment).  

Recall from Chapter 3 that our RCA data includes 107,805 surviving buildings 
transactions as well as an additional 12,903 transactions on buildings that have been or are being 
demolished. Taking the two samples together (120,708 observations), we can estimate a survival 
curve as a function of the age of the building. We employ the widely used and traditional 
Kaplan-Meier (KM) estimator to quantify the resulting survival probability curve. The result is 
shown in Figure 4-1. The vertical axis shows the probability of surviving to or beyond the 
corresponding age on the horizontal axis. The curve has a half-life of 105 years. That is the 
median survival time (where probability of survival is 50% or 0.5). The mean or expected 
lifetime of buildings (the area under the curve) is 100 years.42 With also other evidence and 

                                                           
40 See for example (Bokhari and Geltner 2015). 
41 Our primary analysis of net depreciation is based on the RCA database, and that is what is reported in this 
Chapter. We also analyzed net depreciation in the NCREIF sold property sample that we described in Chapter 3. 
However, the NCREIF sample is much smaller and lacks the age range of the RCA sample, nor do we have age-at-
demolition or development site data in the NCREIF sample. We therefore do not regard our NCREIF net 
depreciation analysis as definitive, and it is not reported herein. In general, however, based on a log-quadratic 
hedonic price model, we can say that analysis of the NCREIF sold-property transaction price sample suggests net 
structure depreciation rates at least as fast as what we find based on RCA, with a shorter implied property life 
cycle and higher land value fractions. 
42 The directly estimated curve stops at the age of the oldest building in our sample, which is 150 years. (In fact, we 
filtered out the few transactions in which the building was older than 150 years, because we felt they would often 
represent very untypical cases, often of historical buildings value for their age in itself.) The implication from the 
sample and the Kaplan-Meier (KM) estimation is that it is possible for a few buildings to last longer than 150 years, 
hence, there remains approximately 10 percent survival probability at age 150. (This is akin to the fact that, even 
though U.S. life expectancy at birth for males is 77 years, the remaining life expectancy of a healthy 80-year-old 
man is not zero!) It is possible to mathematically extrapolate beyond the sample to approach a zero survival 
probability point, and doing so would imply a longer mean survival age than 100 years. If one estimates a log-
quadratic property value/age profile, with log-price a function of age and age-squared, the resulting log-parabolic 
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considerations in mind, we will take 100 years to be the span of the complete property building 
cycle for U.S. commercial properties.43 

Figure 4- 1: Kaplan-Meier Survival Curve 

 

The KM curve is an interesting finding in its own right, and we are not aware of a similar 
analysis reported for commercial properties in the U.S. As described in Chapter 2, Hulten-
Wykoff used much cruder information and assumptions about survival probabilities, taken from 
the 1930s and 40s, which they applied in their censored-sample bias correction. It may surprise 
some that buildings last as long as 100 years on average. Architects sometimes state that 
buildings are often not really designed to last more than 50 years, and the large majority of our 
transaction observations are indeed of buildings no more than 50 years old. But it is important to 
keep in mind that the RCA transaction sample reflects the effects of renovations in the building 
population. We should also note that the RCA sample is a bit tilted toward large commercial 
                                                           
value/age profile has its minimum point all the way out at 128 years, estimated on the entire RCA sample. It should 
be noted that the RCA capture rate for development site observations is probably below that for stabilized 
property observations, which would bias the KM results toward over-estimation of the length of building life-
expectancy. On the other hand, development sites probably face a greater underlying inherent propensity to 
transact than do stabilized properties (assuming development sites are not held for pure speculation as long as the 
typical stabilized property is held for income-generating investment), and this would bias the KM results in the 
opposite direction. Overall, we feel that the KM results seem reasonable, and for our practical purposes in this 
study we are working with the assumption of the typical full property cycle period at 100 years building age. It 
should be noted that the expected lifetime of the structure is not the same thing as its “service life” as this term is 
often used in depreciation studies. The service life is often defined as the inverse of the depreciation rate in a 
geometric value/age profile, for example, a depreciation rate of 3% would imply a service life of 33 years. 
43 We apply this span to both nonresidential and apartment properties, because in the RCA data we cannot 
differentiate the type of building that is being demolished. In fact, as reported in Chapter 3, the average age of our 
existing apartment properties is greater than that of our nonresidential properties in the transaction sample. 
However, other indications which we shall report in Section 4.2 below do not imply that apartment buildings tend 
to last longer than nonresidential buildings. 
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structures (due to the >= $2.5M lower-bound cutoff) in the most active property investment 
markets (since it is a transaction based sample). This may tend to skew the sample a bit toward 
buildings designed to last longer than average, or toward markets that have a larger population of 
older structures, such as the major East and West Coast central cities.44 In any case, we shall take 
100 years as our canonical property life cycle duration for purposes of the present study. We also 
use the curve in Figure 4-1 to apply the Hulten-Wykoff censored-sample bias correction as 
described in Chapter 2 (Section 2.1.3).45 

 
4.1.2. Estimating the Property Value/Age Profile 

Following in the tradition of hedonic price modeling that is well developed in urban 
economics, and consistent with the economic definition of depreciation, we carry out an 
essentially cross-sectional analysis of the prices at which properties of different ages are 
transacted in the RCA database, controlling for other variables that could affect price. However, 
given the survival probabilities obtained from the KM survival curve, we multiply the price of 
each property by the survival probability associated with that building. This is akin to the 
censored sample bias correction applied by Hulten-Wykoff, except that we are applying it to the 
property values instead of structure values. As discussed earlier in section 2.1.3, we may be over-
correcting by not applying the fix to structure values directly. However, this is the best we can do 
without imposing any further assumptions on the land value fraction of each building to convert 
its property value to structure value, and other evidence suggests that over-correction is not a 
serious problem, particularly during the first 50 years of building age, where we will focus most 
of our attention onto our empirical analysis results.46  

Using this approach, the property value-age profile is estimated via the following hedonic 
model 

𝐿𝐿𝐿𝐿𝐿𝐿 𝐸𝐸𝐸𝐸 = 𝛼𝛼 + 𝛽𝛽𝛽𝛽 + 𝛾𝛾𝛾𝛾 + 𝛿𝛿𝛿𝛿 + 𝜀𝜀    (2) 

where for the left-hand-side (dependent variable): “Log” refers to the natural logarithm; and EP 
is the “expected price” per the HW bias correction, that is, the actual price multiplied times the 
KM survival probability at the age of the structure at the time of the transaction. On the right 

                                                           
44 15 percent of the existing building transaction sample is located in CBDs, where the median transacted building 
age is 78 years, by far older than the 23-year non-CBD median. 18 percent of the properties in the entire RCA 
database report a prior renovation. We noted in Chapter 3 that the average age of the demolished buildings is 59 
years (which, of course, is a sample that is censored in the other direction, understating the average life-
expectancy). To the extent that the RCA development site subsample reflects a lower capture rate than the 
existing structure subsample, our KM curve will tend to overstate life-expectancy and understate the rate of 
attrition (unless the missing development site observations have very old buildings on them to be demolished). 
This would impart a conservative bias in our analysis, toward finding less depreciation than actually exists. It 
should also be noted that the relative “youth” of our transaction sample (most buildings under 50 years old) in part 
reflects the economic and demographic evolution of the country, with larger cohorts of buildings being 
constructed in the past 50 years than in earlier years when the country was economically and demographically 
smaller.  
45 See Section B.4 in Appendix B for sensitivity analysis about the effect of the censored sample bias correction. 
46 See further discussion in Section 4.1.3 below, as well as Section B.4 in Appendix B. 
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hand side of the model are three sets of variables described by matrices X, A and T.47 The matrix 
“X” includes variables that effect prices cross-sectionally, such as those listed in Table 1 in 
Chapter 3 (property and transaction characteristics), as well as location characteristics such as 
MSA indicators. The sale year of the property is included in T by a set of year dummy-variables 
to control for longitudinal changes in the property asset market. And finally, in A are included a 
set of building age dummies from age 1 to 149.48 These individual dummy variables and their 
coefficients are the prime focus of the analysis. The age-dummy coefficients, relative to that of a 
new (1-year-old) building, trace out our fundamental estimate of the property asset value/age 
profile. We apply this hedonic model separately to commercial and apartment buildings. The 
detailed regression results are presented in the Excel file attached to the PDF version of this 
Report and discussed in Appendix B. Here it suffices to say that the statistical results are very 
robust from an econometric perspective, with extremely high t-statistics on all the age-dummy 
variables well past the 100-year canonical life cycle age limit. The regressions fit the data quite 
well, much better than results reported in the previous literature, with R-square values over 71% 
(commercial) and 81% (apartments).  

Figure 4- 2: Non-Parametric Property Value/Age Profiles 

 

We refer to the age-dummy specification of the hedonic value/age profile model as “non-
parametric” to distinguish it from more traditional specifications employed by previous 

                                                           
47 Mathematically these are matrices, because the data is in tables consisting of rows and columns, with the rows 
reflecting the individual transaction observations, and the columns reflecting the different explanatory variables. 
48 The filtered data includes building ages up to 150, but for econometric reasons one dummy-variable must be 
suppressed. 
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researchers.49 Previous studies such as those reviewed in Chapter 2 employed parametric value 
functions of age, such as geometric (log/linear), quadratic, log-quadratic, or Box-Cox. Such 
parametric functions are necessary on small datasets, and they do provide a smoother shape to 
the estimated value/age profile.50 However, the parametric curve shapes are “forced,” in a sense. 
Our “non-parametric” specification allows the data “to speak” most freely, tracing out whatever 
shape of the value/age profile best fits the actual empirical market price data. Of course, smooth 
curves have their value, the geometric curve being particularly convenient and traditional, as 
discussed in Chapter 2 (Section 2.1.2). And we will indeed make use of a geometric fit to our 
non-parametric value/age profile later in in this Chapter, to more simply characterize a summary 
metric to reflect the value/age profile. But the non-parametric property value/age profile based 
on the RCA transaction database is a major result of our study and the most fundamental finding.  

Figure 4-2 shows the full non-parametric property asset value/age profile estimation 
results for both nonresidential (“commercial”) and apartment properties, together with five and 
ninety-five percentile confidence ranges (indicated by the thin dotted lines on either side of the 
main line).51 Blue is the nonresidential commercial property, and red is the apartment property 
value/age profile estimate. Clearly, once we get much beyond the 100-year age limit the 
transaction data becomes very sparse and the coefficient estimates are no longer reliable. But at 
least through the 100-year KM life-expectancy, the non-parametric value/age profile looks 
reasonable and reliable.52 We will present and discuss our value/age profile estimate in more 
depth in Section 4.2 below, but in terms of methodology it is important to recognize that this 
non-parametric property value/age profile also has a use in our estimation of the corresponding 
land value fraction, to which we turn next. 

 
4.1.3. The Land Value Fraction 

As described in Section 4.1.1, to derive the structure value/age profile that we need for 
our analysis of net depreciation, we must subtract the appropriate land value fraction from the 
                                                           
49 It should be noted that this usage of the term “non-parametric,” is different from the use of that term in the 
econometrics literature. However, we think this use of the term is descriptive in the context of the traditional 
economic capital depreciation literature that this Report endeavors to update. 
50 As noted in Section B.9 in Appendix B, we have fit cubic splines to the transaction data, and these closely track 
with a much smoother shape the non-parametric value/age profile shown in Figure 4-2, thereby providing some 
confirmation of these results. However, splines involve less flexibility and more subjective judgment than the non-
parametric specification, yet without providing the simplicity and transparency of the single-parameter geometric 
shape, so we do not present them in this Report. 
51 In other words, the 90 percent confidence interval is between the two dotted lines (based on Huber-White 
heteroscedasticity corrected standard errors).  
52 There is an interesting relatively “noisy” region in the 60-75 year age region. In our sample this corresponds to 
structures built during the historical period of the Great Depression and World War II, when few commercial 
structures were built, and therefore we have relatively sparse data for those buildings during the 2001-14 sample 
period of our transactions data. But the relatively precise estimates on either side of that age range provide a 
strong indication of what the profile is (or would be) in that range. There also appears a slight and vague tendency 
of the apartment value/age profile to actually rise after approximately age 80. This may reflect a preponderance of 
high quality structures built before the Great Depression (many in New York and other large old central cities) in 
the transaction sample in that age range (for example, an 80-year-old structure in 2010 was built in 1930). In fact, 
in our transaction sample, of 3933 apartment buildings over 80 years of age at the time of sale, 2618 (66%) are in 
New York City. (This excludes sales of development sites, buildings to be demolished, and thus may reflect higher 
than average original quality structures.) 
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above-described property value/age profile. While the property value/age profile is estimated 
directly from solid market price empirical data, estimating land values presents a greater 
challenge. Prior studies have sought, and contented themselves with, data that purports to 
directly represent structure values net of land. But such data is scarce and may be unreliable. It is 
not clear how such structure value data is obtained or estimated. As noted in Appendix A 
(Section A.2), it is particularly difficult to directly estimate commercial property land values for 
properties with existing buildings, as opposed to for new development projects where the 
structure replacement cost can be more readily observed as the construction cost of the recently-
completed building. In the present study we “triangulate,” using a combination of empirical 
indications and theoretical reasoning, onto the land value fraction that is appropriate to subtract 
from our property value/age profile estimated in Figure 4-2. 

The first indication about the appropriate land value to apply to our analysis comes 
directly from the property value/age profile presented in Figure 4-2. This is possible because, 
unlike previous studies, our estimated property value/age profile spans the entire property 
building life cycle, that is, through the average life-expectancy of the typical building (which we 
are canonically pegging at 100 years). Note in particular that the property value/age profiles in 
Figure 4-2 seem to more or less bottom out in the range beyond approximately 80 years of age. 
Ignoring the noisy and unreliable results much beyond age 100, this flattening out of the profile 
would seem to be pretty consistent with the notion of the structure value becoming minimal, 
essentially worthless, as the age approaches the building life-expectancy of 100 years indicated 
by the KM survival probability analysis reported in the previous section. Indeed, we would 
expect the property value/age profile to essentially flatten out at that point because once the 
structure becomes worthless there is no further depreciation, and therefore the property value/age 
profile would stop declining as it then represents only land value, and this should occur at the 
average age at which buildings are demolished because at that point the structure is worthless.53 
This would suggest a land value equal to the level of the property value/age profile at this 
terminal age range. As is apparent in Figure 4-2, this implied land value is just above 0.3 for 
commercial and 0.2 for apartment properties, as a fraction of the value of a newly-built property. 

We also have another source of empirical indication about the appropriate land value, in 
our RCA data on development site transactions and the subsequent sales of the newly built 
properties on those sites. This data was described in Section 3.1.2 of Chapter 3, where we noted 
that it implies an average new development land value fraction (NDLVF) of 0.32 for commercial 
and 0.18 for apartment developments. These fractions are essentially consistent with the 
indications noted above from the bottoming-out age region of the non-parametric property 
value/age profiles, an age region that is also essentially consistent with the KM life-expectancy 
age.  

Thus, we have from two somewhat separate sources an indication of new development 
land value fraction in the neighborhood of 30% for commercial and 20% for apartments, in 
round terms. This would seem to anchor the land value/age profile at levels of 0.30 (commercial) 
and 0.20 (apartments) on the vertical scale of Figure 4-2, at both ends of the 100-year life cycle, 
the points when new development happens on sites where any pre-existing structure is 
economically worthless. But what of the ages in between?  

                                                           
53 See Appendix A for further discussion, especially Sections A.2 and A.4. 



Net Depreciation    

33 
Commercial Buildings Capital Consumption, MIT/CRE, Final Report, November 2015. 

 
 

In fact, the nature of the empirical analysis underlying Figure 4-2, consistent with the 
definition of economic depreciation, implies that it is appropriate to apply the same land value as 
a fraction of newly-built property value throughout the entire property value/age profile. As 
described in Appendix A (Section A.4), this is because the hedonic price model underlying 
Figure 4-2’s property value/age profile estimation is essentially a cross-sectional model.54 The 
model’s price predictions, and therefore its age dummy-variable coefficients (which trace out the 
value/age profile) all apply to the same epoch of time, the period 2001-14 when all of the RCA 
database transactions took place. While 2001-14 may seem like a long time in the property 
markets, in the context of depreciation estimation it is essentially one epoch. It is a short span of 
time relative to the length of the overall property life cycle (100 years), and the hedonic price 
model controls for price movements in the property asset market during 2001-14 by use of 
annual time-dummy variables in the right-hand-side regressors of the model. Depreciation is a 
gradual, secular process, and the relevant prevailing long-term average land values and land 
value fractions would not have changed much overall during 2001-14, controlling for asset 
market price movements and the other aspects modeled in the hedonic regression. The age-
dummy coefficients in the model reflect the prices of properties sold during 2001-14 relative to 
the prices of other-age properties also sold during 2001-14. Thus, the model’s predicted property 
prices all reflect essentially the same average land value fraction across the various age-
dummies. As a result, our canonical approach in the present study is to apply a constant land 
value fraction of 0.3 for commercial and 0.2 for apartments, as a fraction of newly built property 
value, for purposes of deriving the structure value/age profile implied by our empirically 
estimated property value/age profile. 

With the methodology described in this section in mind, let us turn to our major findings 
in Section 4.2 below. 
 
4.2. Major Net Depreciation Findings: Structure Value/Age Profiles & The “Three Stages 
of Life”… 

In this Section we will present and briefly discuss our major net depreciation findings for 
commercial and apartment properties, including the non-parametric structure value/age profile as 
well as a geometric curve fit to that profile in order to summarize in a single metric the overall 
typical rate of net depreciation.  

                                                           
54 A cross-sectional model means that it analyzes price differences across properties as of the same time, rather 
than longitudinal changes in price across time for the same properties. The cross-sectional perspective is 
appropriate for studying depreciation, which is defined by the differences in prices in the used asset market for 
assets of different ages as of the same time, ceteris paribus. As described in Appendix A (Section A.4), this does not 
imply that in longitudinal analysis relevant for investment performance considerations one must (or even should) 
assume constant land values. The longitudinal secular trend over time in the value of a given property asset will be 
the combination of the net depreciation due to structure aging (as quantified in the present analysis) plus any 
longitudinal secular trend in land value (which might be positive or negative and is not included in the present 
analysis). If P = S+L, then dP/P = (S/P)dS/S + (L/P)dL/L,  where P is property value, S is structure value, L is land 
value, and “d” refers to small incremental changes. In this study we focus only on the dS/S component. Investors 
are faced with the full dP/P change. 
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Figure 4- 3: Value/Age Profiles, Three Stages of Life 

 

First, look at Figure 4-3, which recasts Figure 4-2’s property value/age profiles only for 
the 100-year canonical property life cycle, and without the clutter of the confidence bounds 
(which are anyway quite narrow over this range). Figure 4-3 highlights an interesting feature of 
this value/age profile, which has not been able to be seen in previous studies of property 
depreciation. It seems that in the United States at present, income-producing buildings exhibit an 
almost touchingly anthropomorphic value/age profile. At least since the Myth of the Oedipus and 
The Sphinx, the human lifetime has been classically divided into three major phases: Youth, 
Middle Age, and Old Age.55 During the building’s Youth phase (approximately 0-30 years), the 
property value declines steeply, as the structure loses its luster as a “new building”. If it is in an 
upscale market, it will fall during this period from “Class A” to “Class B” status, with major 
implications for the types of tenants and the level of rents and occupancy that can be attained. 
But once in Middle Age (roughly 30-65 years), there is relatively little differentiation of value by 
age. A 40-year-old building is not perceived much differently from a 60-year-old building as far 
as the age of the structure is concerned (“Class B is Class B”). Of course, Middle Age buildings 
may absorb more capex in order to keep up their status, as we shall see in Chapter 5. Finally, in 
Old Age (over about 65 years), the building value begins to decline pretty rapidly again toward 
essentially just land value. As the building approaches its life-expectancy it may become less 
worthwhile to spend money to try to keep it up (“Class C” status). The final stage may drag out 
in some cases, as the property value/age profile seems to vacillate near the NDLVF for several 

                                                           
55 The Sphinx posed the riddle: “What goes on four legs in the morning, two at midday, and three in the evening”? 
Oedipus avoided certain death by answering the riddle correctly, “Man.” He crawls on all fours as an infant, walks 
upright on two legs as an adult, and then in old age limps with a cane acting as a third leg. 
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decades of age starting by around 75 to 80 years of age. What is a little touching about this three-
stage life cycle is that the ages of the three stages for buildings are so similar to what we face as 
human beings, where the average life-expectancy at birth in the U.S. is 79 years (though 55,000 
people are over 100 years old), Medicare eligibility normally begins at age 65, and the average 
age of first marriage is now 28 (thus endeth “youth”…).  
 

 
4.2.1. The Non-Parametric Structure Value/Age Profile 

When we subtract the land value fractions described in Section 4.1.3 from the non-
parametric property value/age profiles shown in Figure 4-3, we arrive out our fundamental 
structure value/age profile estimate, shown in Figures 4-4 and 4-5 for the complete canonical 
property life cycle of 100 years, for nonresidential and apartment properties respectively. These 
non-parametric structure value/age profiles are the basis for quantifying net depreciation in 
commercial and apartment property in the U.S. The thin jagged line presents the non-parametric 
value/age profiles that are the fundamental empirical findings. The thick, smooth lines will be 
discussed in the following sections. 

In the case of nonresidential commercial property shown in Figure 4-4, the non-
parametric profile indicates that the structure loses some 65 percent of its initial value (in real 
terms) by the age of 30. (Of course, this is just the structure; the land component is fully 
retaining its real value, which means, per Figure 4-3, the property asset is only losing about 45 
percent of its value by that age, less if it is in a high land value fraction location.) Then, during 
Middle Age, the structure only loses some 10 percent more of its original value, to enter Old Age 
in its mid-60s with still almost a quarter of its original value. After that, the decline is fairly rapid 
during old age, losing the remainder of its value over the next (last) 30-40 years of building life. 

In the case of apartment structures the story is similar only slightly more accelerated. The 
structure loses some 75 percent of its original value by age 30 (property value including average 
land value loses 60 percent). But then Middle Age allows better preservation of value, as the 
structure enters Old Age in its mid-60s with still about 20 percent of its original value. The 
decline is then relatively swift to essentially zero structure value (just land value) by as early as 
75 years (although the “good-night” can be “long”, with 100-year old properties still exhibiting 
non-parametric values around the land value56). 

These non-parametric value/age profiles tell an intuitive and nuanced story. But it is a 
relatively complex story compared to what economists studying depreciation have liked to report 
in the previous literature. The complex, three-stage nature of the life-cycle described here could 
be difficult for accountants, tax policy analysts, and national economic statisticians to deal with. 
In the next section we turn to a simpler, summary metric. 

  
  

                                                           
56 But recall our earlier note about surviving New York City 1920s structures dominating the data in that age range. 
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Figure 4- 4: Nonresidential Structures 

 

Figure 4- 5: Apartment Structures 
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4.2.2. The Geometric Fit and Summary Metrics 

The lower, colored (red or blue) thick, smooth curves in Figure 4-4 & 4-5 depict more 
traditional types of asset value/age profiles. They are constructed as two-piece curves with a 
breakpoint at age 50. For ages 0-50, which characterizes the bulk of our RCA transaction price 
data, a constant-rate geometric curve is fit to the non-parametric structure value/age profile. 
Then, from age 51 to 100 a linear (straight-line) function descends to the canonical zero value at 
the 100 year cycle endpoint. The geometric curve applied over the first 50 years reflects the 
single depreciation rate that best fits the non-parametric profile and that applies to every age over 
the entire first 50 years of building age. This best-fit geometric curve is found by regressing the 
log of the non-parametric structure value/age profile values onto the ages from zero to 50.57 The 
best-fit geometric annual net depreciation rates are as indicated in the Figures, 3.1 percent of 
remaining structure value for nonresidential and 3.9 percent for apartments, every year for the 
first 50 years. The corresponding smooth-curve annual rates for the property asset depreciation 
(as a fraction of remaining total property asset value) over the first 50 years are 1.7 percent and 
2.0 percent for commercial and apartment properties respectively, at the sample median ages for 
the buildings (23 years for commercial and 35 years for apartments). These median-age property 
rates reflect a land value fraction of 47 percent for commercial and 50 percent for apartment 
properties.58 The smooth-fit structure value/age profiles are shown together for both types of 
property in Figure 4-6.  

As noted, the smooth-fit curves have two pieces: the geometric rate for the first 50 years 
and then a linear fit to value zero at age 100. This linear “tail” that we have drawn for ages 51 to 
100 drops an equal absolute amount each year, but exhibits increasing annual depreciation rates 
as a fraction of remaining property value.59 However, for purposes of characterizing the rate of 
net depreciation by a single summary metric, we will not focus on this tail but rather on the first 
50 years which characterizes the vast majority of our data and (we presume) the vast majority of 
the population of existing buildings.  

Figure 4-6 compares the smooth-fitted curves for nonresidential commercial and 
apartment structures side by side. It is important to note that, while the summary rates of 3.1% 
and 3.9% annual depreciation for commercial and apartment properties are convenient, and they 
are meaningful as far as a single number can characterize a depreciation profile, these single 
rates are clearly a simplification of a more complex and nuanced story, as indicated by the non-
parametric profiles.  
                                                           
57 This is the traditional method for finding a geometric curve fit, and is the method employed by (Hulten and 
Wykoff, 1981b). The equation is: LN(SA/S0) = -δA + ε, where SA is the predicted structure value at age A years (as 
described in Sections 4.1.2 & 4.1.3), δ is the estimated depreciation rate, and ε is the regression residual. 
58 The geometric curve is fit to the structure value/age profile, not to the property value/age profile. As a result, 
the structure exhibits a single constant rate of depreciation for the first 50 years of age based on the geometric 
model, but the property depreciation rate varies with structure age even based on the smoothed geometric 
profile, as the non-depreciating land value fraction grows as the structure depreciates. For example, for 
commercial property the rate per year of age declines from 2.2% for a new property (1-year-old structure,  30% 
LVF), to 1.6% for a property with a 25-year-old structure (48% LVF), to 1.0% for a property with a 50-year-old 
structure (67% LVF). 
59 For example, in the linear tails the annual depreciation rates at ages 60, 70, 80, and 90 are, respectively: 2.4%, 
3.2%, 4.8%,  and 9.1%, same for commercial and apartments. These correspond to land value fractions (L/P) for 
commercial property of 72%, 78%, 84%, and 91%, respectively (and for apartments: 70%, 76%, 82%, and 90%). 
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Figure 4- 6: Structure Value/Age Profiles, Geometric-Linear Fit 

 

If the best-fit geometric curves presented here were related to traditional accounting 
terminology, they would be viewed as “accelerated.” For example, if we defined the building 
“service life” as being equal to the 100-year building life expectancy, then a base geometric 
depreciation rate per year would be defined as 1/100 = 1.0%, and the “declining balance factor” 
(DBF, or “declining balance rate” – DBR) would be defined as 3.1 for commercial and 3.9 for 
apartments, for the first 50 years of age anyway. The base rate (inverse of the service life) is 
multiplied times the DBF to arrive at the geometric depreciation rate to implement the declining 
balance depreciation method. According to our findings, this would be applicable over the first 
50 years of the structure life, to reflect net depreciation. However, if you compare the geometric 
curves to the non-parametric profiles in Figures 4-4 and 4-5, it is clear that during the first 20 or 
30 years of building life the geometric curves are actually not as “accelerated” as the more 
precise non-parametric profiles. By age 25, for commercial property, the geometric curve 
indicates the structure has lost 55% of its original value (in real terms, or in “quantity” terms by 
the definition of economic accounting for national statistics), while the non-parametric profile 
indicates it has lost 62%. For apartments the corresponding percentages are 63% and 70%. In 
contrast, for middle-aged buildings in the 30 to 50-year age range, the geometric curve is more 
accelerated than the non-parametric profile. On the other hand, if we start from our geometric 
depreciation rates and use them to define the “service lives”, then we go in reverse to the above 
description. The implied “service life” for commercial buildings is the inverse of our estimated 
depreciation rate: 1/0.031 = 32 years, and for apartment buildings it is 1/0.039 = 26 years. 
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Obviously, this is much less than the life expectancy of the structures. Based on our non-
parametric value/age profiles, at age 32 commercial structures still have 35% of their original 
(real) value (quantity), and 26-year-old apartment structures still have 28%. 

 
4.3. Addendum: Implications Regarding Official Economic Statistics 

The findings about the rate of structure net depreciation described above are similar in 
magnitude to what was found in the previous literature described in Chapter 2. However, our 
findings do seem to suggest perhaps a bit more, or at least more “accelerated”, depreciation than 
the previous literature concluded, especially for the early years of building life (the “youth” 
phase), and if one bases the conclusion on the more fundamental non-parametric value/age 
profile.60 Nevertheless, to the extent that existing policies and practices are based on, and largely 
consistent with, the prior literature as described in Chapter 2, it is likely that such policies and 
practices are not substantially inconsistent with the findings in this study, as far as net 
depreciation goes. (Gross depreciation is treated in Chapter 6.)  

One possible caveat in this regard concerns the rates of depreciation that the Bureau of 
Economic Analysis (BEA) is applying within the Perpetual Inventory Method (PIM) to estimate 
the net values of the stock of commercial and apartment structures in the Fixed Assets Accounts 
of the National Balance Sheets for Non-financial Assets.61 As described in (Bureau of Economic 
Analysis 2013), based largely on the original HW studies, the BEA applies a geometric 
depreciation rate of approximately 2.5%/year to commercial structures and 1.4%/year to 
apartment structures.62 The PIM would apply these rates to update the “quantity” of original 
structure carried forward each year after construction, as a fraction of the original new-building 
quantity, for purposes of computing net structure values based on price indices reflecting the 
current replacement cost pricing for the relevant construction (where: “value” = “quantity” X 
“price”).  

The smooth gray lines in Figures 4-4 and 4-5 depict the geometric cumulative 
depreciation reflecting these BEA rates. Comparison of the value/age profiles implied by these 
curves to those found in the present study (the colored lines in the Figures described in Section 
4.2) suggests that the BEA may be under-estimating the amount of net depreciation in the values 
of the stocks of the types of structures studied in the present Report. For example, for a 25-year 
old commercial building, the BEA curve (approximated by a 2.5%/year geometric depreciation 
rate) implies 53% of the original structure “quantity” remaining, while our geometric-fit curve 
implies 45% and our non-parametric point-estimate is 38%.63 The corresponding figures for 
apartment structures (5-units and larger) are 70% remaining quantity according to the BEA, 
versus 37% or 30% by our estimates per the geometric-fit or the non-parametric, respectively.64 

                                                           
60 However, recall that HW also reported faster depreciation in early years, based on their Box-Cox flexible-rate 
specification. 
61 See (Bureau of Economic Analysis 2015) 
62 More specifically, (Bureau of Economic Analysis 2013) indicates the rates most applicable to the types of 
commercial structures covered in the present study are: 2.47% for office buildings, 2.22% for warehouses, and 
2.62% for retail and other commercial buildings. The BEA applies a rate of 1.14% to 1- to 4-unit apartment 
buildings, but a rate of 1.40% to larger apartment buildings more representative of what is included in our data. 
HW did not include apartment structures in their studies. 
63 Our 90% confidence interval around our non-parametric point estimate is between 38.1% and 38.4%. 
64 Our 90% confidence interval is between 30.1% and 30.7%. 
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These differences could imply a non-trivial over-estimation of the value of the stock of structures 
in the U.S. For example, if the value-weighted average age structures in the U.S. nonresidential 
building stock were 25 years of age, then the $16 trillion figure quoted at the outset of Chapter 1 
might have to be reduced to something more like: (45/53)16 = $13.6 trillion, or (38/53)16 = 
$11.5 trillion (based on our geometric and non-parametric profiles respectively).65 

In fact, this type of comparison may under-state the amount of BEA underestimation of 
net depreciation. The BEA rates quoted above are applied only to the original structure, 
excluding subsequent capital improvements. In principle, BEA national balance sheet accounting 
would add capex into separate accounts from the original structure account. The original building 
+ improvements combined value would therefore decline less, as a fraction of the original 
structure value, than what is implied by the smooth gray lines in the Figures, as the improvement 
values (quantities) would be consolidated with and added onto the top of the depreciated value 
(quantity) of the original structure. In contrast, our net depreciation value/age profiles in Figures 
4-4 & 4-5 are already consolidated, already apply to the combined building + improvements 
value, as a fraction of the original structure value.66 As will be seen in Chapters 5 and 6 to 
follow, on a lifetime basis capex probably typically averages at least around the same magnitude 
as the net depreciation that we have reported in this chapter. This could therefore further diverge 
our findings of the magnitude of gross depreciation or total capital consumption from that 
applied by the BEA in the National Fixed Assets Accounts. 
 

                                                           
65 Obviously, this is just an illustrative example. As evident in Figure 4-4, the deviation between the BEA curve and 
our empirically estimated profiles is not so great for older and younger age buildings. On the other hand, the 
deviation for apartment structures is much greater.  
66 This is what we mean by the term “net depreciation”, as defined and explicated in Appendix A, Section A.1. 
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Chapter 5: Capital Improvement Expenditures 
In this chapter, we analyze the second component of total capital consumption, namely 

the cost of capital improvement expenditures (capex). As described in Appendix A in depth, total 
capital consumption, or gross depreciation, is quantified by the sum of the capex plus the net 
depreciation that occurs even after or in spite of the capex. Our major findings regarding net 
depreciation were summarized in the preceding chapter. The basic idea in the present chapter is 
to quantify typical commercial and apartment property capex per annum as a fraction of property 
market value so as to be able to add that fraction to our net depreciation rates from Chapter 4 to 
arrive at gross depreciation. The summation to gross depreciation will be done in Chapter 6.  

In the present chapter we report our major findings from our analysis of all capex that 
were reported in the NCREIF and GSA datasets, minus expenditures on major building 
expansions (where identifiable), and excluding leasing commissions.67 Expansions and leasing 
commissions are purposely omitted because they do not represent physical improvement to only 
the original existing structure. It should also be noted, however, that our capex databases 
effectively do not allow us to include most capex made for major renovation projects even that 
do not aim at building expansion. This is unfortunate because in principle such non-scale-
expanding major renovation expenditures should be included in gross depreciation, as our 
estimates of net depreciation do reflect the value enhancing or preserving impacts of such major 
renovations. Therefore, the results presented in this chapter should be viewed as an 
underestimate of the true magnitude of capex, although we feel that the more “routine” capex 
that is included here is the bulk of all capex, and certainly represents the rate of capex that is very 
widespread and ubiquitous, necessary just to keep properties functioning well, almost a 
“mandatory” level of upkeep in typical property management practice in the industry today. At 
the end of this Chapter we provide an Addendum that discusses the major renovation expenditure 
issue in a little more depth, including some empirical evidence about the possible relative 
magnitude of such expenditures. 

Specifically, our goal in the present is chapter is to use disaggregate data on individual 
properties’ historical capital expenditures to estimate the magnitude and behavior of capex as a 
function of the age of the original structure (the horizontal axis in our net depreciation profiles 
reported in the previous chapter). In order to not confound our findings with other factors that 
also affect the amount of capex, for example, the size of the building and the quality of its 
construction, we employ a methodology that controls for differences in characteristics of the 
property. In fact, this methodology is quite similar to what we used for quantifying net 
depreciation and which we described in the previous Chapter (and in Appendix B). We first 
discuss our methodology on the NCREIF data and then turn to the GSA data, which received a 
slightly modified treatment. Certain details regarding the data and analysis methodology used for 
this chapter are reported in more depth and detail in Appendixes C and D, respectively for the 
analyses of the NCREIF and GSA databases. This chapter begins with a brief discussion of 
methodology, followed by a section presenting our findings. Finally, the chapter ends with an 
Addendum on major renovations. 

                                                           
67 Apartment properties do not generally pay leasing commissions, so this exclusion applies only to commercial 
properties. 
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5.1. Capex Analysis Methodology 
As noted, the methodology for analyzing capex aims at quantifying typical rates of 

expenditure as a fraction of property market value, as a function of the building age. We focus 
only on the first 50 years of building life, because that is where our data is richest and 
conclusions can be most reliable, both for capex and for net depreciation. In this Section we 
summarize the basic methodology first for the NCREIF data and then for GSA. 

It should be noted that in this chapter our denominator in terms of asset value will be the 
market value of the whole property asset, including land value. The NCREIF dataset, which 
allows us to relate capex to asset value, does not break out land and structure value. While we 
could “gross up” the capex/asset-value fractions that we estimate here by applying the 
structure/land value fractions that we obtained in Section 4.1.3 in the previous chapter, we will 
leave that exercise for Chapter 6.  

5.1.1. NCREIF Data Methodology  
The NCREIF capex data is summarized in Chapter 3 (see Section 3.2.1, especially the 

discussion of Table 6 in that section). There are three major variables of interest in the NCREIF 
capex data. For both commercial and apartment buildings, we can examine the Annualized 
Capex per dollar of Market Value of the building. In addition, we can relate capex to the physical 
dimensions of the building. For commercial buildings, we can look at their Annualized Capex 
per Square Foot of leasable space. An analogous variable for apartment buildings is the 
Annualized Capex per apartment unit. We therefore have three hedonic models corresponding to 
these three variables as the dependent variable on the left-hand-side of the regression model. We 
can summarize all three of the models together, based on these variables, by the following 
equation: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  𝛼𝛼 + 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 + 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾 + 𝛿𝛿𝛿𝛿 + 𝜀𝜀   (3) 

where the left-hand side of the model is one of the above-mentioned three variables of interest, 
labeled here as Capex Measure. On the right-hand side, the matrix X represents factors or 
variables besides building age that affect the capex measure under study. Where applicable, these 
include the log of square feet, MSA dummies, as well as a standardized cap rate68 for the 
property, which is used as an indicator of relative quality level of the building. The Age and 
Age-Squared variables are the primary variables of interest. Unlike the model for net 
depreciation, we don’t use age dummy indicators for each age since the sample size of the 
NCREIF data isn’t large enough to reliably estimate each age’s coefficient. In other words, we 
cannot do for capex the type of non-parametric age profile that we were able to do for net 
depreciation. We fall back on more traditional building age parameterizations commonly used in 
urban economics. Thus, we use a quadratic function of age. The estimates of both Age and Age-
Squared coefficients are statistically significant in all models run on the commercial and 
apartment buildings sample. This tells us that capex expenditures as a fraction of property value 
or even per physical unit of property size are an increasing concave function of structure age. 
                                                           
68 The “standardized cap rate” is the difference between the property’s cap rate (defined as current annual NOI 
divided by market value) and the average cap rate in the NCREIF database for properties of the same type and 
location. 
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That is, the capex intensity tends to increase over some range of aging of the property, before 
possibly declining at a later age (although we must limit our analysis to only the first 50 years). 
Appendix C presents the full details of all the regression results.  

5.1.2. GSA Data Methodology   
The GSA data that we have focused on in the present study are 1299 apartment buildings 

owned by pure-play apartment REITs.69 We do not have information on market values or 
appraised values of these properties. Thus, the only one among the variables described in the 
previous section that we can analyze in the GSA data is the building’s Yearly Capex per Unit. In 
addition, unlike NCREIF, the GSA capex data reporting method results in a smoother time series 
of actual capex cash flows, apparently avoiding the problem in the NCREIF data of the accrual 
accounting based negative capex amounts and spikes. This enables us to make use of the time 
series information on each property. A major advantage of this approach is that it allows us to 
control for unobserved factors that may affect the Yearly Capex per Unit measure. The method, 
also known as a panel data regression model, can be written as follows 

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑖𝑖𝑖𝑖 = 𝛼𝛼 + 𝛽𝛽𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 + 𝛾𝛾𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 + 𝜃𝜃𝑖𝑖 + 𝜀𝜀    (4) 

In the above model, the subscript “i” refers to property “i” and “t” refers to time. For 
example, the variable Age can be constructed for each property as of each point in time for 
which data for that property are available. The above model is otherwise similar to that run on 
apartment buildings in the NCREIF sample with one exception. The matrix X of additional 
hedonic variables is replaced here with a parameter 𝜃𝜃𝑖𝑖 that is akin to having a dummy variable 
for each property, i. Its purpose is to capture all property specific factors that may or may not be 
observable in the data but may affect the amount of capex. This model is not estimated using all 
property specific dummy variables (one for each property) but instead by transforming it (such as 
taking a first difference across time for each property) to eliminate 𝜃𝜃𝑖𝑖, thus allowing for greater 
degrees of freedom.70 As was the case with the NCREIF data, the use of Age and Age-Squared 
in this model is driven by the fact that the GSA sample size is not big enough to allow for 
reliable estimates of individual age dummies. Both Age and Age-Squared estimates are 
statistically significant and the regression result is reported in Appendix D.71  

5.2. Findings on Capex 
In this section we report on our capex findings from both the NCREIF and GSA datasets. 

As noted, the GSA data being used here is just for apartments, while the NCREIF data is also for 
nonresidential commercial property. Figure 5-1 shows the findings for average annual capex as a 
percent of property asset market value (including land value), as a function of age, for 
                                                           
69 GSA also has compiled and reported information about capex for the other major commercial property sectors. 
However, this data is at the aggregate level, by REIT. In the present Report we are focusing on the analysis of 
disaggregate (individual property level) data. However, the GSA findings for the other property types are 
interesting and important. They appear to be substantially consistent with the results we find for the other 
property types using the disaggregate NCREIF data. 
70 This technique is made possible by the assumption that the hedonic characteristics of each property remain 
largely the same over time (with the exception of age, of course). For the interested reader, an introductory but 
thorough treatment of the panel data regression method is available in (Wooldridge 2012). 
71 Appendix D also includes a description of an analysis of GSA apartment property data relevant for considering 
the magnitude of major renovation expenditures, as will be discussed in the Addendum at the end of this Chapter. 
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commercial and apartment properties. In general capex rises as a fraction of market value as the 
building ages, more so in the case of apartments than other commercial properties. At the mean 
building ages, which in the NCREIF sample is 19 years for commercial and 15 for apartments, 
the commercial capex rate slightly exceeds that of apartment, 1.63% compared to 1.42% per 
year.  

In the next chapter we will combine the capex results from Figure 5-1 with the net 
depreciation results from Chapter 4 to arrive at our estimate of gross depreciation, total capital 
consumption for commercial and apartment properties. 

Figure 5-2 shows the annual average capex per square foot for nonresidential commercial 
properties in the NCREIF database, as a function of building age. The Figure shows the capex 
both including and excluding leasing commissions, but in our analysis of gross depreciation in 
the next Chapter we will only use the results excluding leasing commissions. Note that the capex 
per SF follows a similar rising pattern with building age, only with greater tendency to rise more 
rapidly in dollar magnitude as the building ages. As is apparent in Figure 5-2, including leasing 
commissions would increase the magnitude of the capex that we are reporting by about 20 
percent, with little variation by age. Leasing commissions are an important component of capex 
from the perspective of the landlord or investor, even if we are not including them in the current 
study because they are not capitalized into the structure per se. 

Figure 5- 1: NCREIF Annual Capex Percent of Property Value by Building Age 
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Figure 5- 2: NCREIF Commercial Buildings, Annual Capex per Square Foot By Age 

 

Finally, Figure 5-3 shows both the NCREIF and GSA based annual average capex per 
unit for apartment buildings. For typical age properties, the NCREIF and GSA results are nearly 
identical. This is particularly interesting because the two samples do not overlap at all, as 
NCREIF does not track REIT properties, and REITs are not generally members of NCREIF. 
Thus, the GSA data provides confirmation of the representativeness of the NCREIF sample. The 
GSA capex data does seem to be more sensitively related to the building age, with some slight 
evidence that the expenditure rate per unit may peak out as properties get deep into their Middle 
Age.72 As will be discussed below, the GSA apartment data suggest that overall lifetime 
aggregate capex might be increased on the order of 40 percent above what we have analyzed if 
expenditures on non-scale-expanding major renovation projects were added to the routine capex 
expenditures that have been filtered for the data. We do not have comparable data to allow an 
indication of the magnitude of such major project expenditures for the NCREIF properties. 

 

                                                           
72 In their “Residential Sector: Annual Capital Expenditure Review – July 28, 2014”, Green Street Advisors reports a 
case study of average annual capex per unit by the five largest apartment REITs (EQR, AVB, UDR, AIV, CPT), which 
indicates average expenditures by age bracket (<10 yrs, 10-30 yrs, >30 yrs), ranging from $1100, to $1400, to 
$1800 respectively. These results are quite consistent with our findings based on our disaggregate-level analysis of 
all 1299 properties owned by the 11 largest pure-play apartment REITs. 
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Figure 5- 3: NCREIF & GSA Apartments, Average Annual Capex Per Unit 
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First, consider what is meant by the concept of non-scale-expanding major renovations. 
Such renovations are meant to reflect major construction projects, which would probably involve 
the emptying of the building, taking it “off line” in terms of income production. But they do not 
involve any substantial demolition or new construction or change of use of the building, which 
would effectively be a complete redevelopment of the site (and should therefore be regarded as 
the end of the cycle for the pre-existing building). At the other end of the capex spectrum, major 
renovations are distinguished from routine capex that is normal, ubiquitous, and on-going 
frequently if not every year, the type of capex which we do include in Chapter 5.  

We may get some indication of the likely magnitude of such non-scale-expanding major 
renovation expenditure just from this conceptual definition. For example, it would seem 
reasonable to characterize the relative cost of such projects in the range between 10 and 90 
percent of complete new construction, averaging perhaps 50 percent. And it would seem 
reasonable to expect such major projects to occur only once or twice in a typical 100-year life 
expectancy of a building, and in fact not to occur at all in some buildings (though those buildings 
might not then last 100 years). If the typical apartment property has new construction cost 80% 
of total property value (20% new development land value fraction), then major renovation 
construction cost might average half that, 40% of new property value. If this is incurred once 
every 50 years then that would average 0.8% of new property value per year. But if the average-
age property has a value only about half that of a new property, this would double the annual 
major renovation expenditure rate to 1.6% of existing property value. In other words, under these 
stylized facts, the major renovation expenditures that we are not including in this study could 
roughly equal in magnitude the routine capex that we are including. However, indications in our 
RCA transaction sample (used in Chapter 4) suggests that only 18 percent of the properties in 
that sample have experienced a major renovation. If we apply this 18 percent ratio to the above 
1.6% figure we get a major renovation lifetime average expenditure rate of about 0.3%/year of 
property value, only about 20 percent of routine capex. 

Examination of the GSA data provides a little concrete evidence relevant to the question. 
As described in more detail in Appendix D, GSA reports apartment REIT capex on both an 
“adjusted” and “unadjusted” basis. The former has been deliberately and carefully filtered by 
GSA so as to limit it to pretty much just routine capex. But the unadjusted data includes all capex 
reported by the REIT. We have made some ad hoc adjustments of our own to this unadjusted 
GSA data in order to attempt to filter out scale-expanding projects, and then we compare this 
estimated total non-scale-expanding capex with the GSA “adjusted” capex, accumulated over the 
entire history of each property. The difference provides an estimate of the magnitude of major 
renovations. We consider only properties held at least 16 years, so that we don’t over-represent 
major renovations on a lifetime basis. For the sample of 721 such apartment properties in the 
GSA data, we find average adjusted capex per apartment unit per year of $1847, while the 
unadjusted (which includes major renovations) is $2534. The ratio between these two numbers 
implies that major renovation expenditures are about 37% of the routine capex, over the 
“lifetime” of the properties held at least 16 years by the 11 apartment REITs in the sample.73 
                                                           
73 Based on the median lifetime expenditure per unit the implied major renovation magnitude is 39% of the 
routine capex. These figures include both the properties that experienced major renovation (“unadjusted” capex 
differed from GSA “adjusted” capex), and those that did not (“unadjusted” and “adjusted” equal), among all 
properties held at least 16 years. The maximum holding period in the sample is 19 years, as the data only goes 
back that far. If we look only at properties that did experience major renovation (214 out of 721), the average 
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In summary, while evidence is sparse and not comprehensive, it seems very likely that 
the major renovation expenditures not included in the present study are substantial relative to the 
routine capex that is included, perhaps somewhere in the range of 20 to 100 percent of the 
magnitude of routine capex in the average property over the average building lifetime. 
 

                                                           
annual “unadjusted” per unit capex was $4045, versus $1728 “adjusted” (implying lifetime major renovation 
expenditure in excess of cumulative routine capex).  
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Chapter 6: Total Capital Consumption 
We now arrive at the culmination of our study. The task in this chapter is quite 

straightforward: we shall combine Chapter 4’s findings about net depreciation with Chapter 5’s 
findings about capital improvement expenditures (capex) to produce our estimates of gross 
depreciation rates, that is, rates of total capital consumption for residential and nonresidential 
commercial structures in the U.S. 

In the case of the net depreciation phenomenon covered in Chapter 4 it was intuitively 
appealing to present the depreciation results in terms of a value/age profile that depicted the 
accumulation of the depreciation effects on real market value as a function of the age of the 
structure, relative to the original value of the asset when it was new. However, this type of 
cumulative graphical presentation of a remaining asset value is less appropriate in the case of 
gross depreciation, because over the life of the structure the capex process adds to the total 
original quantity of capital asset that is included in the property structure, even as that combined 
total quantity is depreciating as indicated by the net depreciation profiles reported in Chapter 4 as 
a fraction of just the original structure value.74 Therefore, our capital consumption results 
presented in this chapter are presented not in terms of accumulated depreciation or remaining 
asset value, but rather in terms of annual rates of depreciation as a fraction of remaining asset 
value as of each year of age of the structure. Because we can only reliably quantify capex rates 
over the first 50 years of structure life, our gross depreciation results in this chapter are presented 
only through structure age 50, that is, 50 years since the original construction of the building. 
The net depreciation component of our overall capital consumption results presented in this 
chapter are based on the geometrically smoothed depreciation profiles described in Section 4.2.2 
of Chapter 4. In part, this is for consistency with the results on capex rates, which of necessity 
due to smaller sample sizes have been estimated using parameterized smooth-shaped curves as 
described in Chapter 5 (see Section 5.1.1). 

With the above in mind, consider Figures 6-1 and 6-2, which present the gross 
depreciation rates as a function of building age, broken out by the two components, net 
depreciation and capex, as fraction of remaining asset value. Figure 6-1 is for nonresidential, and 
Figure 6-2 for residential commercial properties. Both Figures are the rates as a fraction of 
remaining property asset value, including land, and the two Figures are presented on the same 
scale to facilitate visual comparison. 

First note that the gross depreciation rates tend to be a bit more constant as a function of 
building age than the net depreciation or capex rates by themselves. This is because, as a fraction 
of total property asset value (including land), the net depreciation rates decline with building age 
(due to the declining structure component in the property value as the structure ages), while the 
capex rates increase with building age (no doubt due to the greater need to mitigate the effects of 
                                                           
74 Recall that in the framework of national accounting economics, gross depreciation is a “quantity” phenomenon. 
That is, both capex and depreciation are viewed as changing the “quantity” of structure on the property. From a 
real estate or investments perspective, this may be viewed as changes in the “real” value of the structure asset, 
removing the effects of price inflation (changes in construction replacement costs). When the net depreciation 
structure value/age profiles in Chapter 4 indicate a remaining value of, say, 50% of the original asset value, it 
means that the original structure “quantity” plus any additional structure “quantity” added by capital 
improvements, have all together declined to only 50 percent of just the original structure “quantity.” This is why 
we need to add the capex rate to the net depreciation rate to arrive at the gross depreciation rate. (See Appendix 
A for further elaboration.) 
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the structure aging). Thus, the changes in the two components as a function of age tend to offset 
each other somewhat.  

 
Figure 6- 1: Commercial Property Gross Depreciation Rates as a Function of Building Age: Percent of 

Property Value 

 

Figure 6- 2: Apartment Property Gross Depreciation Rates as a Function of Building Age: Percent of 
Property Value 
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Secondly, we see that the apartment gross depreciation rates are generally higher than the 
nonresidential commercial rates. For younger structures this is primarily attributable to faster net 
depreciation in the apartments, while for older structures (up to our analysis age limit of 50 
years), the primary source of higher apartment gross depreciation is the capex rate. Apartment 
net depreciation rates decline faster, and capex rates increase faster, as a function of age, than is 
the case for nonresidential commercial properties. 

For properties with 25-year-old buildings on them75, the nonresidential property annual 
gross depreciation rate is 3.39%, consisting of 1.75% capex and 1.63% net depreciation. The 
corresponding rate for 25-year-old apartment properties is 4.34%, the sum of 1.96% capex and 
2.38% net depreciation. At our RCA transaction sample median building ages of 23 years for 
commercial and 35 years for apartments, the gross depreciation rates are 3.40% for commercial 
(1.72% capex + 1.68% net depreciation), and 4.36% for apartments (2.37% capex + 1.99% net 
depreciation). 

While these gross depreciation rates as a fraction of remaining property whole asset value 
are interesting and important from an investment and economic perspective, depreciation is, as 
explained in Appendix A, a phenomenon of the building structure, not the land component. 
Therefore, it is in some sense more appropriate, in any case also of prime interest, to examine 
gross depreciation as a fraction of remaining structure value alone. To do this, we start with the 
capex/property market value rates found in Chapter 5 as a function of building age. To those 
capex rates, we add the net depreciation rates as a fraction of property asset value based on the 
geometric best-fit curve as described in Section 4.2.2 of Chapter 4. This gives us the gross 
depreciation rates as a fraction of property asset value reported in Figures 6-1 and 6-2 described 
above, based on the geometrically smoothed property value/age profile for the first 50 years of 
building life. Then we factor up those gross depreciation rates to convert them to fractions of 
only the structure value, by applying the structure/land value fractions implied by the land value 
assumptions of Section 4.1.3 applied to the property value/age profile that corresponds to the 
Section 4.2.2 geometric structure value/age profile. Finally, to break out the resulting structure 
gross depreciation rates, we subtract the structure value net depreciation rate from the Section 
4.2.2 geometric structure value/age profile. (Recall that this rate is, by construction, a constant 
rate for all ages in the first 50 years of property life.) The remainder is the implied 
capex/structure value rate as a function of building age. The results of this exercise, in some 
sense our final “bottom line” in this study, are presented in Figures 6-3 and 6-4, for commercial 
and apartment structures respectively. 

As with the property asset value based depreciation rates discussed previously, Figures 6-
3 and 6-4 are presented in the same scales, to facilitate comparison. Note that in contrast to the 
property asset value based rates, the gross depreciation rates as a fraction of remaining structure 
value clearly increase with the age of the structure. This is because the net depreciation rate is 
now by construction constant (based on the geometric curve) while the capex rate clearly rises 
with building age. The two components no longer offset each other (although this would be less 
true if we were using the non-parametric structure value/age profiles of Section 4.2.1, at least 
over the first 20 to 30 years). The gross depreciation rates as a fraction of structure value are of 
                                                           
75 25 years old is a good benchmark age for quoting summary statistics. It is the overall median age of all buildings 
in our transaction sample, and it is the halfway point in our 50-year age span for our capex analysis. It is useful to 
make comparisons across depreciation metrics holding the building age constant, as the rates vary as a function of 
age. 
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course much larger than when expressed as a fraction of property whole asset value, and the 
more so as the structure ages, which explains how the capex fraction increases faster with age in 
Figures 6-3&4 than in Figures 6-1&2. Gross depreciation rates are greater in apartment 
properties than in commercial properties, even though the land value fraction is less (0.20 
compared to 0.30, as described in Section 4.1.3) which makes the structure value component 
greater.  

 
Figure 6- 3: Commercial Gross Depreciation Rates as a Function of Building Age: Percent of Structure Value 

 

Figure 6- 4: Apartment Gross Depreciation Rates as a Function of Building Age: Percent of Structure Value 
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For 25-year-old buildings, the nonresidential annual gross depreciation rate is 6.61% as a 
percent of remaining structure value, consisting of 3.47% capex and 3.14% net depreciation. The 
corresponding rates for 25-year-old apartment buildings is 7.30%, the sum of 3.36% capex and 
3.94% net depreciation. At our RCA transaction sample median building ages of 23 years for 
commercial and 35 years for apartments, the gross depreciation rates are 6.43% for commercial 
(3.29% capex + 3.14% net depreciation), and 8.81% for apartments (4.87% capex + 3.94% net 
depreciation).76 

Finally, Figures 6-5 and 6-6 (on the following page) compare the age profiles of the 
annual total capital consumption (gross depreciation) rates directly between commercial and 
apartment properties, based on whole property values and on just structure values respectively. 
We see that, with the possible exception of depreciation as a fraction of only the structure value 
and very young age buildings only, in general apartment depreciation rates always at least 
slightly exceed nonresidential commercial property depreciation rates. 

In closing, we should remind the reader that there is a potentially important consideration 
that could lead the above conclusions to be biased conservatively, that is, toward indicating less 
depreciation than actually occurs in commercial property. We are unable to fully include all the 
cost of structure renovation projects within our estimates of the rate of capex, even though our 
estimates of net depreciation do reflect the depreciation-dampening effect of such renovation 
projects. Our capex is largely limited to routine maintenance and upkeep (including tenant 
improvements). 
  

                                                           
76 Using our geometric-fit rates, the undiscounted sum of costs over the first 50 years of structure life, as a fraction 
of the original (new) structure value (i.e., “quantity” amounts in national accounting terminology), are as follows. 
For commercial buildings: net depreciation 80%, capex 79%, total 50-year consumption 159% of original structure 
value (quantity). For apartment buildings: net depreciation 87%, capex 57%, total 50-year consumption 144% of 
original structure value (quantity). As noted, this excludes most major renovations. The magnitude of these figures 
suggests that BEA assumptions for computing National Balance Sheet statistics as reported in BEA (2013) may 
significantly understate capital consumption, and therefore via the PIM over-state the current value of the stock of 
structures. By way of international comparison, (Diewert and Shimizu 2015) have recently found net depreciation 
rates of about 2%/year for surviving Tokyo office buildings, but the overall depreciation rate increases to 4%/year 
including the effect of building demolitions. 
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Figure 6- 5: Commercial & Apartment Annual Gross Depreciation as a Fraction of Property Value 

 

Figure 6- 6: Commercial & Apartment Annual Gross Depreciation as a Fraction of Structure Value 
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Appendix A: Background, Theory, & Framework for the Study 
The basic idea of capital consumption is simple and intuitive. Our capital goods wear out, 

become costlier or difficult to maintain or operate, and ultimately are discarded or recycled. 
Anyone who has owned a car experiences this vividly first-hand. More to our point, anyone who 
has bought and owned a house knows how much maintenance and upkeep you have to spend, 
and how your home value, or that of your parents’ home, may gradually fall below that of newer 
homes you will have to compete against when you try to sell. Yet, when you get down to the 
specific details of capital consumption, or “depreciation”, and how to quantify and measure it, 
we find things are actually surprisingly complex and subtle, particularly in the case of 
commercial buildings. In this Appendix we will walk you through the major issues that are 
particularly important for commercial property depreciation. We focus on basic threshold 
definitional and theoretical considerations, starting at the very beginning, meant to be readable 
by someone with no specific background in the study of commercial real estate or depreciation. 
This material is relevant for understanding the nature and magnitude of commercial property 
capital consumption from an economic perspective. It can provide insight and appreciation of the 
subject, and also help to guide and interpret the empirical analysis which forms the main focus 
and body of the present study. If you really want a sophisticated understanding of commercial 
structure depreciation, we think this Appendix will be worth your time. This Appendix is 
organized into five topics, which intertwine and build on each other. At the end, a sixth section 
summarizes the main points from the discussion.77 

 
A.1. Depreciation & Capex: Net & Gross Depreciation 

Capital consumption refers to the cost to the investor (owner) of capital plant and 
equipment resulting from the ownership and usage of such physical capital over time. In general, 
such consumption typically occurs not only from usage but also simply from the passage of time 
with the aging of the asset, and can be expressed as a rate of consumption per unit of age as a 
fraction of the current (remaining) asset value. This rate of consumption may vary over time or 
with the age or “vintage” (cohort) of the capital but in any case capital consumption accumulates 
over time, that is, the investment is “consumed” over time.  

Broadly, there are two components of capital consumption. First, during the operational 
life of the investment the owner may have to expend funds in order to maintain the serviceability 
of the capital for the sake of the income or benefit generation capability of the capital. (Such 
benefit generation capability, sometimes referred to as the capital product or productivity, or the 
“physical efficiency”, of the asset, is the fundamental reason for the existence of the capital asset 
and for its ownership by the investor.78) Such on-going or periodic expenditures are referred to 
as “capital improvement expenditures,” or “capital expenditures,” or “capex” for short. In 
general, the owner of the capital will (should) expend funds on capital improvements when and 
to the extent that the cost of the expenditures does not exceed the then-current incremental 
present value created by the improvements. Such incremental present value reflects how much 

                                                           
77 Readers in a hurry may want to skip to section A.6. 
78 In national income accounting this product is also treated as a component of the “user cost” of the capital asset, 
based on the opportunity cost concept that if the user of the capital were not using it then the asset could and 
would be deployed elsewhere in the economy where it would generate this value of product. Commercial capital 
assets are both outputs and inputs in the national accounts. 
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the capital is worth with the improvements minus how much it would be worth at that time 
without the improvements. The basis of such incremental present value is that the ability of the 
capital to generate net income or net benefits for its owner (capital productivity) is increased 
relative to what it would otherwise have been without the capex. In the case of commercial 
property, in principle, the relevant capital improvements include all types and magnitude of 
capital improvement for the existing structure, including major renovation and rehabilitation 
projects.79 

The second component of capital consumption is referred to as “net depreciation”.80 Even 
after and in spite of expenditures on capital improvement and upkeep, the real value of the plant 
and equipment may decline over time. In other words, the combination of the original asset plus 
its improvements tends to decline in value in real terms below the original value of just the 
original asset.  

Economic depreciation as we are focusing on it in the present study is defined on asset 
value, not on the physical productivity of the asset. Decline in physical productivity with age is 
also of economic interest and importance, and may be the major underlying cause of asset value 
depreciation, but it is not the same thing as asset value depreciation, and it is not our focus.81 
Asset value decline is what ultimately matters most from an investments and economic 
perspective.82 

From an economic accounting perspective, the net income (or net product) attributable to 
the capital in a given period of time consists of the gross value of its production during that 
                                                           
79 In practice there are empirical difficulties with identifying and including capex for major renovation projects, 
distinct from routine capex and short of complete redevelopments that imply demolition of the existing structure. 
In the present study we try to include non-scale-expanding major renovation expenditures as part of our capex 
amounts as best we can. However, we are limited in our ability to do this. For example, as noted in Chapter 3, our 
main transaction price database on which our net depreciation analysis is based (RCA) indicates that 18 percent of 
the structures have experienced major renovation, but provides no data on the cost of those renovations. In our 
main database for quantifying rates of capex (NCREIF), only one percent of the properties have experienced major 
renovations reflected in the capex data. The impact of this is to produce a conservative bias in our quantitative 
conclusions about the magnitude of gross depreciation. We cannot analyze the quantitative magnitude and nature 
of this bias in a comprehensive and rigorous manner. It should also be noted that we exclude leasing commissions 
from the capex quantified in the present study, because we are focused on the physical capital consumption of the 
structure, while leasing commissions are capitalized separately from the physical structure. We do provide some 
analysis and discussion of both of these points in Chapter 5, and also in the data-specific Appendices that follow 
Appendix A. 
80 The adjective “net” is inserted here because in some literature the term “depreciation” is used to refer to the 
sum of both components of capital consumption, capex plus net depreciation (if any). To be clear, the adjectives 
“net” and “gross” may be employed. In the present paper when we use the term “depreciation” we will usually be 
referring to net depreciation, and we will endeavor to make the precise meaning clear either from the context or 
the use of adjectives. 
81 For example, an asset may decline in real value even though its real productivity (net rent) remains constant. 
This could be because as the asset ages it has fewer years remaining in its expected lifetime, and the asset value is 
the discounted present value of its expected future product over its remaining lifetime.  
82 It is also important to distinguish the rate of economic depreciation from the rate of physical attrition of a cohort 
of capital stock. If five percent of all the original examples of a given capital good manufactured 10 years ago have 
been retired from service, this would represent five percent attrition. But if the remaining examples of that good 
have lost 20 percent of their real value (in terms of what they would sell for in the used goods market), then the 
total aggregate economic depreciation experienced by the original cohort in its first 10 years would be: 1 – 
0.8*0.95 = 24 percent. 
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period, minus the operating costs associated with that production (labor, materials, etc), minus 
the capital consumption (both capex and net depreciation). This perspective is consistent with the 
approach taken in this study. 

To the extent that the capex in an accounting period provides improvements that last 
beyond the current period of time, it may be capitalized into the capital asset carrying value 
rather than fully expensed currently. The capex for any given improvement is expensed as it is 
amortized over the life of the improvement. In effect, the improvement itself depreciates in value 
over its lifetime, which economically may be shorter than that of the overall capital asset. Such 
amortization generally causes the net cash flow generated by the asset in a given period of time 
to differ from its net accrual income. But in studying the magnitude of capital consumption in 
commercial property assets in the aggregate this difference disappears in the observation of the 
average per annum rate of both capex and net depreciation throughout the lifetimes of the 
properties in the population. Thus, for our purposes we can measure total capital consumption as 
the sum of the average per period capex plus the average per period net depreciation of the 
structure including its improvements.  

To clarify this point let’s take a simple numerical example. Imagine a completely steady-
state property market where prices of constant-quality (non-depreciating) assets are constant (i.e., 
abstract away from market volatility or cyclicality so as to get at the long-term secular property 
life cycle dynamics). At the beginning of a certain period of time a property is worth $100. 
During that period of time $2 of capex are spent on the property. At the end of the time period 
the property as now improved is worth $99. We would say that the total capital consumption of 
that property has been $3 during that period, consisting of $2 of capex plus $1 of net 
depreciation. Presumably, if the $2 of capex had not been spent, the property would have only 
been worth $97 (or less) at the end of the period. The improvement may be productive for many 
years, but the present value of that productivity is incorporated into the property value as soon as 
the improvement is made. In other words, the gross depreciation rate in this market for such 
property is 3 percent per period. The $2 of capex forestalled (at least) $2 of depreciation on the 
property, but still even with the improvements the property depreciated a net of $1.83 Another 
building identical to the subject building (excluding its capital improvements), only one period 
younger, would be worth $100 at the end of the period. Apart from depreciation, the property 
would have maintained its $100 value in this steady-state market even without spending on 
capex.84 

From an economic perspective, capital consumption is generally measured in “real” 
terms, that is, in money of constant purchasing power. Economists try to measure the decline in 
the “quantity” of the asset, where “quantity” includes the “quality” as evaluated in the 

                                                           
83 The capital improvements succeeded partially in keeping the building of “constant quality” rather than declining 
in “quality” (hence, in “quantity” as defined in the national accounts). 
84 The capex mitigates to some degree the effect of wear and tear and other sources of depreciation, but the capex 
in this example does not eliminate all depreciation. Suppose a building initially costing $100 is ultimately torn 
down, hence, worthless at that time. And suppose over its lifetime a cumulative total of $50 was spent on capex. 
The above described summing methodology would produce a cumulative total lifetime capital consumption of 
$150 for this building. The net depreciation rate over the lifetime span of time would be 100% as a fraction of the 
beginning-of-period value, and the capex rate would be 50% as a fraction of the (same) beginning-of-period value. 
150% times the beginning-of-period value of $100 equals $150. 
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marketplace. In effect, we measure capital consumption net of price inflation. (In the present 
report we will generally be speaking in “real” constant purchasing power terms, net of inflation.)  

To continue with the above example, to control for inflation the money values would be 
reported only after adjusting the current dollar amounts by appropriate price indices. Suppose 
that such indices indicate that during the period in question there was three percent price 
inflation. With the previously given money values representing real values already adjusted for 
inflation, the nominal (current dollar) ending property value that would have been directly 
observed empirically would be $99*1.03 = $102. In nominal (current dollar) terms the property 
value would have grown by two percent (from the initial $100) including two percent of capex, 
hence zero nominal price change net of capex. Subtracting the three percent inflation rate this 
would give our previously described one percent net depreciation and three percent gross 
depreciation which is the total capital consumption rate.  

Economists use real values because they are what matter most from an economic 
perspective. This is particularly true for tracking something like capital consumption, because 
ultimately the “capital” that is being consumed is physical capital. Its consumption means that it 
will ultimately need to be replaced physically if the product or income produced by it is to be 
maintained. Changes in money purchasing power (inflation) cannot prevent this physical 
necessity from arising. Price inflation may only mask the economic reality of declining physical 
(quantity) production. Accordingly, the present study focuses on capital consumption measured 
in real terms. Nevertheless, it is important to note that many accounting and taxation rules are 
based on nominal (current dollar) values, before adjusting for price changes. To that extent, they 
will be inconsistent with economic reality.85 

The numerical example described above directly reflects the nature of the empirical data 
that we can obtain for this study about capital consumption in commercial investment property. 
We can obtain data about how much capex is expended on the properties per year as a fraction of 
their current market value.86 And we can obtain data allowing us to estimate how the market 
value of the properties changes as a function of their age. In particular, we can observe the prices 
of properties of different ages traded as of the same point in time, and we can try to control for 
other differences between the properties, and thereby estimate the pure impact of building age on 
property value in real terms.87 We generally cannot control simultaneously for both the amount 
of cumulative capex over the properties’ lifetimes as well as the prices they are selling for. That 
is, for properties whose values we can observe in sales prices, we generally do not know their 

                                                           
85 Take the example in our earlier note of $150 lifetime capital consumption including $100 of original construction 
cost plus $50 of subsequent capex. If the $150 is measured using historical current dollars not adjusted for price 
inflation (nominal dollars), instead of “real” (price adjusted) dollars, then this cumulative consumption amount will 
likely understate the current nominal replacement cost. If meanwhile over the asset’s lifetime the construction 
price of replicating the asset has doubled, then it would actually require somewhere between $200 and $300 of 
now-current dollars to physically replace the asset, depending on how much of the $50 capex was to cure 
functional obsolescence (which would add to original new-building construction cost), as opposed to merely to 
cure physical wear and tear (which probably would not imply an increase in the replacement construction cost). 
86 This applies to routine capex. Recall the previously noted limitation regarding major renovation expenditures. 
87 The resulting implied property value/age profile that is generated from the statistical analysis measures net 
depreciation in real terms, because the statistical analysis controls for longitudinal changes in property market 
nominal prices to derive the pure cumulative effect of age on the property values, essentially a cross-sectional 
comparison. 
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capex histories, and vice versa.88 Thus, we perform effectively two separate analyses, one of net 
depreciation in property prices, and the other of capex as a fraction of property value. We sum 
the two results together to arrive at total capital consumption or gross depreciation.89 

 
A.2. Land & Building Value Considerations 

Real property is unique among physical capital assets in that it consists of both built 
physical capital (the building structure and its fixtures) as well as land (the location and site of 
the owned parcel upon which the structure sits). In national income accounting the building is 
considered to be “produced” capital that can be “consumed”, while the land is considered to be 
neither produced nor consumed. Land is therefore generally not viewed as being responsible for 
capital consumption. Capital improvement expenditures and net depreciation are therefore 
generally or largely attributed solely to the building structure (and its fixed equipment and 
improvements).90  

In reality it is extremely difficult, both conceptually and empirically or quantitatively, to 
separate out the component of the value of an existing built commercial property asset that is 
attributable uniquely or separately to just the built structure and not the land. The value of the 
commercial property asset derives from the combination and integration of the structure and the 
land, tightly interacted together. Neither one without the other in reality would have a value that 
could be combined to sum to the total of the actual value of the specific built property asset. It is 
the combined property asset that is the “good” that produces the benefits that underlie its value, 
and it is this undivided property asset that trades in the marketplace, enabling observation of 
market values. The combined property asset is therefore the fundamental object of focus for 
studying the nature and magnitude of capital consumption in the commercial property sector, as 
economic depreciation is based on change in asset value as a function of age. The empirical price 
data we have for this study reflects this, pertaining entirely to the property asset as a whole 
undifferentiated between land and structure. This is an improvement over previous studies such 
as (Hulten and Wykoff 1981a) (1981b) and Deloitte-Touche (Sanders and Weiss 2000) which 
attempted to use data that purported to represent structure values only. 

Though property assets are the fundamental priced good, it is useful and important to 
consider the two components of, or contributors to, the value of this asset: the non-produced, 
non-consumed land on the one hand; and the built structure together with its improvements on 
                                                           
88 There is some exception to this limitation, in the NCREIF database. However, even in that data, it is difficult to 
reliably model the exact causal relationship between capex and subsequent property value. 
89 Admittedly, this could result in some double-counting from a pure replacement-cost perspective. To the extent 
that capex cures purely physical wear and tear which would not increase the replacement cost to build the 
structure new beyond what it originally cost (in real terms), our total cumulative gross depreciation over the life of 
the structure may exceed the real cost to simply replace the structure new as it was originally without any wear 
and tear. (See the numerical example in the earlier footnote with the $150 total lifetime capital consumption for 
the $100 replacement-cost structure.) However, economic capital consumption or gross depreciation is not only 
about replacement cost, but also about the asset productivity during its lifetime and the resulting value/age profile 
of the asset. The total capital cost to provide the asset to its economic level of productivity over its lifetime was 
$150, not just the $100 original construction cost. 
90 An exception could be landscaping improvements. However, the value of such improvements are generally 
considered to be part of the building structure value, not the land value. The latter reflects the inherent (“non-
produced”) aspects of the location and site. Building equipment included in the structure includes building systems 
such as HVAC, plumbing, lighting, internal transport systems (elevators, escalators), and so forth. 
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the other. In such consideration, a fundamental principle has been developed dating back to the 
founding theories of microeconomics. The principle is known as the Residual Theory of Land 
Value, and it is widely recognized and applied in urban economics, national income accounting, 
financial accounting, and appraisal practice. The Residual Theory says that the value of land, as 
if it were vacant, equals the value of the best (most profitable) thing that could be done with the 
land (the value of the property asset built to its current “highest and best use”) minus the 
construction cost (including any required demolition costs and necessary profit for the developer 
and including capital carrying costs during the development project). 

Since depreciation only applies to the structure, land value estimation is only necessary in 
the present context as a means to derive the value of the existing structure, starting from the more 
solidly observable and meaningful value indication, that of the traded good, the whole property 
asset. Such structure valuation can be done by inverting the Residual Theory, subtracting an 
estimate of the land value from the property asset value to arrive at the structure value. In 
principle land value can be estimated by observing the sales prices of comparable properties that 
are being bought for immediate development (including demolition if there are pre-existing 
structures). Such observation of comparable lot sales prices is consistent with the Residual 
Theory (which presumably underlies the observed sales prices of the vacant lots), and is 
applicable to a subject built property to the extent that the comparable development parcels have 
the same current as-if-vacant HBU as the subject property (and similar pre-existing structure, if 
any, otherwise some adjustment must be made for demolition costs).  

While this direct “market comparison” or comparable sales approach is valid in principle, 
commercial properties tend to be unique and often located in densely built-up areas where sales 
of comparable development properties are rare, making the direct estimation of the land value 
component very challenging in practice. The other alternative of backing out the land value from 
the built property value minus some sort of current replacement cost based depreciated value of 
the structure is also very challenging because of the difficulty of quantifying the accumulated 
depreciation (and this process raises an obvious potential circularity or logical tautology if one is 
trying to use the land/structure decomposition to independently estimate the structure’s net 
depreciation!91). The result is that assessments in the field of land and structure decomposition of 
the total property asset value may be of questionable accuracy or meaningfulness for commercial 
property, often based on simplistic rules of thumb or conventional wisdom, perhaps overly 
influenced by the structure/land value decomposition at the time of new development, which is 
the one point in the property life cycle when the two value components can be relatively 
accurately observed. Yet this is the type of data that has been used by major influential past 
studies of commercial property depreciation, including the previously mentioned HW and DT 
studies. 

In any case, the method of breaking out structure and land value for a built property 
adheres to the principle that depreciation (that is, capital consumption) is a characteristic of the 
structure value component, not the land value component, of the total property asset value. It is 
the structure value component that is reduced by depreciation as the building ages, not the land 
value component.  

The Residual Theory causes most of the volatility in property values to be reflected in the 
land value component. Transient ups and downs reflecting movements in the supply of and 

                                                           
91 The resulting estimate of depreciation would, in principle, simply equate to the original estimate of depreciation. 
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demand for property usage or property ownership (reflecting both the space market and the 
capital asset market) are largely reflected in the land value component. Construction cost price 
indices are generally much smoother than property asset price indices (and are not necessarily 
very highly correlated with them).  

This leads to an important theoretical threshold point about depreciation. Depreciation is 
a long-term secular phenomenon. It does not generally or much reflect the short to medium-term 
dynamics in the property market. Depreciation is usually slow, smooth, gradual, and inevitable, 
at least at the aggregate level or on average. It reflects the obsolescence of the building structure 
(including its improvements).  

 
A.3. General Sources & Nature of Commercial Property Depreciation 

Property depreciation derives from one or more of three types of building obsolescence: 
physical, functional, or economic (also knowns as “external”).92 Physical obsolescence refers to 
the physical deterioration of the building structure and/or its systems and equipment. Physical 
obsolescence causes a reduction in the net income (or benefit flow) the building can provide, 
either because its gross rents are reduced and/or its operating expenses are increased. Physical 
obsolescence can usually be mitigated or slowed, at least to some extent, by the intelligent and 
judicious application of capital improvement expenditures (capex). Functional obsolescence 
refers to a building becoming less useful for its potential occupants due to changes in tastes, 
preferences, and technology, for example, even though the general type, use and scale of the 
building is still optimal for the site. For example, office buildings did not previously provide 
natural lighting and ventilation and a low carbon footprint, and they suffered no penalty in rents 
or value as a result, because such features were not perceived or desired by tenants. But now, in 
many markets, an office building without such features of “sustainability” will suffer a penalty in 
the net rent it can charge or the occupancy it can maintain, and/or in the valuation multiple it 
could sell for. Sometimes some forms of functional obsolescence can be mitigated or reduced by 
appropriate capex.93 Finally, economic, or external, obsolescence occurs when the type or nature 
of the building is no longer that which is best suited for the location, due to changes external to 
the building itself, that is, generally due to changes in the HBU of the site as if vacant. For 
example, growth and development of the city, or installation of new infrastructure (such as 
highway or rapid transit), may cause the HBU of a site to change from lower to higher density or 
from residential to commercial usage. 

Economic obsolescence usually results from, or is accompanied by, a large increase in 
the land value component of the property, such that the total asset value may not exhibit a 
decline as a result of economic obsolescence.94 However, the component of the property value 
attributable to the structure goes to zero as it becomes economically optimal to demolish the 
existing structure to replace it with a different scale or type of structure. Depreciation (capital 
                                                           
92 Sometimes physical obsolescence is referred to as “wear and tear”, and the term “obsolescence” is applied only 
to functional or economic obsolescence. In the present paper we will apply the term “obsolescence” to all three 
sources of depreciation. 
93 The curing of major functional obsolescence may require major renovation, likely involving at least partial 
emptying of the building during construction. 
94 On the other hand, there are negative cases, and these may not be as rare as one might think. Examples include 
some neighborhoods in some rust-belt cities where the economic base has declined so far that the HBU has 
actually reverted to non-urban (unbuilt) land uses, or to densities much lower than the existing structures. 
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consumption) refers to the impact of obsolescence on the value of the existing structure, which 
will have to be demolished to provide the new HBU. Thus, economic obsolescence renders the 
structure worthless as such. This can occur even though the existing structure may be still sound 
from both the physical and functional perspective (for its existing use and type and scale). In 
other words, the structure may still have an opportunity value in its existing use. This 
opportunity value would be reflected in the site acquisition cost for the redevelopment project, 
and that project would not appear economical unless/until the new development value 
sufficiently exceeds the value in the old structure to make demolition and new construction 
profitable (including loss of the opportunity value of the existing structure).95 

Usually, physical and functional obsolescence occur gradually and smoothly over time. 
Capital improvement expenditures to mitigate them may be lumpy in any given building, but on 
average across many properties and across time they too will smooth out to an average rate. 
Economic obsolescence may also be smooth and gradual, particularly as reflected in the present 
value of the property asset. But economic obsolescence, perhaps more so than the other sources 
of obsolescence, can occur more suddenly, as for example with the approval of a site for a new 
infrastructure or attractive facility nearby. Depreciation is traditionally viewed as occurring in 
two archetypical manners, steadily or suddenly. Steady depreciation profiles would include 
straight-line or geometric curves, for example. Sudden depreciation is referred to in economics 
as “one-hoss shay” depreciation.96 But even the impact of one-hoss shay type depreciation will 
average and smooth out in the aggregate across many properties and much time. 

 
A.4. Demolition, the Property Life Cycle, & the Empirical Estimation of Structure 
Depreciation from Property Transaction Prices 

It is inherent in the nature of depreciation that it can lead ultimately to the demolition of 
the structure. Indeed, although there are a few structures in Europe still standing that were built 
in the Middle Ages, demolition is the normal fate of virtually all structures. This enables the 
conceptualization of a building “lifetime”, and the analysis of building life expectancy. This is 
important in quantifying the nature and magnitude of the typical real economic depreciation of 
structures, as demolition places an endpoint on the cumulative depreciation process. This is 
because, by definition, buildings are demolished when and only when they are worthless in terms 
of economic value, that is, fully depreciated (“consumed”).97  

                                                           
95 Physical and functional obsolescence interact with economic obsolescence. A structure with greater physical or 
functional obsolescence will be less valuable, hence, less opportunity cost in demolishing it and replacing it with a 
new structure, hence, greater profitability from redevelopment, which implies greater economic obsolescence. 
96 This goes back to the 19th century. A one horse (colloquially, one “hoss”) shay was a carriage for hire pulled by a 
single horse. Presumably the horse would be fully productive until suddenly she drops dead. The shay could 
produce equal revenue up until suddenly it cannot produce any revenue. But even in that case, if potential 
purchasers of the one-hoss shay business can reliably know the age of the horse, then they can discount the price 
they are willing to pay (essentially, for the horse component of the business assets), a discount that would increase 
rather smoothly and gradually as the horse ages (though likely producing a concave value/age profile for the 
horse). 
97 Note that while building demolition and life expectancy are importantly related to economic depreciation, and 
provide useful information relevant for estimating economic depreciation, the physical capital replacement rate 
and its underlying building physical survival probability as a function of age are not the same thing as economic 
depreciation as reflected in the economic real value/age profile. For example, building survival probability may 
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This has an important implication from the practical perspective of empirical estimation 
of structure value/age profiles and net depreciation rates. The end of the structure’s lifetime 
coincides with its reaching zero value which must coincide therefore with no further depreciation 
of the property, treating the land as non-depreciating. Thus, given constant real value of the land 
component, if we can empirically observe a minimum point or flattening out at the bottom of the 
property asset value/age profile, based on data about property sales prices with buildings of 
different ages, then such a bottoming out of the property value/age profile should reflect the 
typical building life expectancy (see Chapter 4).98 Conversely, the span of the property life cycle 
can also be indicated by the building life-expectancy as measured by the “half-life” of a building 
survival probability function estimated from data about the incidence of building demolition as a 
function of age regardless of price.99 In practice, these are two different datasets, one on property 
transaction prices and building ages at the time of transaction, the other on building survival 
incidence characterized by the age of the buildings. If the world is a consistent place, then both 
perspectives should indicate the same span of the property life cycle.  

The minimum point of the property value/age profile (at the cycle end-point, the building 
half-life), will also indicate the land value as a fraction of newly built whole property value. The 
amount of accumulated depreciation in the observable property value at the property value/age 
profile minimum point reveals the prevailing new development land value fraction (NDLVF).100 
This enables the derivation of the structure value/age profile from the more directly observable 
property value/age profile. With land value as a fixed fraction of newly-built property value 
across the estimated property value/age profile, the structure value can be determined by 
subtraction of land value from property value at each point in the life cycle, providing the 
implied structure value/age profile over the entire life cycle.101  

                                                           
decline only very slowly until a considerable age, implying a small rate of replacement. Yet the real economic value 
of the structure may decline at a much greater rate for young structures if they lose real productivity and as their 
present value reflects their diminishing remaining future life. Survival functions are often concave at least over 
large ranges of structure age, while economic value/age profiles are typically convex over most of the age range. 
98 For example, if, based on analysis of property sales prices as a function of building age, we find statistically that 
the property value/age profile declines until the age of 100, then this implies that the average expected building 
lifetime would be 100 years.  
99 The survival probability function tells the unconditional (as of new building construction) probability that the 
building will survive to or beyond any given age (this is one minus the cumulative probability that it will have been 
demolished on or before that age). The survival probability function value ranges from 100% at “birth” (no chance 
of the building’s being demolished right after construction when it is brand new), theoretically down to zero at an 
age beyond which there is no chance the building will survive. This zero point may be a very high age in the 
extreme and difficult to estimate exactly, and of little economic significance. Hence, the key metric is the “half-
life”, the age at or before which 50% of the structures have been demolished (the median of the age-at-demolition 
frequency distribution).  
100 For example, if the value at the minimum point in the property net depreciation value/age profile is 20% of its 
starting (new building) value, then the implied NDLVF is 20%. This derives purely from comparison of prices of 
properties with existing operational buildings of different ages (controlling for other differences). But we also have 
data on the NDLVF in new development projects, in a separate RCA transaction sample of just sales of 
development sites. When we compare our value/age profile minimum value percentage to the NDLVF from the 
development project data, we confirm that the two land value fractions are nearly the same. 
101 For example, if the property is depreciating at 2%/year when the land is 40% of the remaining property value, 
then the structure is depreciating at 2/0.6 = 3.3%/year. If the NDLVF is 20%, then the structure value for a new 
building is 80% of the property value. If then the property value/age profile indicates that properties with 25-year-
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The above framework allows us to finesse the problem that it is difficult to directly or 
independently estimate structure values and structure depreciation rates. (In other words, it is 
difficult to empirically estimate, or to get good data on, the land value component of built 
property asset value at the time when the asset transacts in the commercial property asset 
market.) Thus, we can circumvent the problem noted in section A.2 about the difficulty of 
reliably and meaningfully quantifying the land/structure value decomposition, a problem that 
may have hampered previous studies that relied on presumed “structure value” reported by 
survey respondents or accountants based on who knows what value estimation process.102  

But suppose the land value is growing over time in real terms. Then from a longitudinal 
(time passing) perspective, over a complete property life cycle, the average land value fraction 
will be less, and the structure value fraction greater, compared to a constant land value case (for 
a given terminal land value as a fraction of initial property value). Just the opposite will occur if 
the real value of the land is declining over time. Urban economic theory suggests that any of 
these three possibilities can occur as time passes: growing, constant, or declining real land 
values, especially for the more central types of locations where commercial structures tend to get 
built.103 And of course any such land value secular real trend can change over the course of a 
building’s lifetime, and could be different in the future than it has been during the past. At first it 
might appear that this longitudinal perspective muddies the waters for our framework for 
estimating the structure value/age profile. After all, the property life cycle is a longitudinal 
concept, applying across time to a single fixed land site. And from the perspective of any 
building owner, depreciation in his or her property is also a longitudinal concept, occurring with 
the passage of time.  

This longitudinal perspective, though correct, is not the relevant perspective for 
understanding how our empirical analysis derives our estimate of the structure value/age profile 
in the present study. Consistent with the economic definition of depreciation, our empirical 
analysis is essentially cross-sectional, not longitudinal in nature. As noted at the outset of this 
Appendix, depreciation is defined as the ceteris paribus difference in the values of assets of 
different ages as of a single point in time. All of our transaction price data is from the period 
2001-14 (most of it from 2005-14). On the time scale of property depreciation and secular land 
value changes and changes in prevailing new development land value fractions, 14 years is 
essentially a single epoch. We regress transaction prices onto age dummy-variables. Each age-
dummy coefficient gives a value estimate relative to other-age properties as of essentially the 
same epoch in history, controlling for the asset market (by also including time-dummy variables 
in the regressors) and controlling for other property characteristics (such as type and location and 
size, among others).104 Those age-dummy coefficients trace out the average property value/age 
profile, as of 2001-14, thus reflecting land values and land value fractions as of 2001-14. Thus, 
the estimated value/age profile reflecting on average essentially the same land values and 

                                                           
old buildings are worth only 50% of the value of properties with new buildings (ceteris paribus), we can determine 
that the land value fraction for 25-year-old properties is 20/50 = 40%. 
102 For example, the Hulten-Wykoff studies were based on a survey asking respondents, “what price did you pay 
for the property net of land value?” How did the respondents know what that land value component was? 
103 Historically, real growth in land value may be widespread in peripheral metropolitan locations, as rent gradients 
have flattened. But central locations may well experience real declines in land values, particularly in traditional 
central business districts, at least in some metropolitan areas. 
104 See Appendix B for more description of our net depreciation estimation methodology, particularly section B.2. 
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prevailing new development land value fractions applicable to all the age-dummy coefficients. 
Therefore, it makes sense in this context to apply a constant real land value across our entire 
estimated property value/age profile, for the purpose of deriving the structure value/age profile 
from the property value/age profile.  

In our sample the prices of the 20-year-old and 50-year-old and 100-year-old buildings 
all reflected the land values prevailing during the 2001-14 epoch. This does not imply that land 
values or new development land value fractions must actually remain constant longitudinally 
across actual historical property life cycles. It simply estimates how the structure value 
component itself, by itself, changes as a function of building age, as of the 2001-14 period of 
history, spanning across all the building ages represented in our transaction sample, which in fact 
encompass all the ages in a typical property life cycle. In this way we can completely and 
uniquely resolve the structure value/age profile implied by our property value/age profile based 
on our asset price transaction sample. Total longitudinal property value change over time is the 
sum of the change in the structure value plus the change in the land value: dP/P = (S/P)dS/S + 
(L/P)dL/L.105 

 
A.5. Integrating the Overall Capital Consumption Analysis 

The above framework and model underlies our estimation and analysis of net 
depreciation, the property and structure value/age profiles. But to arrive at total capital 
consumption (gross depreciation), we need to add the rate of capital improvement expenditures 

                                                           
105 A simple numerical example may help to clarify this point. Our empirical analysis will give us results that are 
cross-sectional (as of one point in time), such as, for example, that 20-year-old building structures are worth 75% 
of what otherwise identical 10-year-old structures are worth as of the same time (average geometric net 
depreciation rate of 2.8%/year, as: 0.751/10 – 1 = -.028). Now suppose the land value is 40% of the total property 
value with a 10-year-old building. Index this to a property value of 100 as: L + S = 40 + 60 = 100. If the land value is 
remaining constant in real terms, then after 10 years, when the building is now 20 years old, the property value in 
real terms would be (other things equal): L + S = 40 + (0.75)60 = 40 + 45 = 85. This would represent cumulative 
property net depreciation of 15% (= 85/100 – 1) in real terms, or an average geometric depreciation rate of 
1.6%/year in the total property asset real value (including the non-depreciating land). Now suppose everything is 
the same only the land value is growing 1%/year in real terms. Still indexing to a property value of 100 initially 
(when the building was 10 years old), the land value component would increase from 40 to (1.0110)40 = 44.2. Thus, 
the overall property asset secular value trend including the structure depreciation and land appreciation would 
result in a property value after 10 years (with the now 20-year-old building) of: L + S = 44.2 + 45 = 89.2, indexed to 
100 as of ten years earlier, cumulative net real depreciation of 10.8% (or an average geometric rate of 1.2%/year). 
The 1% appreciation in land value which was 40% of the starting property value has reduced the property real 
depreciation rate by 0.4%, from 1.6% to 1.2% per annum. All the above is in real (constant dollar) terms. Now 
suppose general inflation is averaging 2%/year over the 10-year period. Then the secular change in the nominal 
value of the property would be to grow proportionately from 100 to (1.0210)89.2 = 108.7, which is an annual 
average geometric nominal appreciation rate (CAGR) of 1.0871/10 – 1 = 0.8%. Thus, the longitudinal secular trend in 
real land value adds to the cross-sectional structure depreciation that is the focus of the current study, to produce 
the overall longitudinal secular trend in property value. And general inflation adds to the longitudinal real secular 
trend rates implied by the current study to result in the actual nominal (current money) longitudinal secular trend 
rates in property investment value. In the present example, 2% inflation converted the 1.2% annual real 
depreciation into +0.8% annual nominal appreciation (as an approximation: Nominal% = Real% + Inflation%). But 
fundamentally, the property value has grown nominally at only 0.8%/year in spite of 2% inflation and 1% real 
growth in land value, because the structure has been depreciating at a rate of 2.8%/year. It is in this way that net 
depreciation matters to property investors. 
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(as a fraction of property value) to the net depreciation rates discussed above. For this purpose, 
direct empirical estimates of commercial building capex rates as a fraction of property value as a 
function of building age can be factored up to fractions of remaining structure value using the 
estimated structure value fractions (1 – LVF) over the life cycle derived using the framework 
described in the preceding section. Such capex rates can then be summed with the net 
depreciation rates to arrive at estimates of total capital consumption as a fraction of structure 
value. As noted in section A.1, the capex component of our total capital consumption estimate 
will be biased on the low side because of empirical difficulties in fully including expenditures on 
major renovation projects. Yet, our net depreciation value/age profiles and building life 
expectancy survival curves do reflect the effect of major renovations. 
 
A.6. Summary 

Let us now summarize the major points raised in this review of the basic background and 
theoretical considerations relevant for studying commercial property capital consumption.  

• Net & gross depreciation. Total capital consumption of commercial structures, 
or “gross depreciation”, consists of two components, capital improvement 
expenditures (“capex”) plus net depreciation. There is usually somewhat of a 
trade-off or substitutability between these two components, and the profit-
maximizing property owner will try to optimize that trade-off. 

• Three sources of depreciation. Depreciation reflects the obsolescence of the 
built structure. There are three types or sources of obsolescence: physical (wear & 
tear), functional, and economic (external). The former two operate “internally” on 
the property and tend to occur gradually and inevitably over time, and are 
reflected largely and most fundamentally in a decline in the real net income the 
building could otherwise generate. Routine capital improvement expenditures can 
slow or mitigate the effect of physical and functional obsolescence (especially the 
former), reflecting the trade-off noted above. Economic obsolescence, reflecting 
changes in the HBU of the site, operates “externally” on the existing building 
(though interacting with the other sources of obsolescence), ultimately making it 
profitable to demolish the existing building in order to replace it with a different 
structure even though the existing structure would still have some value. But 
economic obsolescence is charged against the existing structure value rendering it 
worthless from an economic perspective.  

• Land does not depreciate. Commercial property assets, unlike most forms of 
plant and equipment, include a land value component which is generally quite 
significant, and the land component of the property value does not depreciate in 
the sense considered in this study. All net depreciation is charged against the 
structure component of the total property asset value. 

• Depreciation is usually gradual. Net depreciation on average and in the 
aggregate is a secular phenomenon, generally slow and gradual and inevitable. At 
the individual property level occasionally depreciation can be sudden and drastic, 
but in the aggregate and on average such events smooth out. Depreciation does 
not generally reflect temporal changes in property market equilibrium prices that 
cause volatility and cyclicality in property asset markets. By the Residual Theory 
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of Land Value, such market movements are reflected almost entirely in land 
values. 

• Depreciation & demolition. Depreciation generally ultimately leads to the 
building structure becoming completely worthless from an economic perspective 
and it being demolished. The overall average or aggregate rate of depreciation in a 
population of buildings is therefore related to the life expectancy of the buildings 
in that population, how old is the typical building when it is demolished. 
However, physical attrition rates (hazard functions or survival probability curves) 
are not the same thing as economic depreciation, as the latter is based on change 
in economic value of the assets, not just on the change in physical productivity or 
change in the remaining physical stock. 

• The demolition decision. The demolition decision is a basic profit maximizing 
business decision. When the value of the new building that could be built, minus 
the construction costs to build it (including demolition and developer profit), 
exceeds the value of the property with the pre-existing building on it (the 
acquisition cost for the redevelopment project), then demolition and 
redevelopment will (should) occur.  

• Land & structure values & the property life cycle. Property value resides in the 
built property asset which is an integrated combination of structure and land 
(building location & site). The built property asset is also the good that is most 
often traded in the marketplace and therefore about which we can obtain the most 
reliable and meaningful empirical price data, which we can use to estimate the 
property value/age profile in our transaction sample. But we need the implied 
corresponding structure value/age profile to quantify net depreciation. Over time, 
net depreciation puts downward pressure on the property asset value (in real 
terms, net of inflation), while the land value component does not depreciate. The 
combination of downward pressure on property value and no downward pressure 
on land value tends to result in the structure value component ultimately losing all 
of its value (the entire value becoming land), at which point it makes sense to 
demolish the structure and replace it with a new one. Over the course of this 
property “life cycle”, the proportion of the property asset value that is in the 
structure declines. Since land does not depreciate but structure does, the minimum 
point in the estimated property value/age profile tends to corresponds to the 
average life expectancy of the structure, which can also be independently 
confirmed by building life-expectancy estimated from age and demolition data. 
The property value/age profile minimum point therefore quantifies the new 
development land value fraction, which can also be confirmed independently by 
data on development site transactions. Applying these indicated land value 
fractions (prevailing as of 2001-14) to our property value/age profile (prevailing 
as of 2001-14) reveals the structure value/age profile (prevailing as of 2001-14), 
reflecting economic net depreciation. This is essentially the approach taken in the 
present study.  

• Conservative bias in capex analysis. The nature of the data available to us for 
this study makes it difficult to comprehensively and accurately include 
expenditures on major renovation projects. Such renovations extend the lifetime 
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of the structure and reduce the net depreciation rate, extending the length of the 
structure value/age profile which we are able to estimate empirically from our 
data. Thus, renovations reduce the net depreciation that we find, yet we cannot 
include them in the capex cost that we add to net depreciation to arrive at total 
capital consumption. The result is a conservative (downward) bias in our overall 
capital consumption estimates.106  

• Depreciation and the Economic “Quantity” of Structure. In economic 
accounting for official national economic statistics (the GDP and National 
Balance Sheets), depreciation is reflected in a reduction in the “quantity” of 
structure. The structure quantity is multiplied times a construction price index to 
arrive at the current structure value based on replacement cost. Capital 
improvements are generally tracked separately from the original building 
structure. Land is viewed is being neither produced nor consumed and hence non-
depreciating. Because our empirical study of depreciation is essentially cross-
sectional in nature, the net depreciation we find in our empirical value/age profile 
reflects the average prices of land and construction prevailing during our sample 
period, 2001-14. And the assets transacted in our empirical sample include the 
capital improvements that have been made to their structures. Thus, our structure 
net depreciation value/age profile reflects the “quantity” (as defined in national 
economic accounting) of both the structure plus its accumulated capital 
improvements, not just the original building structure. We net out land value in 
the manner described above. 

 

                                                           
106 We attempt to provide some discussion of the magnitude of such bias in Section 5.3 at the end of Chapter 5 
(with additional relevant discussion in the data-specific appendices following the present Appendix). 
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Appendix B: The RCA Database and the Net Depreciation Analysis Details 
 

Appendix B Contents: 

 B.1. Geographical Distribution of the RCA Transaction Price Sample 

 B.2. Net Depreciation Estimation Methodology and Hedonic Model Results 

 B.3. Effect of Renovated Properties 

B.4. Effect of Censored Sample 

B.5. Data Filters 

B.6. Demolition Data and the Multiple Imputation of Age 

B.7. Estimates of Land Value Fractions 

B.8. Kaplan-Meier Survival Curve 

B.9. Overall Net Depreciation Value/Age Profile Graphical Results 

B.10. Distribution of RCA Sample by Age 

B.11. Effect of Property Size 

 
B.1. Geographical Distribution of the RCA Transaction Price Sample 

 The sample size of the RCA existing building transaction price data used for estimating net 
depreciation is 107,805. This includes only operating buildings, not development sites or land 
transactions. The existing building transaction data are distributed across the 50 states of the US and the 
frequency by each state is highly correlated with the percentage of US employment in that state 
(correlation of 0.85). This makes sense because commercial buildings are work destinations and their 
number should be highly correlated with the total number of jobs in an area. Table B 1 below shows this 
distribution by state. The high correlation evident here thus suggests that the RCA transaction sample is 
broadly representative of the U.S. commercial property population. While there is some 
overrepresentation of highly investment active states such as California and Florida, and 
underrepresentation of non-disclosure states like Texas, the methodology employed in this study controls 
for such considerations by the use of geographical fixed-effects variables in the regression models. 
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Table B 1: Distribution of RCA Data and Total Non-Farm Employment by State107 

State 
Total Non-Farm 

Employment 
% of US 

Empl 
Total Sales in 

Sample % of Data 

California 15607.2 11.22 27,816 25.8 

Texas 11533.2 8.29 4,498 4.17 

New York 9087.4 6.53 9,946 9.23 

Florida 7804.6 5.61 11,263 10.45 

Illinois 5872.7 4.22 4,282 3.97 

Pennsylvania 5789.4 4.16 2,283 2.12 

Ohio 5324.9 3.83 2,201 2.04 

Michigan 4188.1 3.01 961 0.89 

Georgia 4148.0 2.98 4,055 3.76 

North Carolina 4140.5 2.98 2,778 2.58 

New Jersey 3963.1 2.85 2,151 2.00 

Virginia 3774.9 2.71 1,919 1.78 

Massachusetts 3413.4 2.45 2,653 2.46 

Washington 3065.9 2.20 3,746 3.47 

Indiana 2984.0 2.15 602 0.56 

Wisconsin 2843.7 2.04 755 0.70 

Minnesota 2817.7 2.03 1,422 1.32 

Tennessee 2806.9 2.02 1,806 1.68 

Missouri 2735.1 1.97 942 0.87 

Maryland 2620.2 1.88 2,058 1.91 

Arizona 2562.7 1.84 5,506 5.11 

Colorado 2460.2 1.77 3,349 3.11 

Louisiana 1980.8 1.42 189 0.18 

South Carolina 1945.8 1.40 964 0.89 

                                                           
107 Table continues on following page. 
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Alabama 1918.9 1.38 481 0.45 

Kentucky 1854.1 1.33 303 0.28 

Oregon 1716.2 1.23 1,238 1.15 

Connecticut 1664.9 1.20 1,086 1.01 

Oklahoma 1650.1 1.19 738 0.68 

Iowa 1547.2 1.11 255 0.24 

Kansas 1392.1 1.00 230 0.21 

Utah 1324.5 0.95 396 0.37 

Nevada 1213.7 0.87 2,328 2.16 

Arkansas 1188.1 0.85 178 0.17 

Mississippi 1117.6 0.80 107 0.10 

Nebraska 992.7 0.71 187 0.17 

New Mexico 816.4 0.59 187 0.17 

West Virginia 762.0 0.55 38 0.04 

DC 752.6 0.54 818 0.76 

Idaho 655.0 0.47 60 0.06 

New Hampshire 648.1 0.47 186 0.17 

Hawaii 624.0 0.45 381 0.35 

Maine 605.5 0.44 47 0.04 

Rhode Island 477.9 0.34 180 0.17 

North Dakota 461.0 0.33 33 0.03 

Montana 454.7 0.33 16 0.01 

Delaware 438.1 0.31 119 0.11 

South Dakota 423.3 0.30 19 0.02 

Alaska 337.1 0.24 17 0.02 

Vermont 310.2 0.22 18 0.02 

Wyoming 293.1 0.21 14 0.01 
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B.2. Net Depreciation Estimation Methodology and Hedonic Model Results 

The complete regression results of the hedonic model underlying our net depreciation value/age 
profile findings as outlined in section 4.1.3 are given in the excel file attached to the PDF version of this 
Report (RegressionResultsAppB.xlsx). The value/age profiles that appear in Figure 4-2 are constructed 
from the exponentiation of the regression coefficients on the Age buckets shown in that file.108  

In this section, we first present a quick primer on regression, as this is the basic tool used to 
estimate the rate of net deprecation, the estimates of the property value/age profile. Then we discuss the 
functional form and the specification of the Age variable in our model. Finally, the problem of omitted 
variable bias and the choice of variables used in the model and their interpretation are discussed.  

Primer on Regression 

A regression is a classical statistical technique to infer the quantitative relationship between a 
variable of interest (referred to as the “dependent variable”) and one or more other variables (referred to 
as “regressors”, or in some cases as “explanatory variables”). In the simplest case (to illustrate the point), 
we might postulate a linear model: Y = a + bX, where Y is the dependent variable (or the left-hand side 
variable as it is to the left of the equal sign) and X is the regressor (or the right-hand side variable). An 
empirical data sample containing values of both Y and X for a number of observations is used to calibrate 
the regression model by estimating the values for the parameters “a” and “b” (also known as 
“coefficients”) so as to optimize econometric criteria (such as, to minimize the differences between the 
“predicted” values of Y and the actual values of Y in the sample data). In the present context, the 
dependent variable (“Y”) that we are interested in may be the transaction price that a property sold for, 
and the regressor we are most interested in (like “X”) will be the age of the building on the property at the 
time of the transaction. Other regressors will control for the effect on the price related to other differences 
(besides age) among the transacting properties. (Similar regression modeling is described in Appendix C 
for analyzing the capex data.) 

 In the context of this study, we can think of this type of regression modeling as representing 
essentially what appraisers do when they carry out a “comps” analysis. It is a statistical method used to 
make an apples-to-apples comparison between properties when analyzing the effect of a particular 
characteristic on property prices, controlling for other things that could influence the observed price, 
including both property characteristics and market characteristics. In the present case, we are specifically 
interested in the effect of property age (actually, of course, building age). Properties are heterogeneous, 
each with different characteristics, locations and they often transact at different times when the market 
was in different states. A regression controls for these differences between the sales (“comps”) and then 
in effect compares the prices of properties of difference ages (in effect, as of the same time, or same state 
of the market). In other words, we are able to make such statements as, “if two properties were exactly the 
same in all respects, except that one differed from the other by virtue of it being older, the extra year of 
age will have such an such a quantifiable effect on the price as of the same time (on average)”. It is worth 
reiterating that the regression used in this study also controls for historical time or real estate market 
condition (by the use of time dummy-variables). Thus, the analysis of depreciation is essentially cross-
sectional, i.e. we compare sale prices of different properties as if they were transacted at the same point in 
time. 

                                                           
108 The term “bucket” in this context refers to the assignment of the values of a variable into a fixed number of 
exhaustive and mutually exclusive categories. In our case, the age of the building at the time of the property 
transaction is assigned into a bucket corresponding to its age in years. 
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Choice of Functional Form 

Recall from section 4.1.2 that the particular form of hedonic model used was as follows: 

𝐿𝐿𝐿𝐿𝐿𝐿 𝐸𝐸𝐸𝐸 = 𝛼𝛼 + 𝛽𝛽𝛽𝛽 + 𝛾𝛾𝛾𝛾 + 𝛿𝛿𝛿𝛿 + 𝜀𝜀     (2) 

The left-hand side of this model is a logarithm of the expected price. An alternate functional form 
would have been to just use the untransformed expected price (straight price instead of log of price). We 
tested this and found that such a model gave a poor fit to the data. This is unsurprising because most of 
the urban economics literature has also found this in the past and has gravitated towards using the log of 
the left-hand side price variable.109 From an economics perspective, this specification also has the added 
advantage that if certain right-hand side variables are also in logs, then their coefficients can be 
interpreted as elasticities. (The only RHS variable in logs in our regression is the size or square feet of the 
property). 

Choice of Specification of Property Age 

The primary focus of this study is to measure the effect of property age on prices (in an apples-to-
apples comparison) to quantify real net depreciation. The property age variable can be incorporated in the 
regression model in several ways. A straightforward method is to use the variable Age and its 
polynomials such as Age-squared and Age-cubed. Yet another polynomial based method is called 
“splines” where a cubic function is fit in between exogenously specified knots at specific ages. The 
“buckets” method applied in the present study is arguably more flexible in that it employs indicator 
variables (also known as “dummy variables”) for each value of property age. We compared various age 
specifications, including polynomials and splines as well as the buckets approach.  We find that the age 
buckets specification used in this paper, which in principle allows the greatest flexibility in the estimated 
value/age profile, provides the most accurate and precise representation of the shape of the value/age 
profile. Our transaction sample size is sufficient to allow the buckets specification to work well. This 
specification also has the advantage that it doesn’t require any subjectivity in the specification of knots or 
polynomial degrees as required in the spline or polynomials methods.   

Omitted Variable Bias 

Perhaps the most important issue in the context of the current study is that the depreciation 
estimates do not suffer from bias originating from the choice of regression methodology. A possible 
source of bias could be due to the omission of property characteristics variables (also known as “hedonic” 
variables) that are unavailable in the RCA database. (For example, we do not know the construction 
material of the building, whether steel or concrete or wood.) However, for such “omitted variable bias” to 
be a problem in our context, the omitted variable has to be highly correlated with the age of a property. Of 
course, this is a possibility. A good way to explore this issue is to construct a so-called “panel data 
model” and compare it with the standard ordinary least-squares (OLS) hedonic model. The panel data 
model should be highly robust to omitted variable bias, while the OLS model should be as susceptible to 
such bias as our methodology that we employ in this study. 

The panel data model works similarly to the model we use in section 5.2.2 for the GSA capex 
model. In this case, to focus on the omitted variable bias issue, we use a subset of the RCA transaction 
price data that represents properties that have transacted more than once. Several of the properties 
transacted multiple times and having repeat observations on the same property allows for a model that 
controls for unobservable effects that are constant across time. Almost all variables that could cause a bias 

                                                           
109 See Coulson, E. (2008), Monograph on Hedonic Methods and Housing Markets, Penn State University for a 
thorough treatment of this topic and the use of functional form in the previous literature.  
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should cancel out in such repeat-sales observations. To focus this analysis on the question of omitted 
variable bias, we simplify the model without loss of power to identify bias, by skipping the correction for 
the censored sample bias and by using a quadratic parameterization of the age variable (including Age 
and Age-Squared in the regression).  

Table B1 below shows a side-by-side comparison of the age coefficients obtained via the panel 
and OLS regression methods, over the first 50 years of building age (the span for which our transaction 
sample is richest). Recall that the panel regression should be highly robust to omitted variable bias, while 
the OLS regression would be most susceptible to such bias. As seen in the table, the coefficients on Age 
and Age Squared are slightly different between the two models that were run on the same data. Figure B-
1 below shows a graphical comparison of the two value/age profiles obtained from these coefficients.  

Table B 2: Comparison of Age and Age-Squared Coefficients in Panel and OLS Models 

Variable Panel Regression OLS Regression 

Age -0.0291473 -0.0240643 

 (0.002) (0.000) 

Age Squared 0.0002698 0.0001846 

 (0.000) (0.000) 

No. of Obs 49,634 49,634 

 (std errors in parentheses beneath) 

Upon examining the two value-age profiles, we find that the panel regression method suggests a 
slightly faster rate of depreciation for the first 30 years of age, than what is implied by the OLS method. 
However, between ages 30 and 50 years, it is the OLS model that instead suggests a faster rate of 
depreciation. Overall, taking the average difference in depreciation over the 50 years between the two 
methods, we find that the panel method gives only about 0.08%/yr more depreciation than the standard 
OLS method. While statistically significant, this amount of difference is economically insignificant, 
suggesting that omitted variable bias is not an important concern.110 The main analysis of net depreciation 
in this study accordingly sticks with the classical OLS hedonic model approach, as this allows us to use 
the larger and arguably more representative full transaction sample of 107,805 observations.111  

                                                           
110 The small amount of bias that is found here suggests, if anything, that the differentiation between the “youth” 
and “middle age” phases of building life is even more pronounced than what was described in Chapter 4.  
111 As shown in Table B 2, the repeat-sales sample which is required for the panel data method is less than half the 
size of the full transaction sample. 
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Figure B-1: Age-Price Profiles (Age and Age-Squared, uncorrected for censored sample bias) in Panel and OLS Models 

 
 

Choice of Variables and Interpretation of Regression Coefficients  

A complete list of variables included in the regression (the regressors) is available in the Excel 
file attached to the PDF version of this Report (RegressionResultsAppB.xlsx). In essence, we use all of 
the hedonic variables that are widely and reliably populated within the RCA transaction sample data. To 
control for the size of the property, we use the log of its square feet. We control for the property location 
by including metro area dummy variables and also an indicator specifying whether the property is located 
in a CBD or not. If a property has a distress indictor, we include that in the regression as it suggests that it 
will likely sell at a discount.112 We include an indicator if the property has excess land potential, which 
implies that the option to expand the space might enable the property to fetch a higher price. We also 
include seller-type dummies to capture any differences in institutional and behavioral differences across 
investors that may affect their market experiences. Previous research has shown that different types of 
investors reflect different degrees of loss aversion and the subsequent price they are able to (Bokhari and 
Geltner 2011). 

The interpretation of the regression coefficients depends on how a characteristic appears on the 
right-hand side (explanatory variable). If the variable appears in Logs, such as Log Square Feet, then its 
coefficient is the elasticity of property price with respect to size. For e.g. for commercial properties, the 
coefficient on Log Square Feet is 0.68, which implies that for a 10% increase in the square feet of a 
property, the average increase in its price would be 6.8%, holding all else constant. If the right-hand side 
variables are specified without logs, then the interpretation is given by the formula: % change in price = 
100 * (𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 1), where e is the base of natural logarithms and coeff is the coefficient obtained in the 
regression for the respective variable. For e.g. in the commercial property regression, the CBD coefficient 
of 0.44 would imply that prices on average are ~ 55% higher in CBDs than in non-CBD areas other things 

                                                           
112 This is particularly prominent in transactions during and just after the Global Financial Crisis. The data provider, 
RCA, developed criteria to indicate whether a sales transaction involved a property or landlord in distress. Criteria 
included factors such as bankruptcy of the property owner or a major tenant, under-water mortgage loan, and so 
forth. 
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equal (as e0.44-1 = 0.55). Similarly, a distressed property would on average sell at a ~ 45% discount 
compared to an otherwise identical healthy property.   

A final point worth stressing is that these interpretations are essentially cross-sectional, that is, a 
snapshot across properties holding time constant, as the regression includes year of sale dummies that 
control for variation in property prices across time. Therefore, when we make a statement using the clause 
“holding all else constant”, we also imply that time is held constant (in particular, real estate market 
conditions are held constant). In this way, the net depreciation that we find reflects a long-term secular 
phenomenon, not the ups and downs of the market volatility or cycle. More particularly, consistent with 
the economic definition of depreciation, it reflects the difference in asset value purely as a function purely 
of asset age. It does not reflect secular (or transient) differences across time in land value. Thus (as 
described in Appendix A), the net depreciation studied here will differ from long-run secular property 
value trends by: (i) the secular trend in real land value, and (ii) the effect of general monetary price 
inflation to the extent one measures price change in nominal (current value) dollars rather than constant 
dollars. 

B.3. Effect of Renovated Properties 
Recall from Appendix A (Section A.1) that our analysis of gross depreciation will have a 

conservative bias because renovated properties are included in our transaction price sample but the cost of 
major renovations is largely not included in our samples of the cost of capital expenditures (and gross 
depreciation is the sum of net depreciation plus capex). While we have not attempted to quantitatively 
integrate major renovation costs into this study, we have provided some analysis and discussion relevant 
to the magnitude of these costs, in section 5.3 at the end of Chapter 5 (with more detail in Appendix D). 
In addition, there is another perspective that seems worthwhile to examine regarding the major renovation 
issue. Rather than trying to include major renovation costs in the capex component of gross depreciation, 
one could instead (though less instructively) try to remove the effect of major renovation in the net 
depreciation value/age profile. This is the analysis we explore in this section. The idea is that we can get 
some idea of the magnitude of the conservative bias from omitting major renovation costs by re-
estimating our property net depreciation value/age profiles excluding all the properties that have indicated 
that they had had a renovation at some point in their past history. Then we can compare the rate of net 
depreciation of the sample excluding renovations with that of the sample that includes the renovations.  

After dropping out a total of 20,423 properties with an indication in the RCA database of a prior 
renovation, we end up with a sample size of 66,051 for commercial and 22,231 for apartment. We find 
that the difference between the value age profile with and without the renovation properties is not 
substantial for the first 50 years of building life. (Beyond 50 years the sample gets very sparse, making 
inference less reliable.) Figures B1 and B2 below show the comparison for commercial and apartment, 
respectively. The red lines (in both cases), representing the value-age profile that includes renovated 
properties (what is reported in the main results in Chapter 4), show only slightly less depreciation over the 
first 50 years than the blue line profile that excludes such properties. In both cases the difference in terms 
of the best-fit geometric annual depreciation rate is only about 14 basis-points.  

However, it must be noted that this should be considered only a lower-bound indication of the 
amount of conservative bias in our gross depreciation estimates due to the lack of renovation expenditures 
in our capex data. By dropping out the RCA properties that indicated a prior renovation we are retaining 
only a subsample of properties that presumably did not need renovations, or that simply did not report 
them in the RCA data.  
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For example, suppose you own two similar properties. Property A has experienced major 
functional obsolescence which can be cured by a major renovation project (e.g., tenants in its market are 
sharply discounting the rents they will pay because the building is not LEED certified). Property B has 
not experienced such obsolescence (tenants in its market don’t care about LEED certification). You may 
decide it is profit-maximizing to undertake the major renovation of Property A (to obtain the LEED 
certification), but not to bother with such a renovation for Property B. At the end, both properties end up 
revealing the same degree of net depreciation (what might be considered a “standard” or profit-
maximizing rate of net depreciation). In the comparison reported in Figures B-2 & B-3 we would see no 
difference in the observed net depreciation rate between the renovated and non-renovated properties 
(between properties A & B). What we really need to see the difference important in quantifying gross 
depreciation is data on the incidence and cost of major renovation projects, data which we largely do not 
have (with the exception discussed in section 5.3 at the end of Chapter 5).  

Figure B-2. Effect of Renovated Properties – Commercial 
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Figure B-3. Effect of Renovated Properties – Apartment 

 

 

B.4. Effect of Censored Sample  
Recall that our sample would be considered censored if the buildings that have not survived are 

excluded from the estimation of net depreciation. In Figure B-4., the red line shows the uncorrected 
value-age profile, which turns out to be not substantially different from the green line representing the 
profile with the censored sample bias correction, over the first 50 years of building age. It should also be 
recalled that our application of the Hulten-Wyckoff correction procedure might slightly over-correct, 
because we do not include the land value component of the censored (demolished buildings) observations. 
However, any such over-correction could possibly be offset by under-representation of development sites 
transactions in the RCA dataset relative to sales of existing buildings. In any case, it is clear that censored 
sample bias is not a major concern in the first 50 years of building age, which is the age range in which 
our transaction sample is richest, and indeed the only age range over which we are able to reliably model 
capex for our gross depreciation analysis. However, the censored sample correction is more important in 
the later ages of building life, beyond age 50.113 

                                                           
113 It should be noted that there are several offsetting considerations regarding the censored sample bias 
correction and the related Kaplan-Meier survival probability curve estimation. On the one hand, by leaving out 
land value in the expected price we tend to over-correct for the bias, which would bias our results toward over-
estimating net depreciation. On the other hand, the RCA capture rate for development sites (buildings to be 
demolished) is probably lower than it is for stabilized properties, which would cause upward bias in the Kaplan-
Meier survival probability and hence under-estimation of net depreciation. Furthermore, development sites 
correspond to larger built properties (e.g., a $1,000,000 development site might equate to a $5,000,000 newly-
built property or a $2,500,000 average-age property). If development sites in the data had the same bottom 
threshold value cutoff and same capture rate as built properties, this would be another source of under-
representation of development sites (effectively they face a higher threshold), leading to under-estimation of net 
depreciation. On the other hand, if development sites have a greater propensity to transact than stabilized 
properties (e.g., if the average stabilized property goes 10 years between resales, while the average development 
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Figure B-4. Effect of Censored Sample Correction 

 

 

B.5. Data Filters  

                                                           
site sells within a year), then this would cause an over-representation of development sites in the data, which 
would push down the Kaplan-Meier survival probability estimate, causing an upward bias in our net depreciation 
estimates. Finally, historical construction cohort imbalance and heterogeneity of original construction building 
quality correlated with location and historical period of construction, factors which are difficult to control for and 
not considered in the Kaplan-Meier methodology, could cause either under-  or over-estimation of survival 
probability and hence either over- or under-estimation of net depreciation. With all these countervailing 
possibilities, it is difficult to ascertain a clear direction of bias. Nor is it clear how significant any of these possible 
sources of bias would be (not to mention the question of how stationary any such implications would be for 
depreciation going forward). In this context we are comforted by the fact that the methodology we employ yields 
property net depreciation value/age profiles that seem to largely bottom out at implied land value fractions similar 
to what is observed in the development site/built property resale analysis described in section B.7 below (as 
discussed in section 4.1.3 of  Chapter 4). This suggests that, overall, the methodology we are employing is probably 
robust to these and other inevitable data imperfections. 
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The RCA data has over 220K single sales over the period 2001 to 2014. However, not all of these 
observations could be used in the final estimation stage. Around 50K of these are a part of a portfolio 
transaction for which the price of the individual properties is unknown. We exclude all such properties 
from our analysis. Furthermore, if the RCA qualifier on the deal indicates that it’s an “Entity-Level” sale, 
meaning that it may not be an arms-length transaction, we drop that out as well. We only included 
properties for which the price recorded is either “confirmed” or “approximate”, two flags that RCA uses 
to identify reliable records. Finally, for a property to be able to count in the hedonic analysis, it needs to 
have complete information on the hedonic characteristics such as age, price, location, square feet etc. We 
clean this data to drop out any erroneous entries such as negatives where the quantity can only be a 
positive. The result is our final working sample of 107,805 transaction price observations for stabilized 
properties (not including the development sites). 

B.6. Demolition Data and the Multiple Imputation of Age  
We have a stock of 12,903 demolished buildings (or transactions where the building is to be 

demolished, the development site data observations). Table B 3 below shows the distribution of the 
demolition data by state and the corresponding total state non-farm employment for June 2014 from the 
BLS. As noted above in section B.1 for the stabilized property transactions sample, the percentage of 
demolition data by state is fairly well distributed across the states and highly correlated with the 
percentage of US employment for each state (correlation of 0.75). As with the stabilized property 
transaction sample, Texas is perhaps one big exception because it has strict non-disclosure laws due to 
which data collection is in general incomplete and not representative of the actual frequency of trades.  

 

Table B 3: Distribution of Demolition Data by State and Total Non-Farm Employment114 

State 

Total Non-
Farm 

Employment 
% of US 

Emp 
Count of 

Demolition Data % of Data 

California 15607.2 11.22 1,970 15.27 

Texas 11533.2 8.29 290 2.25 

New York 9087.4 6.53 1,444 11.19 

Florida 7804.6 5.61 2,156 16.71 

Illinois 5872.7 4.22 446 3.46 

Pennsylvania 5789.4 4.16 240 1.86 

Ohio 5324.9 3.83 174 1.35 

Michigan 4188.1 3.01 45 0.35 

Georgia 4148.0 2.98 875 6.78 

North Carolina 4140.5 2.98 355 2.75 

                                                           
114 Table continues on following page. 



Appendix B   

85 
Commercial Buildings Capital Consumption, MIT/CRE, Final Report, November 2015. 

 
 

New Jersey 3963.1 2.85 234 1.81 

Virginia 3774.9 2.71 338 2.62 

Massachusetts 3413.4 2.45 263 2.04 

Washington 3065.9 2.20 507 3.93 

Indiana 2984.0 2.15 34 0.26 

Wisconsin 2843.7 2.04 88 0.68 

Minnesota 2817.7 2.03 141 1.09 

Tennessee 2806.9 2.02 228 1.77 

Missouri 2735.1 1.97 70 0.54 

Maryland 2620.2 1.88 239 1.85 

Arizona 2562.7 1.84 982 7.61 

Colorado 2460.2 1.77 330 2.56 

Louisiana 1980.8 1.42 53 0.41 

South Carolina 1945.8 1.40 139 1.08 

Alabama 1918.9 1.38 65 0.50 

Kentucky 1854.1 1.33 43 0.33 

Oregon 1716.2 1.23 124 0.96 

Connecticut 1664.9 1.20 95 0.74 

Oklahoma 1650.1 1.19 77 0.60 

Iowa 1547.2 1.11 16 0.12 

Kansas 1392.1 1.00 15 0.12 

Utah 1324.5 0.95 20 0.16 

Nevada 1213.7 0.87 432 3.35 

Arkansas 1188.1 0.85 39 0.30 

Mississippi 1117.6 0.80 7 0.05 

Nebraska 992.7 0.71 13 0.10 

New Mexico 816.4 0.59 23 0.18 

West Virginia 762.0 0.55 2 0.02 

DC 752.6 0.54 129 1.00 
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Idaho 655.0 0.47 5 0.04 

New Hampshire 648.1 0.47 22 0.17 

Hawaii 624.0 0.45 94 0.73 

Maine 605.5 0.44 7 0.05 

Rhode Island 477.9 0.34 13 0.10 

North Dakota 461.0 0.33 3 0.02 

Montana 454.7 0.33 3 0.02 

Delaware 438.1 0.31 8 0.06 

South Dakota 423.3 0.30 1 0.01 

Alaska 337.1 0.24 1 0.01 

Vermont 310.2 0.22 1 0.01 

Wyoming 293.1 0.21 3 0.02 

 

Of this development site stock, we have age-at-demolition for only 2,109 observations. In order 
to calculate survival probabilities, we first need to impute the missing age-at-demolition data. We choose 
a multiple imputation approach where each missing age is imputed 20 times. The method of imputation 
outlined by (Royston 2007) is particularly suited for imputing censored variables. Its main feature is that 
the researcher can specify an interval of the normal distribution from which the imputed values will be 
simulated. In our case, we specified that interval to be between ages 10 and 150 years, the assumption 
being that most buildings are very unlikely to be demolished within 10 years of initial construction.115 An 
added advantage of this approach is that our imputed values are always going to be non-negative and 
within a sensible range. As recommended by the multiple imputation literature, the model for the 
conditional distribution of age contains all covariates (regressors, the hedonic variables), including price 
and a dummy for surviving properties. It is run over the entire sample of surviving (107,805) and 
demolished buildings (12,903). It is important to note the similarity in the distribution of age of the 
imputed data with that set of development site data for which age-at-demolition is available (see Table B 
4. below). The imputed data has mean and median age at demolition (for the demolished sample) equal to 
56 and 60 years respectively, while the corresponding values for the actual empirical sample is 50 and 55 
years.116 

                                                           
115 And any such under-age demolitions would not be representative of normal building lifetimes. 
116 These ages are less than the life expectancy from the Kaplan-Meier survival probability curve because the sub-
sample of demolished (or to-be-demolished) buildings does not include all the similar-age buildings that are not 
yet being demolished. In other words, while the stabilized property transaction sample is right-censored, the 
development site transaction sample is left-censored. 
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Table B 4: Distribution of Age for Development Site Data 

percentile Dev Site w/ Available Age Dev Site w/ Imputed Age 

p5 17 41 

p25 34 49 

p50 50 56 

p75 78 67 

p95 104 92 

Mean 55 60 

N  2,109   10,794  

 

B.7. Estimates of Land Value Fractions  
The land value fraction of newly developed (or redeveloped) property value is a crucial value in 

our analysis of net depreciation. As noted, we have 12,903 observations of development site transactions, 
and 107,805 observations of stabilized property transactions (with existing operating structures on them). 
At a very gross and aggregate level, we observe that the average development site price is about 31% of 
the average stabilized property price. However, this is an apples versus oranges comparison. For example, 
the development sites might be smaller than the average stabilized property parcel, or in less favorable 
locations.  

A more sophisticated analysis of the new development land value fraction (NDLVF) is based on 
the subset of development site observations for which we not only know the price at which the site was 
bought at but also the price of the subsequently developed building on that location. We use these two 
prices, hereby referred to as first and second sale prices, respectively; to inform us on the range of land 
value fraction estimates of newly developed properties (NDLVF). One way to do this is to directly take 
the ratio of the first sale price to the second sale price, i.e. the price of the land over the price of the fully 
developed (land + structure) building. This gives the results shown below in Table B 5.  
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Table B 5: Distribution of Dev Site Price to Developed Property Price by Holding Period 

Stats 
Holding Period 

24 Mths or Less 
Holding Period 

36 Mths or Less 
Holding Period 

48 Mths or Less 

mean 0.29 0.26 0.26 

min 0.05 0.05 0.05 

p5 0.08 0.07 0.07 

p25 0.15 0.13 0.12 

p50 0.24 0.21 0.21 

p75 0.36 0.34 0.33 

p95 0.78 0.67 0.67 

max 1.00 1.00 1.00 

N 505 854 1200 

 

The average NDLVF computed in this manner is 29% for properties developed and re-sold within 
24 months of the development site acquisition, 26% for developments resold 36 or 48 months later. 

It is important to consider the nature of this data in the context of our purpose in the current study. 
In principle, we want the fraction that land (site acquisition) cost (value) is of the to-be-completed 
development project as of the time of the land purchase, based on the expectations of the developer at 
that point in time. This is the NDLVF that would have mattered to the developer (the purchaser of the 
land), and therefore which would have underpinned and determined the land value at that time (and 
which, therefore, the observed site acquisition price would have reflected). Thus, the fraction we want in 
principle is the ex post actual purchase price of the land paid by the developer divided by an ex ante 
(expected) value of the to-be-completed development project (the newly built property asset). At the time 
of the development project, this is the fraction that matters from an economic and business perspective. 
Instead, what we have for the denominator in our data is the distribution of actual ex post values of the 
newly-built properties after the development time elapsed. We can attempt to account for this difference 
as follows. 

The ex post distribution differs from the ex ante expectation in two major ways. First it is 
dispersed randomly or idiosyncratically around the prior rational expectation, as the ex post values of 
risky assets always are. Some projects end up being big successes, greater than their developers would 
have (rationally) expected them to be at the time when they agreed to the land purchase price. Other 
projects end up as spectacular failures, sold at prices far below what the developer would have reasonably 
expected. Most projects end up somewhere in between (and, by the definition of “rational expectations”, 
with the ex post mean equaling the ex ante expectation).  

In analyzing the RCA development site transactions NDLVF statistics, we have eliminated as 
outliers the extreme ends of this ex post idiosyncratic dispersion by dropping approximately the top and 
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bottom five percent of the observations, those whose implied NDLVFs would be less than 5% or greater 
than 100% (that is, the completed developed property worth no more than just the land acquisition price, 
total loss of the construction cost). Had we not applied those outlier filters, we would have had 1307 
development site observations with built property resales within 48 months of site acquisition (instead of 
1200 as indicated in Table B 5), and the mean NDLVF would have been 36% instead of 26% for those 
projects. We think dropping the outliers in this context makes the data more representative of likely actual 
developer rational expectations. 

The second major way in which the ex post distribution of property second sale values differs 
from the ex ante expected value at the time of the site acquisition is the result of major asset price 
movements in the property market between the first and second sales. While some such price change 
might arguably have been forecast and expected by the developer at the time of the site acquisition, for 
the most part it is likely that developers and their financers would have been basing their plans on the 
currently prevailing asset market prices as of the time of the acquisition, as these were sites bought with 
the intention of immediate development. We therefore have made another adjustment not reflected in 
Table B 5. We have reduced (or increased) the second sale price by the change in the Moody’s/RCA 
CPPI commercial property price index between the month of the first sale and that of the second sale. For 
example, if the second-sale price was $120 and the CPPI grew 20% between the two sales, then we adjust 
the second-sale price down to $100. This adjustment is not reflected in Table B 5. 

Finally, there is a third adjustment that is appropriate to properly compute the land value as a 
fraction of the expected developed property value as of the time of the site acquisition. This third 
adjustment is simply to control for the difference in time between when the developed property value 
would be expected to be realized, and the time when the land site acquisition actually occurs (and is paid 
for). Suppose the expectation is that the built and fully operational property will be worth $103 upon its 
completion, which is expected to be in one year. And suppose the opportunity cost of capital (OCC) for 
investment in such built, fully operational property is 8 percent per annum. That is, one could 
alternatively invest in an already-existing stabilized property similar to the one to be developed and 
expect to obtain a going-in total return (IRR) of 8 percent based on a fair market price for the built 
property. Then the present value as of today, of the forward claim on that built property one year from 
now, is: $103/1.08 = $95. It is this $95 which would be the appropriate denominator for computing the 
relevant NDLVF.117  

Now note that the $103 expected value of the stabilized (fully operational) property a year from 
now reflects an expected growth rate in property value between now and next year. The $103 projected 
value for the completed project actually would be derived by observing the current values today for 
similar such properties and projecting some plausible inflation rate for a year. Typically commercial 
property investors assume 3 percent. Thus, the projected $103 value for the completed property in one 
year actually would reflect an observed current value of similar such properties of $100 today. If 
investments in such properties provide typical market expected total returns (going-in IRRs, the OCC) of 
8 percent, but that includes capital value growth of 3 percent per year, then the implied cash yield or “cap 
rate” would be 5 percent (as the total return equals the current cash yield rate plus the capital gain rate). In 

                                                           
117 The value of the forward claim is less than the value of a current claim (on the same asset), because the current 
claim includes the present value of the net cash flow which the asset would provide to its current owner in the 
meantime. The owner of the forward claim does not receive income from the underlying asset until the forward 
claim matures (or, in the present context, not until the development project is complete). 
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other words, the currently-observable $100 price of the comparable property would reflect a cap rate of 5 
percent (the building provides current net cash flow of $5 per year118).  

We can thus observe the present value of the forward claim on the future asset by discounting the 
current observable value of the asset at the yield rate, as follows (where g is the developer’s expected 
inflation rate, FV refers to future value, and T is the time in years it takes for the development project to 
be completed): 

T

TTT
T

CapRate
dgExistingBl

numbersexampleFor
gOCC

dgExistingBl
OCC

dgExistingBlg
OCC

DvlpdBldgFVDvlpdBldgPV

)1(05.1
100$

08.1
100)$03.1(

08.1
103$95$

:
)1()1(

)1(
)1(

)()(

0

00
0

+
=≈==

−+
≈

+
+

=
+

=

  (5) 

Thus, we make two adjustments to the Table B 5 data: first adjusting the second-sale property 
price to the time of the first sale using the CPPI market price index to adjust for major market movements 
after the land acquisition; and second we discount that price at the yield (cap rate), which we treat for 
simplicity to be 5 percent per annum, over the period between the two sales.119  

Thusly adjusted, the RCA development site NDLVF distribution from Table B 5 is as indicated in 
Table B 6 below. As can be seen, the mean NDLVF is now 31% for projects of duration 24 months or 
less, instead of the 29% we saw in Table B 5, and 30% for projects less than 36 or 48 months, instead of 
26% without the adjustments. We feel that the adjusted data is more appropriate to indicate the NDLVF 
relevant for our net depreciation value/age profile analysis reported in Chapter 4. In that analysis, we 
carried out the RCA development site transactions NDLVF analysis separately for nonresidential 
commercial and apartment properties. As summarized in Chapter 3 (section 3.1.2), we find mean NDLVF 
of 32% for commercial and 18% for apartments for developments of 36 months or less (and this is quite 
robust to whether the project duration is less than 24 months or less than 48 months). 

                                                           
118 This is the $5 that the purchaser of the 1-year forward contract (the development project) does not receive, 
hence, the forward contract’s value of $95 instead of the $100 for the currently existing stabilized asset. 
119 The correct yield in this application is the net cash flow yield, with a numerator equal to net operating income 
(NOI) minus capex reserves. This is less than the typically quoted “cap rate” which is based on NOI gross of capex in 
the denominator. (In fact, the difference is the typical routine capex fraction of property value that we have 
estimated in Chapter 5, reported in Figure 5-1 in Section 5.2, roughly on average about 150 basis-points.) 
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Table B 6: Distribution of Newly Developed Land Value Fractions by Holding Period 

Stats 
Holding Period 

24 Mths or Less 
Holding Period 

36 Mths or Less 
Holding Period 

48 Mths or Less 

mean 0.31 0.30 0.30 

min 0.05 0.05 0.05 

p5 0.09 0.08 0.08 

p25 0.16 0.15 0.15 

p50 0.27 0.25 0.25 

p75 0.40 0.38 0.39 

p95 0.79 0.75 0.76 

max 0.99 0.99 0.99 

N  499   854   1,199  

  

 
 
 
 
 
 
 
 
 
 
 
 
B.8. Kaplan-Meier Survival Curve  
(Kaplan and Meier 1958) developed a procedure that calculates the survival probability estimate at each 
of the time periods under study, which is in our case, the age of a building. As mentioned in section B.6, 
we are imputing the age-at-demolition for a subset of the development site data. We impute age 20 times, 
which implies that one could construct 20 versions of the Kaplan-Meier survival curve. In Figure B4, 
below, we show all such 20 curves along with the mean curve (thick black line) that we employ in our 
censored-sample correction. As shown below, the 20 estimates are very close to each other except at the 



Appendix B   

92 
Commercial Buildings Capital Consumption, MIT/CRE, Final Report, November 2015. 

 
 

very tail end of the age distribution where the data is very thin. But for all practical purposes, the thick 
black line representing the mean over the 20 estimates is a pretty good estimate of the survival curve.  

Figure B- 5: Kaplan-Meier 20 Imputed Survival Curves 

 

 

B.9. Overall Net Depreciation Value/Age Profile Graphical Results. 

The overall results of our RCA transaction data based estimation of the property and structure 
value/age profiles are presented in Figures B-6 & B-7 below, for commercial and apartment properties 
respectively. As described in Chapter 4, the thin line is the actual direct results from our regression with 
the age “buckets” specification. The thick, smooth line is the best geometric fit to the structure value 
component (assuming land value fraction of 30% and 20% respectively for commercial and apartment 
properties) over the first 50 years of building life, and then a straight line depreciation to the assumed life 
structure expectancy of 100 years. 

As we have found an evident three-stage life cycle in the non-parametric (buckets) results (which 
we dubbed “youth”, “middle age”, and “old age”), there is some inconsistency in our application of a two-
piece curve-fitting with the single-rate geometric curve to age 50 and then the linear curve to age 100. In 
fact, we have also analyzed cubic spline specifications which smoothly join smooth curves to the three 
stages. While the spline analysis provides a comforting confirmation of the basic non-parametric results, 
it is not actually a substitute for our geometric-linear curve fitting. 

The purpose of the geometric-linear curve-fitting (and especially of the geometric part which 
covers the first 50 years of age) is to provide a mathematically simple and convenient (and widely used) 
metric to represent our more nuanced and detailed non-parametric results. As discussed in Chapter 2, it is 
both convenient and traditional to express convex value/age net depreciation profiles using the simple 
geometric function, which reflects a single constant annual rate of depreciation no matter what age the 
asset. This geometric depreciation rate then provides a convenient summary metric to quantify the rate of 
depreciation. We apply this single-parameter, simple summary metric to only (and all) the first 50 years 
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of age because that is the period for which we have the most data and the most precise and reliable net 
depreciation results. It also almost certainly covers the ages of the vast majority of all commercial 
structures extant in the U.S. (See further relevant information in B.10 below.) 

Figure B- 6: Property Value/Age Profile, Commercial 

 

Figure B- 7: Property Value/Age Profile, Apartment 
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B.10. Distribution of RCA Sample by Age  
The table below shows that roughly 80% of the RCA sample size is 50 years or younger. However, the 
number of observations over age 50 years is not insignificant, and is sufficiently large to provide a 
powerful statistical sample for inference (total of 18,460).  

Table B 7: Distribution of Data by Property Age Groups 

AgeBuckets Freq. Percent 

Ages less than 10 23,062 21.39 
Ages 11 to 20 20,067 18.61 
Ages 21 to 30 21,004 19.48 
Ages 31 to 40 15,201 14.1 
Ages 41 to 50 10,011 9.29 
Ages 51 to 80 8,845 8.2 
Ages over 80 9,615 8.92 
     
Total 107,805 100 

 

B.11. Effect of Property Size  
A final consideration regarding the RCA transaction sample that we employed in the net depreciation 
analysis concerns its representativeness in terms of property size. As noted, the RCA sample generally 
includes stabilized property transactions of at least $2,500,000. While properties of this size (by value) 
may contain the bulk of all commercial property value in the U.S. (see section 3.1.1 in Chapter 3), the 
majority of all commercial properties by number of properties is certainly below this threshold of value. 
The question is whether smaller properties exhibit net depreciation characteristics similar to what we find 
in the present study for the larger properties. 

We cannot answer this question definitively with the data available for the present study. However, we 
can get some indication by examining how the smaller (less valuable) properties in the RCA dataset 
compare to the larger properties in that dataset in terms of their value/age profiles. This can be done by 
means of quantile regression, which derives separate results by property value quantile. In particular, 
using quantile regression we have compared the 25th percentile properties’ estimated value/age profile 
with the 75th percentile properties’ estimated value/age profile, based on property price. For the overall 
transaction sample that is used in the present study the mean property price was $15,200,000, and the 
median (50th percentile) property price was $5,800,000. The 25th percentile price was $3,375,000, and the 
75th percentile price was $13,000,000, and this latter value is similar to the overall sample mean price. 
Thus, by comparing the 25th and 75th percentile quantile regression value/age profile results, we can get a 
good idea of the general way in which smaller (less valuable) properties tend to depreciate differently 
from larger (more valuable) properties, at least down to the $2,500,000 threshold.120 

The results of this analysis suggest that there is very little difference between the smaller and larger 
properties in their net depreciation value/age profile. Using the same hedonic value specification as in the 
main analysis, for a typical 25-year-old building the smaller (25th percentile) properties are found to 
                                                           
120 In fact, almost 10 percent of the RCA transaction sample observations are below the $2,500,000 threshold, 
because once a property is in the RCA database it remains in even if a subsequent transaction is at a lower price. 
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exhibit 18 basis-points per year less depreciation than the larger (75th percentile) properties as a fraction 
of remaining building value (excluding land121), a difference which is not of economic significance 
compared to the 300-400 bps/yr average structure depreciation rate that we find in the overall sample. The 
same three-stage shape and near 100-year life expectancy is found for both the smaller and larger 
properties, nearly identical to the overall sample results reported in Chapter 4. 

 

 

                                                           
121 Based on an assumption of NDLVF of 20% for the smaller properties and 30% for the larger properties. 
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Appendix C: The NCREIF Database 
 

C.1. Geographical Distribution of the NCREIF Study Sample 
The capital improvement expenditures regression analysis in Chapter 5 is based on a total of 15,700 
buildings in the NCREIF database. Table C 1 below shows the distribution of that sample across the 50 
states, alongside the state’s percentage of total US non-farm employment. There are two states, Montana 
and Wyoming, that don’t have any NCREIF observations (states with combined % of US employment of 
0.54). Otherwise, the correlation between the percent of NCREIF data by state and the corresponding 
percent of US employment is quite high (0.9). It is interesting to also note that, unlike RCA that needs to 
deal with the difficulty in collecting data in Texas (a non-disclosure state), the NCREIF members 
managing Texas properties directly report information themselves and as a result, the representation of 
NCREIF data in Texas is commensurate with its role in total US employment.  

 

Table C 1: Distribution of NCREIF Counts and US Non-Farm Employment by State122 

State 
Total Non-Farm 

Employment 

% of 
US 

Emp 
NCREIF 

Sample Counts 
% of 
Data 

California 15607.2 11.22 3027 19.28 

Texas 11533.2 8.29 2051 13.06 

New York 9087.4 6.53 370 2.36 

Florida 7804.6 5.61 1266 8.06 

Illinois 5872.7 4.22 1023 6.52 

Pennsylvania 5789.4 4.16 303 1.93 

Ohio 5324.9 3.83 237 1.51 

Michigan 4188.1 3.01 134 0.85 

Georgia 4148.0 2.98 942 6.00 

North Carolina 4140.5 2.98 361 2.30 

New Jersey 3963.1 2.85 497 3.17 

Virginia 3774.9 2.71 519 3.31 

Massachusetts 3413.4 2.45 464 2.96 

Washington 3065.9 2.20 605 3.85 

                                                           
122 Table continues on  the following pages. 
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Indiana 2984.0 2.15 175 1.11 

Wisconsin 2843.7 2.04 77 0.49 

Minnesota 2817.7 2.03 330 2.10 

Tennessee 2806.9 2.02 264 1.68 

Missouri 2735.1 1.97 149 0.95 

Maryland 2620.2 1.88 483 3.08 

Arizona 2562.7 1.84 483 3.08 

Colorado 2460.2 1.77 514 3.27 

Louisiana 1980.8 1.42 28 0.18 

South Carolina 1945.8 1.40 53 0.34 

Alabama 1918.9 1.38 48 0.31 

Kentucky 1854.1 1.33 108 0.69 

Oregon 1716.2 1.23 236 1.50 

Connecticut 1664.9 1.20 99 0.63 

Oklahoma 1650.1 1.19 58 0.37 

Iowa 1547.2 1.11 22 0.14 

Kansas 1392.1 1.00 96 0.61 

Utah 1324.5 0.95 79 0.50 

Nevada 1213.7 0.87 147 0.94 

Arkansas 1188.1 0.85 14 0.09 

Mississippi 1117.6 0.80 30 0.19 

Nebraska 992.7 0.71 19 0.12 

New Mexico 816.4 0.59 44 0.28 

West Virginia 762.0 0.55 1 0.01 

District of 
Columbia 752.6 0.54 214 1.36 

Idaho 655.0 0.47 4 0.03 

New 
Hampshire 648.1 0.47 28 0.18 
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Hawaii 624.0 0.45 27 0.17 

Maine 605.5 0.44 11 0.07 

Rhode Island 477.9 0.34 10 0.06 

North Dakota 461.0 0.33 5 0.03 

Montana 454.7 0.33   

Delaware 438.1 0.31 23 0.15 

South Dakota 423.3 0.30 3 0.02 

Alaska 337.1 0.24 18 0.11 

Vermont 310.2 0.22 1 0.01 

Wyoming 293.1 0.21   

C.2. Hedonic Model Results  
The regression results of the capex hedonic model outlined in Chapter 5 are shown below. Table C 2. 
shows the results for the regressions on commercial buildings only (total of 11,773 properties). The (1) 
column shows results for which the left-hand side of the regression model is the property’s Annualized 
Capex per dollar of Market Value. The (2) column shows results for the model with the Annualized 
Capex per square feet as the left-hand side variable. Table C 3. shows results for the regressions on 
apartment buildings only (total of 3,927 properties). The (1) column shows the regression of Annualized 
Capex per dollar of Market Value on property hedonics and the (2) column shows the regression results 
for the model in which the left hand side is Annualized Capex per unit.  

 

Table C 2: Capex Regression for Commercial Buildings - Capex/MV and Capex/Sqft123 

  (1) (2) 

 Commercial Commercial 

VARIABLES (capex/mv) (capex/sf) 

      

LnAvgSqft 0.0008237  

 (0.000)  

AvgAge 0.0003172 0.0078664 

 (0.000) (0.005) 

AvgAge Squared -0.0000025 0.0004014 

                                                           
123 Table continues on the following pages. 
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(0.000) (0.000) 

AvgStdCaprate -0.0688819 
-

13.0430248 

 (0.005) (1.023) 

Office 0.0075647 2.6985714 

 (0.000) (0.072) 

Retail -0.0022562 1.2281312 

 (0.000) (0.080) 

Atlanta 0.0000564 0.1852580 

 (0.001) (0.149) 

Austin 0.0022984 0.9323204 

 (0.001) (0.239) 

Baltimore -0.0028777 0.2982278 

 (0.001) (0.243) 

Boston -0.0013830 0.7411874 

 (0.001) (0.180) 

Charlotte -0.0032409 -0.0903260 

 (0.002) (0.313) 

Chicago -0.0003845 0.4338819 

 (0.001) (0.134) 

Dallas 0.0029789 0.5405963 

 (0.001) (0.144) 

Denver 0.0036113 0.6855250 

 (0.001) (0.191) 

Detroit 0.0022662 -0.0537918 

 (0.002) (0.344) 

Houston 0.0034807 0.5294318 

 (0.001) (0.195) 

Los Angeles -0.0040889 0.7464491 
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 (0.001) (0.118) 

Memphis 0.0002930 0.1229106 

 (0.002) (0.335) 

Miami -0.0003716 0.7294946 

 (0.001) (0.169) 

Minneapolis 0.0058218 0.6813184 

 (0.001) (0.216) 

New York -0.0032345 0.8404576 

 (0.001) (0.156) 

Orlando 0.0015390 0.6586561 

 (0.001) (0.284) 

Philadelphia -0.0011685 0.2399682 

 (0.001) (0.235) 

Phoenix 0.0026696 0.5466024 

 (0.001) (0.204) 

Portland -0.0010238 0.4243420 

 (0.001) (0.257) 

San Diego -0.0022607 1.1888198 

 (0.001) (0.216) 

San Francisco -0.0038762 1.1475243 

 (0.001) (0.141) 

Seattle -0.0023454 0.6616467 

 (0.001) (0.173) 

St. Louis -0.0001478 -0.0961004 

 (0.002) (0.321) 

Tampa 0.0012641 0.3074196 

 (0.002) (0.336) 

Washington DC -0.0041619 1.2937574 

 (0.001) (0.151) 
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Constant 0.0001667 0.0041891 

 (0.002) (0.103) 

   

Observations 11,773 11,773 

R-squared 0.107 0.186 

 

 

Table C 3: Capex Regression for Apartment Buildings - Capex/MV and Capex/Unit124 

  (1) (2) 

 Apartment Apartment 

VARIABLES (capex/mv) (capex/unit) 

      

AvgAge 0.0008114 54.1919373 

 (0.000) (4.309) 

AvgAge Squared -0.0000066 -0.3302656 

 (0.000) (0.054) 

Atlanta -0.0006351 175.2067431 

 (0.001) (123.680) 

Austin -0.0012183 387.0061684 

 (0.001) (162.510) 

Baltimore -0.0032784 549.4683765 

 (0.002) (229.097) 

Boston -0.0032879 1005.7713944 

 (0.001) (190.655) 

Charlotte 0.0039160 494.8405251 

 (0.002) (216.894) 

Chicago -0.0026413 819.7910200 

                                                           
124 Table continues on the following pages. 
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(0.001) (160.347) 

Dallas -0.0009039 201.5550607 

 

(0.001) (122.927) 

Denver -0.0028654 436.6734293 

 (0.001) (159.882) 

Detroit -0.0034868 -288.6707721 

 (0.002) (332.961) 

Houston -0.0010158 203.1595194 

 (0.001) (139.581) 

Los Angeles -0.0062070 801.1749777 

 (0.001) (123.142) 

Memphis -0.0017135 -351.1235731 

 (0.002) (303.445) 

Miami -0.0008108 490.2840919 

 (0.001) (137.702) 

Minneapolis -0.0024889 340.4931866 

 (0.002) (222.812) 

New York -0.0033884 1804.2408828 

 (0.001) (144.445) 

Orlando 0.0031954 266.1943785 

 (0.001) (191.910) 

Philadelphia -0.0015455 709.6523852 

 (0.002) (202.377) 

Phoenix -0.0004397 78.0457932 

 (0.001) (157.670) 

Portland -0.0015135 410.3738919 

 (0.002) (224.243) 

San Diego -0.0064525 330.7771285 

 (0.002) (230.865) 
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San Francisco -0.0063305 679.3240815 

 (0.001) (174.383) 

Seattle 0.0002482 998.6981277 

 (0.001) (158.482) 

St. Louis -0.0071213 -606.1674537 

 (0.003) (412.897) 

Tampa 0.0035610 540.2550089 

 (0.001) (191.887) 

Washington DC -0.0032239 854.7034175 

 (0.001) (141.293) 

Constant 0.0050905 364.9669387 

 (0.001) (79.707) 

   

Observations 3,927 3,927 

R-squared 0.193 0.163 

 

C.3. Data Filters 
As mentioned in section 3.2.1 of Chapter 3, the capital improvement expenditures data can be messy due 
to the complexity associated with the implementation of accrual accounting. Our main objective in 
filtering this data is to only filter out leasing commissions, and any capex associated with a major 
building expansion. We carry this objective out in three steps. First, we employ a filter rule that we 
received from NCREIF that flags quarters that are most likely capital expenditures associated with 
building expansions. There is a risk of both a Type I error (a false positive; flagging capex that isn’t 
building expansion related) and a Type II error (a false negative; not flagging capex when it may actually 
reflect a building expansion) associated with this filter. However, this filter has been crafted after 
extensive familiarity with that data and its nuances. It drops only about 2,482 property-quarters from an 
initial total of over 450K property-quarter observations. For the interested reader, we suggest referring to 
(Fisher and Young 2015) for a detailed discussion of the issues involved.  

Second, after 2001, the data is reported according to capex categories, one of which is leasing 
commissions. We compute, for each property, the cumulative total capex spent over its span in the 
NCREIF database and also for the same period, the cumulative capex associated with leasing 
commissions. We then compute the ratio of cumulative leasing commissions over cumulative total capex 
for each property type. We find that for apartment buildings, this ratio is negligible. For the other property 
types, the ratios are 0.175 for both office and industrial and 0.151 for retail. We subtract this proportion 
out from the annualized total capital expenditure for each building as a way to obtain a measure without 
leasing commissions. 
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A third is applied to the property’s Annualized Capex per dollar of Market Value (reported in Table 6 of 
Chapter 3), where if that quantity is negative or greater than 20%, then we drop the property out. This is 
really the tail end of that distribution as the average value of annualized capex per dollar of MV is 1.57%.  

In addition to the above, for apartment we drop any properties that have had over $15000 of annualized 
capex per unit as it is most likely a reflection of a major project.  
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Appendix D: The Green Street Advisors Data 
 

D.1. Data Filters 
The Green Street Advisors (GSA) data contributed to this study is originally obtained by GSA 

from the 10K forms that apartment REITs file with the SEC. The apartment data provided to us are 
disaggregate in the sense that information is available for each building owned by the REIT. However, in 
the current dataset, GSA is looking at properties that are held during the year 2013. The data goes back 
and includes information on those properties as far back as 1997 but not on properties that the REIT may 
have held in that past but sold prior to 2013. In other words, it is a sample of “surviving” or retained 
properties. After computing a capex per unit for each property for each year of available data, GSA 
applies a filter on the maximum amount of capex per unit spent in a given year. This is set at $10,000, the 
idea being that any amount greater than this is likely a major renovation and therefore that year’s capex is 
filtered out, since GSA is aiming to quantify only routine maintenance and upkeep type capex. The result 
is referred to as the “adjusted” capex. GSA also crosschecks the data with any supplementary information 
they may have about the buildings and they may make further adjustments if applicable. 

D.2. Panel Data Regression  
The number of apartment properties held by pure-play Apartment REITs in the study sample is 

1,299. Since many of these are held for several years starting from 1997 (through 2013), there are a total 
of 10,693 property-years. The two important pieces of information available for each property in each 
year’s observation are its Capex per Unit and building age for that year. Since many hedonic variables are 
not available, we resort to exploiting the unique time-series structure of this data (also known as panel 
data) to control for omitted variables. 

The basic idea of a panel regression is that any characteristic of the building that does not change 
over time, such as its location, size etc. can be controlled for in a statistical technique that recognizes the 
presence of repeated observations (yearly) on the same property. In Table D 1 below, we report the results 
for a panel data regression on the GSA Apartments data. The left-hand side of this model is the yearly 
capex per unit variable. As reported in the table, the number of unique buildings (Number of ID) is 1,299 
but the total number of observations used is 10,693, because several years of information is available on 
those same 1,299 buildings.  

In the regression depicted in the Table, the R-squared is very low. However, we need not worry 
about this as it is to be expected in panel regressions. The reason is that, as described in section 5.2.2., the 
panel specific fixed effects parameter (the parameter 𝜃𝜃𝑖𝑖) is actually not estimated but eliminated via a 
transformation. Many factors such as square feet, location etc. that may be constant across time get 
eliminated and therefore one cannot expect to explain much of the variation in the dependent variable by 
just Age and Age-squared. However, explaining this variation is not the purpose here but instead to get 
reliable, unbiased estimates on the coefficients of Age and Age-Squared. This is ensured by the panel 
regression model formulation presented in 5.2.2 as it takes care of omitted variable bias. These variables 
may be observable in the data such as location, but entering them in the actual regression would result in 
them automatically getting dropped out because of a transformation that takes place before estimation 
(again, this transformation eliminates the property specific effects). We mentioned first-difference as a 
method of transformation (akin to how a repeat sales regression works) but typical software uses a 
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different type of transformation. What matters is that both give the same results. An interested reader can 
dive into the mechanics of the method in an introductory but through treatment in (Wooldridge 2012). 

Table D 1: Panel Data Regression Results - Apartment (Capex/Yr/Unit) 

  (1) 

VARIABLES (capex/unit) 

   

Age 108.7496461 

 (7.502) 

Age Squared -1.4274655 

 (0.159) 

Constant 211.4680756 

 (84.753) 

  

Observations 10,693 

Number of ID 1,299 

R-squared 0.026 

 

Major Renovation Expenditures  

As explained in the data filters section above, the data used for this study is filtered to exclude 
possible building expansions and major renovation expenditures. We will refer to this data as the adjusted 
capex data. In this section, we will examine the magnitude of the unadjusted capex data, accumulated 
over the entire history of each property.   

In order to exclude building expansions from the analysis but also capture major renovations over 
a property’s lifecycle, we adopt the following filters. We drop any capex/unit (per year) expenditures in 
excess of $50,000. We also drop any negative values. 

An important filter that we apply is to only look at properties that have been held by the REIT for 
at least 16 years. This is to get a better idea of renovations on a lifetime basis.  

Table D 2 shows the distribution of the length of time a property has been in the GSA data. A 
total of 944 properties were held for 16 years or longer. The maximum is 19 years as GSA only went back 
to 1997. The several properties that are held for fewer than 16 years may have experienced major 
renovations, but it is likely that the REIT would have made such renovations shortly after acquisition. 
Such cases of renovation would not be representative of renovation expenditures made over a long period 
of time. Moreover, if a major renovation project is completed within a property ownership history that is 
relatively short, we will not be able to gain a reasonable indication of the magnitude of such expenditure 
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averaged over the entire life cycle between such major renovations, as we only have a fraction of that 
time span in the data.125 We cannot completely control for this problem, as we only have property 
expenditure histories during the period they have been held by the covered REITs, and only going back to 
1997. But by limiting our sample to properties held 16 to 19 years we are at least going some way toward 
looking at a substantial span of time. 

Table D 2: Number of Years a Property is Covered in the GSA Data 

nYears Freq. Percent Cum. 

1 20 1.19 1.19 

2 15 0.89 2.08 

3 36 2.14 4.22 

4 49 2.91 7.13 

5 56 3.33 10.46 

6 46 2.73 13.2 

7 167 9.93 23.13 

8 28 1.66 24.79 

9 36 2.14 26.93 

10 40 2.38 29.31 

11 45 2.68 31.99 

12 43 2.56 34.54 

13 68 4.04 38.59 

14 50 2.97 41.56 

15 39 2.32 43.88 

16 466 27.71 71.58 

17 203 12.07 83.65 

                                                           
125 Suppose average routine expenditures are $2000/unit/year, and a $40,000/unit major renovation is undertaken 
once every 40 years. Then the lifetime average major renovation capex is $1000/unit/year, which is 50% of the 
routine capex rate. But if we have, for example, only 10 years of history of ownership of that property in the REIT 
data, and those 10 years include a $40,000/unit major renovation, then if we simply divided by the 10 years 
available in the data we would obtain an implication that major renovations average $4000/unit/year, 200% of the 
routine capex rate. The resulting over-estimation of the indicated average rate of major renovation expenditures 
relative to routine capex is due to not having a full life cycle in the history for that property. Limiting the data to 
holding spans of at least 16 years is a way to at least partially mitigate this problem while retaining almost half of 
the property data. 
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18 184 10.94 94.59 

19 91 5.41 100 

         Total 1,682 100   

 

Of the properties that pass the above filters, we further drop properties for which no data were 
available for adjusted or unadjusted capex. This allows the comparison between the two capex series to be 
done on the same set of properties.  

Analysis of Renovation  

We analyze the magnitude of renovations in the resulting (filtered) 721 properties by comparing 
the average (taken over 16 years or more, the time held in the GSA database) capex per unit for the 
adjusted (AvgCEA) and unadjusted (AvgCEU) series. 

  

 Table D 3 shows that the mean AvgCEA across the 721 properties is $1847 per unit (per year) 
whereas the corresponding AvgCEU is $2,534 per unit. A simple t-test of the difference in means 
between the two series shows that these means are statistically significantly different. The ratio of the 
means implies that major renovations are 37% of the routine capex (unadjusted) over the history of these 
properties in the GSA data.   

Table D 3: Comparison of Adjusted and Unadjusted Capex/Unit (per year) 

stats AvgCEA AvgCEU 
No. Props 721 721 
mean $1,847 $2,534 
sd $1,386 $2,060 
min $23 $69 
p25 $965 $1,197 
p50 $1,477 $2,058 
p95 $4,315 $6,404 
max $10,822 $24,321 

 

 The sample of 721 properties is “unconditional” in the sense that it includes both properties that 
experienced a major renovation as well as those that did not. Within that sample there are 214 properties 
where the adjusted and unadjusted capex differed, implying that, by our filtering methodology, the 
property experienced a non-scale-expanding major renovation project during its history in the GSA 
database In Table D 4, the difference in the mean for this renovated subsample (that is, the difference 
conditional upon major renovation occurring) is, of course, greater than for the complete (unconditional) 
sample. The conditional mean AvgCEA is $1728/unit and mean AvgCEU is $4045/unit. The difference 
here implies that major renovations are much greater than routine capex even averaged over the 16-19 
year holding period for the property, in the cases where such major renovations did occur. However, 
results in Table D 3 better depict the lifetime major renovation expenditures for the overall unconditional 
average, and thus are more relevant for applying to the typical property in the typical year.  
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In Section 5.3 at the end of Chapter 5 we discuss the application and implication of these findings 
for the study of capex in the context of gross depreciation of commercial property. 

Table D 4: Comparison of Adjusted and Unadjusted Capex/Unit (per yr) 

stats AvgCEA AvgCEU 
No. Props 214 214 
mean $1,728 $4,045 
sd $1,674 $2,724 
min $23 $513 
p25 $921 $2,523 
p50 $1,164 $3,153 
p95 $4,953 $9,760 
max $10,822 $24,321 

 

 



Bibliography   

112 
Commercial Buildings Capital Consumption, MIT/CRE, Final Report, November 2015. 

 
 

 

Bibliography 
Bokhari, Sheharyar, and David Geltner. 2011. "Loss Aversion and Anchoring in Commercial Real Estate 

Pricing: Empirical Evidence and Price Index Implications." Real Estate Economics 39 (4): 635-670. 

—. 2015. "Characteristics of Depreciation in Commercial and Multi-Family Property: An Investment 
Perspective." Working Paper, April. 

Bureau of Economic Analysis. 2013. "BEA Depreciation Estimates 2013." Accessed November 2015. 
http://www.bea.gov/national/pdf/fixed%20assets/BEA_depreciation_2013.pdf. 

—. 2015. "Table 2600. National Balance Sheets for Non-Financial Assets." 
http://www.bea.gov/national/FA2004/Details/Index.htm. 

Clapp, John M., and Carmelo Giaccotto. 1998. "Residential Hedonic Models: A Rational Expectations 
Approach to Age Effects." Journal of Urban Economics 44: 415-437. 

Diewert, Erwin, and Chihiro Shimizu. 2015. "Alternative Approaches to Commercial Property Price 
Indexes for Tokyo." Review of Income and Wealth (forthcoming).  

Fisher, Jeffrey D., Brent C. Smith, Jerrold J. Stern, and R. Brian Webb. 2005. "Analysis of Economic 
Depreciation for Multi-Family Property." Journal of Real Estate Research 27 (4): 355-369. 

Fisher, Jeffrey, and Mike Young. 2015. New NCREIF Indices - New Insights. NCREIF Research Corner, 
Chicago: NCREIF. 

Florance, Andrew C., Norm G. Miller, Jay Spivey, and Ruijue Peng. 2010. "Slicing, Dicing and Scoping the 
Size of the U.S. Commercial Real Estate Market." Journal of Real Estate Portfolio Management 
16 (2): 111-128. 

Francke, Marc K., and Alex van de Minne. 2015. "Land, Structure and Depreciation." Real Estate 
Economics (forthcoming).  

Hulten, Charles R., and Frank C. Wykoff. 1996. "Issues in Measurement of Economic Depreciation: 
Introductory Remarks." Economic Inquiry 10-23. 

Hulten, Charles R., and Frank C. Wykoff. 1981a. "The Estimation of Economic Depreciation Using Vintage 
Asset Price." Journal of Econometrics 15: 367-396. 

Hulten, Charles R., and Frank C. Wykoff. 1981b. "The Measurement of Economic Depreciation." In 
Depreciation, Inflation and Taxation of Income from Capital, by Charles R. Hulten, edited by 
Charles R. Hulten, 81-125. Washington D.C.: The Urban Institute Press. 

Kaplan, E. L., and P. Meier. 1958. "Non-Parametric Estimation from Incomplete Observations." Journal of 
the American Statistical Association 53: 456-481. 

Real Capital Analytics. 2015. US Capital Trends. Quarterly Review, New York City: RCA. 



Bibliography   

113 
Commercial Buildings Capital Consumption, MIT/CRE, Final Report, November 2015. 

 
 

Royston, P. 2007. "Multiple Imputation of Missing Values: Further Update of Ice, with an Emphasis on 
Interval Censoring." Stata Journal 7: 445-464. 

Sanders, Hy, and Randall Weiss. 2000. "Analysis of the Economic and Tax Depreciation of Structures." 
Tax Management Real Estate Journal 343-355. 

Taubman, P., and R. H. Rasche. 1969. "Economic and Tax Depreciation in Office Buildings." National Tax 
Journal 22 (3): 334-346. 

Wooldridge, Jeffrey M. 2012. Introduction to Econometrics: A Modern Approach. Vol. 5. South-Western 
College Pub. 

 

 


	Abstract:
	List of Figures
	List of Tables
	Executive Summary
	Figure X 1: Property Value/Age Profile, Commercial
	Figure X 2: Property Value/Age Profile, Apartment
	Figure X 3: Net Depreciation & Capex, Commercial
	Figure X 4: Net Depreciation & Capex, Apartment
	Chapter 1: Introduction
	Chapter 2: Considerations from the Previous Literature
	2.1 The Hulten-Wykoff Study

	Figure 2- 1: Value/Age Profiles, Canonical Shapes
	2.2 Considerations of the value/age profile shape
	2.3 Considerations in the empirical analysis of the value/age profile
	2.4 Indications of the magnitude of net depreciation

	Figure 2- 2: Commercial Value/Age Profiles: Ours vs Hulten-Wykoff
	2.5 The Deloitte-Touche Study
	2.6 The Fisher et al Study

	Chapter 3: Description of the Data Used in the Study
	3.1. Property Asset Value Data
	3.1.1. The RCA Database


	Table 1: Summary Statistics
	Table 2: Distribution of Age by Type
	3.1.2. Data on Development Sites

	Table 3: Distribution of Age of Demolished Buildings
	Table 4: Land Value Fractions (Holding Periods of 36 Months of Less)
	3.2. Capital Improvement Expenditure Data
	3.2.1. The NCREIF Database


	Table 5: Characteristics of NCREIF Property Sales (7,436 Sales)
	Table 6: NCREIF Summary Statistics by Property Type
	3.2.2. The Green Street Advisors Apartment Database

	Table 7: GSA Data Summary Statistics
	Chapter 4: Net Depreciation
	4.1. Methodology Overview
	4.1.1. Building Survival Probability and Censored Sample Bias Correction
	4.1.2. Estimating the Property Value/Age Profile
	4.1.3. The Land Value Fraction

	4.2. Major Net Depreciation Findings: Structure Value/Age Profiles & The “Three Stages of Life”…
	4.2.1. The Non-Parametric Structure Value/Age Profile


	Figure 4- 4: Nonresidential Structures
	Figure 4- 5: Apartment Structures
	4.2.2. The Geometric Fit and Summary Metrics
	4.3. Addendum: Implications Regarding Official Economic Statistics

	Chapter 5: Capital Improvement Expenditures
	5.1. Capex Analysis Methodology
	5.1.1. NCREIF Data Methodology
	5.1.2. GSA Data Methodology

	5.2. Findings on Capex

	Figure 5- 2: NCREIF Commercial Buildings, Annual Capex per Square Foot By Age
	5.3. Addendum: Considerations Regarding Major Renovation Project Expenditures

	Chapter 6: Total Capital Consumption
	Figure 6- 2: Apartment Property Gross Depreciation Rates as a Function of Building Age: Percent of Property Value
	Figure 6- 4: Apartment Gross Depreciation Rates as a Function of Building Age: Percent of Structure Value
	Figure 6- 6: Commercial & Apartment Annual Gross Depreciation as a Fraction of Structure Value
	Background, Theory, & Framework for the Study
	Appendix A: Background, Theory, & Framework for the Study
	A.1. Depreciation & Capex: Net & Gross Depreciation
	A.2. Land & Building Value Considerations
	A.3. General Sources & Nature of Commercial Property Depreciation
	A.4. Demolition, the Property Life Cycle, & the Empirical Estimation of Structure Depreciation from Property Transaction Prices
	A.5. Integrating the Overall Capital Consumption Analysis
	A.6. Summary

	Appendix B: The RCA Database and the Net Depreciation Analysis Details
	B.1. Geographical Distribution of the RCA Transaction Price Sample
	Table B 1: Distribution of RCA Data and Total Non-Farm Employment by State106F
	Primer on Regression
	Choice of Functional Form
	Choice of Specification of Property Age
	Omitted Variable Bias
	Table B 2: Comparison of Age and Age-Squared Coefficients in Panel and OLS Models
	Figure B-1: Age-Price Profiles (Age and Age-Squared, uncorrected for censored sample bias) in Panel and OLS Models
	Choice of Variables and Interpretation of Regression Coefficients
	Figure B-2. Effect of Renovated Properties – Commercial
	Figure B-3. Effect of Renovated Properties – Apartment
	Figure B-4. Effect of Censored Sample Correction
	Table B 3: Distribution of Demolition Data by State and Total Non-Farm Employment113F
	Table B 4: Distribution of Age for Development Site Data
	Table B 5: Distribution of Dev Site Price to Developed Property Price by Holding Period
	Table B 6: Distribution of Newly Developed Land Value Fractions by Holding Period
	Figure B- 5: Kaplan-Meier 20 Imputed Survival Curves
	Figure B- 6: Property Value/Age Profile, Commercial
	Figure B- 7: Property Value/Age Profile, Apartment
	Table B 7: Distribution of Data by Property Age Groups
	Appendix C: The NCREIF Database
	Table C 1: Distribution of NCREIF Counts and US Non-Farm Employment by State121F
	Table C 2: Capex Regression for Commercial Buildings - Capex/MV and Capex/Sqft122F
	Table C 3: Capex Regression for Apartment Buildings - Capex/MV and Capex/Unit123F
	Appendix D: The Green Street Advisors Data
	Major Renovation Expenditures
	Analysis of Renovation
	Bibliography

