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Abstract: The United States faces twin crises of housing affordability and environmental degrada-
tion. Under these clouds, the nation is experiencing an explosive growth in new construction multi-
family housing. This paper seeks to evaluate how designers might optimize the organization of such
projects to minimize cost and maximize environmental performance. A method is developed for
evaluating the construction costs and environmental performance of multifamily developments
across four variables: building height, number of buildings, building width, and building floor area.
Our analysis suggests that buildings with deeper floor plates are preferable for both economic and
environmental reasons. We also suggest that taller buildings have more performative envelopes
while shorter buildings are more economical to construct. Finally, we offer a method of finding a
compromise between economic and environmental objectives for projects of a given square footage.
Most commonly, this “compromise” takes the form of a moderate number of mid-rise buildings
with deep floor plates. This investigation adds nuance to the existing literature on the effects of
building shape on building cost and envelope performance. It also provides designers with a
method of potentially constructing multifamily buildings in a less expensive and more environmen-
tally conscious way.

Keywords: multifamily residential; cost estimating; building massing; building optimization

1. Introduction

In 2019, the United States constructed 352,000 units of multi-family housing, exceed-
ing the number built ten years ago (274,000) by more than 28% [1]. Given an approximate
U.S. population of 328.2 million, the rate of building implies one new apartment unit is
being constructed for every 932 residents in each passing year.

As the number of multifamily buildings change (and land and construction prices
increase), the methods and approaches used to build such buildings are also changing.
Multifamily buildings are getting taller and denser. For example, in 2009, 56% of new
apartment units were constructed in buildings of three floors or fewer. By 2019, this num-
ber had been reduced to 42% [1]. In 2009, only 43% of new construction multi-family units
were built in buildings with greater than 50 total apartments. In 2019, such units had be-
come a majority, with 56% of new units built in fifty-plus unit buildings. Cumulatively,
these statistics point towards a general growth in both the number of multifamily build-
ings and their size. Despite this growth, housing affordability at the household level con-
tinues to decline in the United States [2].

In 2015, fully half of U.S. households were paying more than 30% of their income in
rent or equivalent ownership cost [3]. Housing expenses have risen faster than incomes
in much of the urbanized world due to the tripartite of “accelerated (re)urbanization of
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capital and people, the provision of cheap credit, and the rise of social inequality” [4]. In
the aftermath of the 2008 recession, the pinch has been particularly acute, with nominal
rents growing at 3.6% per year, far outpacing inflation [5].

According to the Bureau of Labor Statistics, from 1984 to 2021, prices for all urban
consumer goods have risen 162%. In the same timeframe, rental costs of primary resi-
dences for urban consumers have grown 244% [6]. In some cities, the problem is even
more extreme. For example, in San Francisco, the nominal cost of rent has increased by
367% from 1984 to 2019, growing at a rate of more than double inflation during the same
time period [7].

The problem is also evident among homeowners. In 80% of United States housing
markets, housing costs have grown at a rate greater than incomes; on average, home price
appreciation has seen an annualized 6.7% growth rate across the nation, while real wage
growth was only 3.5% over a similar time period (2018) in the U.S. [8].

Intuitively, at least some of this increase may be driven by the rising cost of construc-
tion in the United States. According to Historical Building Cost Indexes, the year over year
growth in building costs from 2018 to 2019 varied from 3.0% to 6.2%, depending on region
and construction type [9]. Contrast this with the inflation rate as reported by the Bureau
of Labor Statistics over the same time period, 1.5% [10]. Even if one were to assume the
least costly type of construction in the least costly region, the cost of construction still grew
at double the rate of inflation.

Occurring simultaneously with the global housing crisis is the ongoing environmen-
tal crisis associated with climate change. For example, Lawrence Livermore National Labs
reports that, as of 2020, residential energy use accounts for 11.9 quadrillion British Ther-
mal Units (BTUs) of energy consumption, representing 11.87% of total consumption [11].
Perhaps more troubling than the sectors gross consumption is the trendline in residential
consumption. The Energy Information Administration reports that residential sector en-
ergy use is more than twice as high as it was in 1950. While the early 1970s represent
something of an inflection point, total residential energy consumption has continued to
grow incrementally in recent years [12]. While per unit energy expenditures have been
declining since at least 1980, the total per-unit decline has amounted to less than 20% of
expenditures [13].

For multi-family buildings with more than five units, a substantial share of this en-
ergy is used in space heating and cooling. In 2015, such buildings used 724 trillion BTUs
of energy. One hundred eighty-three trillion BTUs were attributed to space heating while
51 trillion BTUs were attributed to air conditioning. Collectively, providing human ther-
mal comfort accounted for 32% of site energy expenditures in large apartment buildings.
The vast majority of the energy utilized in homes is generated either by the direct com-
bustion of natural gas or via the combustion of fossil fuels in the electricity generation
process [11].

The primary channel for heat exchange in residential buildings is via their envelope
[14]. Thus, reducing energy consumption and the associated adverse environmental im-
pacts in multifamily buildings can be accomplished via improving energy performance.
Each of the four variables considered in this study (building height, number of buildings,
building width, and building floor area) have a direct impact on envelope area, and, thus,
performance.

Survey of Existing Literature

There has been no shortage of studies that have investigated the relationship between
building massing and energy consumption. Perhaps the best known means of quantifying
envelope geometric proportions is provided by Depecker et al., who developed “shape
factor” via the combination of several envelope measures and found this factor to be as-
sociated with building energy use [15]. These findings were corroborated for Nordic cli-
mates by Danielski et al., demonstrating the robustness of such measures across different
weather conditions [16]. Shape factor, which is primarily a measure of compactness, has



Buildings 2021, 11, 99

3 of 29

remained important in recent studies that attempt to evaluate the energy performance of
large samples of buildings [14].

Shortly after, Pessenlehner and Mahdavi evaluated the performance of compactness
measures using energy simulation, finding that, while measures such as “shape factors”
were accurate as approximations, they lacked sufficient nuance to account for a variety of
factors that impacted building performance, such as orientation and solar gain [17]. More
recently, more complex measures have been developed to account for a greater share of
the factors impacting building energy performance. Granadeiro et al., for example, de-
velop Envelope Related Energy Demand [18]. This measure accounts for not only com-
pactness, but also solar heat gain coefficient and site-specific factors that are not included
in the calculation of shape factor.

Other research has evaluated the effects of shape on building energy consumption
without the use of any specific numeric metric. Drew et al., for example, consider a num-
ber of different residential typologies and associated shapes, seeking to quantify lifecycle
energy consumption for each type [19]. Their findings indicate that relatively dense, low-
rise courtyard buildings offer the best energy performance of the shapes investigated.
Choi et al. compare “plate type” and “tower type” shapes, finding the former to be more
efficient than the latter in terms of thermal performance [20].

Still others have focused on the impact of a single design variable, such as plan aspect
ratio, as it relates to building energy consumption. Wang et al. investigate the impact of
aspect ratio, suggesting that a ratio of east/west facing facade to north/south facing facade
is optimized in the range of 0.702 to 0.986. McKeen and Fung focus specifically on the
aspect ratio of multifamily buildings in Canada, finding that energy performance is opti-
mized at aspect ratios of 1:1 to 1:1.5, depending on location within the country [21].

More recently, building-shape-related investigations have focused on how shape
might be used to create net-zero buildings and complexes of buildings. Savvides et al.
consider the massing variables of residential buildings [22], but they appear primarily in-
terested in the availability of building-integrated solar, rather than the performance of the
buildings themselves. Ndiaye investigates a variety of more complex building shapes for
their suitability for net zero construction, finding that energy consumption varied by be-
tween 10 and 20 percent between the best performing and worst performing massing so-
lutions [23]. It is perhaps worth noting that this study focused on office buildings rather
than on multifamily residential buildings.

While the impacts of shape on energy performance have been well investigated, the
relationship between massing variables and cost is less well understood. Chau et al. in-
vestigate the optimal height of residential buildings in Hong Kong [24], but their investi-
gation is more concerned with rent prices demand than actual construction costs. It also
does not take place in the context of the United States. Barr investigates optimal building
height in the United States, but his investigation is concerned with tall buildings in New
York City [25] rather than the more common low-to-midrise building stock in the United
States.

Few studies have been found that consider both thermal performance and building
cost simultaneously. Capuleto et al. investigate how units within multifamily housing are
grouped, accounting for both energy performance and building cost [26]. However, the
cost estimation in this study is driven primarily by the areas of rooftop and exterior walls
and does not explicitly consider how costs might vary with building type over multiple
heights. Wang et al. use a multi-objective genetic algorithm to optimize envelope related
design variables for energy performance and first costs [27]. Once again, their method of
cost estimating is parametric, and their design variables consider both massing variables
and other envelope variables (e.g., shading).

Within the context of the United States, it does not appear as though the effects of
massing variables on building cost and thermal performance have been investigated sim-
ultaneously. This paper attempts to conduct just such an endeavor. It also seeks to build
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on the above presidents by creating a more thorough first cost model that accounts for the
variable in building construction costs across multiple heights.

Four massing variables are evaluated: height in stories, width in feet, number of
buildings, and total complex floor areas. Each possible solution is evaluated in two ways:
via envelope thermal performance and building construction costs. In Section 2, we dis-
cuss the forms of multifamily building common to the United States to establish height
and width limitations. We also discuss the development of the models used to evaluate
cost and envelope thermal performance. Section 3 explores the results of our analysis,
seeking to determine the relationship between each of the four design variables and each
of the two design objectives. Section 4 seeks to validate the validity of our approach using
quantitative methods and to explore where our findings sit within the body of literature.

It is worth noting that the variables considered represent a drastic simplification of
the architectural design process. In reality, decisions about building massing will be af-
fected by many variables. What follows is not a substitute for architectural design, but
rather represents an attempt to hold some design variables in isolation to create some
“rules of thumb” that may be of value to designers early in the schematic design process.

2. Materials and Methods

Creating a model to investigate how architectural massing variables affect afforda-
bility and envelope performance necessitates some degree of architectural understanding
of how low-to-midrise multi-family residential buildings are typically, currently con-
structed. In the following, we discuss typical construction practices for one to ten story
apartment buildings and develop a method for assessing their cost and envelope perfor-
mance.

2.1. Investigating Building Height

Industry standard construction practices for residential, multifamily buildings have
long involved the use of (light) wood framing techniques. Mimicking traditional single-
family residential construction, these techniques are faster and cheaper than traditional
commercial building approaches. In fact, in a survey of 352,000 new apartment units from
2019, 71% of the units were identified as “wood framed” [1]. The transition to wood fram-
ing approaches has had some industry wide repercussions.

In an article entitled “Why America’s New Apartment Buildings All Look the Same,”
journalist Justin Fox identifies a proliferation of “stick-built” (light wood framing) mid-
rise apartment buildings across the U.S. as the main culprit [28]. Fox notes that this type
of framing is much less expensive in terms of both materials and labor costs. It also re-
quires less skilled labor to erect, making it attractive in poorer labor markets. Azoff [29]
concurs, noting that the use of light wood framed construction in multifamily building is
proliferating because it is more economically feasible than traditional concrete and steel
approaches.

Wood-framed construction is classified by the 2015 international building code in
three types:

¢ Type III: Exterior walls are of non-combustible material (e.g., fire-retardant-treated
wood or masonry) and interior walls are of any material permitted by code (in this
case, light wood framing)

¢ Type IV: Exterior walls are of non-combustible material and interior building ele-
ments are of solid or laminated wood (i.e., heavy timber construction)

¢ Type V: Exterior walls and building elements are made of any material permitted by
code (in this case, light wood framing without fire-retardant-treated wood).

Type V construction is familiar as the typical single-family home construction
method. These buildings are built with 2 x 4 or 2 x 6 studs and load-bearing walls, wood
floor trusses, or wood floor joist and wood roof framing. There are no requirements for
non-combustible materials [30].
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According to Chapter 5 of the International Building Code, for fully sprinklered (typ-
ically a requirement) buildings of construction Type V with residential occupancy, the
maximum building height varies from three floors (up to 40 ft) to four floors (up to 70
feet), depending on specific construction details. Generally, this limits the popular Type
V light wood frame construction to four floors above grade. Wood-framed constructions
of greater than four floors must be Type III, having fire-retardant exterior wall elements,
which allows for a maximum height from four floors (up to 55 feet) to five floors (up to 85
feet)

Beginning with the 2012 edition of the International Building Code, it became possi-
ble to “stack” light frame buildings (Type III or Type V) atop non-combustible podiums
(Type I) [31]. In this way, the height (and number of stories) could be increased. This led
to the development of the “five over one” buildings, with five floors of wood framing built
above a single floor of concrete or steel (non-combustible) framing. Starting in 2015, the
code was further modified to allow for greater than one podium floor, provided that the
wood framing did not exceed 65 feet and the entire project did not exceed 85 feet in height.
This made it possible to have five floors of wood framing over multiple floors of Type IA
podium. Photos of two “mixed” projects, with light wood framing above non-combustible
framing, are shown in Figure 1.

For the purpose of this paper, it is assumed that the net-to-gross floor area ratios are
relatively comparable across buildings of one to ten stories. It is worth noting that this
may not be the case. As building height increases, so too does the amount of the floor plate
that is used for vertical circulation and increased structure. Because the comparison is of
double-loaded corridor buildings, the difference between the net-to-gross ratio of a nine-
story vs. a ten-story building is possibly quite small. However, the difference between a
building that requires staircases and elevators vs. a single-story building that requires nei-
ther is likely more substantial. This may have the effect of making taller buildings more
“attractive” than might otherwise be expected.

It is perhaps worth noting that, while model codes such as the International Building
Code are incorporated in the construction of many local codes, local amendments and
unique situations within certain municipalities do arise. For example, in Chicago, com-
bustible construction on a non-combustible plinth is not allowed [32]. If applying this
model to a building in Chicago, more expensive light-gauge steel framing would be ne-
cessitated for much shorter buildings.

Figure 1. A multifamily housing project with light wood framing installed over a non-combustible
podium in Sheboygan, WI (Left); 5 floors of light wood framing above a two-floor podium in
Champaign, IL (Right).

Assuming a typical floor-to-floor height of 9-10 feet, one can imagine an eight-story
building with five floors of light wood framing atop a three-story non-combustible po-
dium. If light wood is the most economical construction type, then the most economical
configuration would be wood framing alone for buildings of one to five stories in height.
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Between five and eight stories, five floors of wood framing would be placed atop a po-
dium of one to three stories. For buildings above eight stories in height, all non-combus-
tible construction (with its unlimited height and building area) would be required.

Based on the above limitations, we consider heights ranging from one to ten stories
using such systems. The specific systems selected and which floors of construction they
apply to are discussed in greater detail in Section 2.3, below.

2.2. Investigating Building Width

In the context of high-rise buildings, Clark et al. [33] suggest a depth from the curtain
wall to the interior core face of between 20 and 30 feet. For a double-loaded corridor, this
implies a building width of between 40 and 60 feet. To investigate the maximum and min-
imum possible depths for apartment units, a plan investigation was conducted (Figure 2,
below). Two simple two bedroom plans were prepared, borrowing liberally from the Fair
Housing Act Design Manual [34] and Architect’s Data [35] for standard room sizes, kitchen
and bathroom layouts, etc. The results of the exercise suggest that, including the width of
the interstitial corridor, a minimum floor plate width of 40 feet and a maximum floor plate
width of 70 feet is needed. It is likely that an architect skilled in residential space planning
could improve substantially on the ergonomics of the proposed plans, which are provided
only to illustrate the possibility of accommodating residential units in the given floor plate
widths.

Living
Room

Bedroom Bedroom

i 5 70
Bedroom | ; Bsdmom{ :;g:a !
Pt I 3 ) -
........ 1> [ =
3
5 A
GO HI
: _ 16-2
Bedroom | i
Living
S Bedroom Bedraom
1 -
59'-4" 30-10"

Figure 2. Possible Units in 40’ Wide and 70" Wide Floor Plates.

To be sure, the use of a double-loaded corridor is not the only method by which a
multifamily residential building can be created. Particularly in low rise buildings, direct
entry to the exterior, intermediate breezeways, enclosed staircases, and row-house-type
configurations may offer better floor area efficiency. To ensure an “apples-to-apples” com-
parison, double-loaded corridors are assumed for buildings of all heights.

It is worth noting that code per-floor building allowable area is based on a more com-
plicated formula, even when accounting for construction type and the presence of fire-
sprinklers. The 2015 International Building Code allows for increased areas based on
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“frontage” or proximity to public open space and/or rights-of-way of certain dimensions
[30]. As detailed site planning is not considered in this investigation, no upper bound on
per-floor area is considered. That being said, multifamily occupancies require a maximum
common path of egress travel of no more than 125 feet. Allowing 125 feet from any unit
to one of two egress stairs would imply a maximum floor plate of 500 linear feet (i.e., 4 x
125"). However, this would account only for the required distance to reach the stair, which
does not necessarily imply reaching the envelope of the building. Therefore, a more con-
servative maximum floor plate length of 400 feet is used for the purpose of this investiga-
tion.

At the opposite end of the spectrum, no minimum floor area is provided by the code.
Instead, what can be constructed is limited by feasibility. Considering that the minimum
floor plate width considered is forty feet, it makes little sense to evaluate any building
length under forty feet, as to do so would allow for buildings that were wide enough to
accommodate two units, but not long enough to accommodate them. Therefore, the min-
imum building length that is considered is forty feet.

To analyze performance and for the purpose of this paper, possible widths studied
will vary between 40 feet and 70 feet in increments of five feet. This is, by necessity, a
simplification of actual building layouts. It does not account for vertical circulation and/or
mechanical space. It also does not account for non-rectangular building shapes.

2.3. Cost Estimating

Cost estimation was conducted using the RS Means Assembly Method [36]. RS
Means is an industry-standard cost estimating database that aggregates the real construc-
tion costs of many projects around the country to make generalizations about the costs of
specific units and assemblies. Because the database is reliant on having real-world project
costs, it is generally limited to common assemblies and may be less suitable for estimating
more complex or unique building elements. Generally, estimating by assembly is most
suitable for new construction projects. More granular unit estimates can produce more
specific values but are much more cumbersome to negotiate.

Where assembly costs were not available or were not suitable for the proposed
method of construction, some unit estimation was utilized. Some Square Foot estimation
was also utilized for mechanical, electrical, and plumbing trades. Not all systems applied
to buildings of all heights. For example, a one-story building would not have an elevator.
Therefore, for each assembly, information is provided regarding what height of building
it applies to. Only hard costs were considered. Figures include overhead and profit but do
not include design, insurance, permitting, general requirements, or general conditions.

Because land was not a fixed quantity across all proposed solutions, no land costs
were included. The model is also agnostic to the other benefits of preserving open land.
For example, it may be wiser to build a taller building with a smaller footprint to preserve
open land for recreation space, preservation, carbon sequestration, renewable energy gen-
eration, and a host of other possible reasons. These reasons may have their own economic
value, which cannot accurately be accounted for using the construction cost method. The
proposed model does not have the sophistication to make more nuanced recommenda-
tions about land use.

Sizing of columns and footings was based on RS Means axial loading and is based on
a structural bay size of 25-0"” by 25'-0". Live loads were assumed to be 40 pounds per
square foot for floors and 20 PSF for roofs, in line with RS Means recommendations. Dead
loads included 7.5 PSF for ceilings, 25 PSF for partitions, 6 PSF for mechanicals, 100 PSF
for concrete floors, and 7 PSF for wood-framed floors. Self-weight of columns was also
included on a per-linear-foot basis. Columns were further assumed to be uniformly
loaded. In reality, an interior column would have a tributary area of 625 square feet (25’ x
25"). “Edge” Columns would have only half of this load, and “Corner” columns would
have only one quarter. For simplicity, an average figure of 312.5 SF was used, as designing
column layouts was outside the scope of this project.
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It should be mentioned that considering construction cost is not an exhaustive means
of considering building financial performance. A real-estate developer would likely be
more interested in return on equity, which would necessitate an understanding of land
costs, soft costs, and the entitlement process. A potential renter would likely be more con-
cerned with the total cost of ownership, which may be influenced by construction costs
but is also influenced by market conditions, location, utility expenses, and a multitude of
other factors not considered here.

2.3.1. Substructure and Foundations

Substructure was composed of concrete slab-on-grade, concrete pad footings, and
concrete continuous perimeter strip footings. The size of pad footings varied based on
column loads, with a design soil bearing capacity of 6000 pounds per square inch. It was
assumed that slabs-on-grade could be ground supported. Excavation to the depth of 48”
stem walls was assumed. Substructural systems, their cost, and their use by building
height is shown in Table 1.

Table 1. Substructural Systems, Costs, and Designated Heights.

IIIA over

VA IITA 1A IA

System Selected Cost ($)

A Substructure
Concrete Footing, 4.5' Square, 15"

Deep 463.75 Ea  Wood Column Footing

Concrete Footing, 5.5' Square, 18"
Deep 738.35 Ea Wood Column Footing

Concrete Footing, 6.0' Square, 20"

Deep 939.00 Ea Concrete Column Footing

Concrete Footing, 7.5' Square, 25"

Deep 1,655.00 Ea Concrete Column Footing

Concrete Footing, 9.5' Square, 40"

Deep 2,982.50 Ea Concrete Column Footing

Concrete Footing, 10.5' Square, 33"

Deep 3,934.00 Ea Concrete Column Footing

Continuous Perimeter Foot-

Strip Footing, 2.0' Wide, 12" Deep 45.29 LF ing
Concrete Stem Wall, 4.0' Deep, Direct Continuous Perimeter Stem
Chute 89.09 LF Wall

Excavate and Fill, 4.0' Deep, On-Site

Storage 0.35 SF Basement Excavation

4" Slab-On-Grade, Reinforced 6.03 SF Ground Floor Deck

2.3.2. Structure and Shell

Structures of two floors and below are assumed to have bearing walls alone. Wood
columns are included for wood construction of three stories or greater, as semi-balloon
framing is assumed for these heights. Wood joist floors bearing on wood columns or walls
are utilized at Type VA and Type IIIA construction, while flat-plate concrete floors bear-
ing on square, cast-in-place columns are utilized at Type IA construction. A wood flat
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rafter roof is assumed, except at heights of nine and ten stories, where wood framing is
not allowed and a flat-plate concrete roof is substituted. Fourty linear feet of interior shear
wall is assumed to surround the elevator, while each of two staircases is assumed to be
surrounded with 60 linear feet of shear wall. At one to two stories, wood framed shear
walls are utilized. At three to five stories, concrete unit masonry shear walls are utilized.
For all Type IA construction, cast-in-place concrete shear walls are utilized. Design of
structural elements, particularly lateral elements, is outside the scope of this paper.

The building shell is composed of light framed walls, which are wood framed at Type
III and V construction and framed with cold-formed steel studs at Type I construction.
Exterior cladding is fiber-cement siding. Punched openings consist of vinyl-clad wood
casement windows, with a window-wall-ratio of 24% (implying two (2) windows per 100
SF of exterior wall area). Roofing consists of a single-ply Polyisobutylene (PIB) membrane
over tapered rigid insulation. Slab insulation is provided by 2'-0" of polyisocyanurate be-
low grade insulation, as prescribed by ASHRAE 90.1 (q.v. Section 2.4 infra). Each building
is said to have two entrance/exit doors, which are fully glazed aluminum panels in alumi-
num frames. Structural and Shell systems utilized are shown by cost and building height
in Table 2.

Table 2. Structure and Shell Systems, Costs, and Designated Heights.

IIIA over
VA IITA IA IA
System Selected Cost ($)  Oty.
Wood Column, 12" x 12", 10' Un- Column at Light Fram-
supported 0.32 SFFIr ing
Wood Column, 10" x 10", 10' Un- Column at Light Fram-
supported 0.26 SFFIr ing
Wood Column, 8" x 8", 10' Un- Column at Light Fram-
supported 0.16 SFFIr ing

Column at Concrete

12" Concrete Column, tied 18.15 VLF Framing

Column at Concrete

14" Concrete Column, tied 23.00 VLF Framing

Column at Concrete

16" Concrete Column, tied 28.50 VLF Framing

Column at Concrete

20" Concrete Column, tied 42.50 VLF Framing
8" CMU Wall, 75% Filled 3.85 SF Shear/Core Wall
12" Concrete Wall, Plain Finish 8.90 SF Shear/Core Wall

Wood Joist Floor, 20' Bay, 2x10 at

16" 18.55 SF Floor at Light Framing
Flat Plate CIP Floor; 25' Bay, 8.5" Floor at Concrete Fram-
Thick 17.12 SF ing

Roof, Wood, Flat Rafter, 2x12 at Roof Above Light Fram-

16" 4.70 SF ing
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2x6 at 16" Exterior Wall with 8" Exterior Closure at Light
Fiber Cement Siding 16.45 SF Framing

3-5/8" Metal Stud Exterior Wall Exterior Closure at Con-
with 6" Cedar Siding 14.15 SF crete

3'x 4' Vinyl Clad Casement Win-

dow, Insulated Glass 1,073.00 Ea Punched Openings

Full Vision Aluminum Exterior

Door with Panic Hardware 5,550.00 Ea Exterior Cooridor Doors
PIB Single-Ply 100-mil Roofing

Membrane, Fully Adhered 4.07 SF Flat Roof Membrane
Rigid Insulation, Roof Deck, Ta-

pered for Drainage 1.26 SF Flat Roof Insulation
Rigid Insulation, Isocyanurate, Slab Perimeter Insula-
R15, 3" Thick 2.72 SF tion

2.3.3. Interiors

As in exterior walls, interior partitions are wood at wood-framed conditions and
cold-formed steel at concrete conditions. Wall and ceiling cladding in both cases is painted
gypsum wall board. At low-rise conditions, interior stairs are wood-box type, while at
mid- and high-rise conditions, cast-in-place stairs are utilized. Interior millwork includes
particle core wood entry doors in hollow metal frames, hollow core interior doors in pine
frames, and hard-wood base and wall cabinets with plastic laminate countertops. Interior
flooring is split between vinyl tile and broadloom carpet. Toilet specialties include a med-
icate cabinet, towel bar, and toilet tissue dispenser. Interior fittings along with their costs
are shown in Table 3.

Table 3. Interior Systems, Costs, and Designated Heights.

IITIA over

VA IITA IA 1A

System Selected Cost ($)

Oty.

C Interiors

2x4 at 16" Wood Partition with 5/8" Gyp- Partition at Light

sum Both Sides 5.29 SF Framing
3-5/8" Metal Studs at 16" with 5/8" Gypsum Partition at Con-
Both Sides 5.24 SF crete Framing

3'x7" Particle Core Wood Door in Hollow

Metal Frame 893.00 Ea Unit Entry Doors
3'x7"' Hollow Core Lauan Door in Pine Unit Interior
Frame 721.00 Ea Doors

Stairs; Wood; Prefabricated Box Type, 14
Risers 2,930.00 Flight Low-Rise Stairs

Stairs; CIP Concrete; 16 Risers, without

nosing 5,955.00 Flight High-Rise Stairs
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Hardwood Base Cabinet, One Drawer, 24"

Wide 537.50 Ea Kitchen Casework

Hardwood Wall Cabinet, 30" High, 48"
Wide 754.50 Ea Kitchen Casework

Countertop, Plastic Laminate, Economy 41.00 LF Kitchen Casework

5/8" Ceiling Gypsum, Textured and
Painted 5.01 SF Ceiling Finish

Painting Plaster and Drywall, Primer and

Two Coats, Roller 0.93 SF Interior Painting

Floor Covering at

Vinyl Tile, 3/32", Minimum 5.10 SF Kitchen/Living
Carpet, 12 oz Nylon Fusion, with add for Floor Covering at
Padding 5.03 SF Cooridor/Bed
Residential Bath
Medicine Cabinet, Sliding Mirroed Doors 23450  Ea Specialties
Residential Bath
Towel Bar, 30" 83.50 Ea Specialties
Toilet Tissue Dispenser, Single Roll, Sur- Residential Bath
face Mounted 39.10 Ea Specialties

Buildings of three stories or fewer are assumed to be walk-ups, in accordance with
the Americans with Disabilities Act Technical Assistance Manual, which exempts build-
ings of three floors or fewer from elevator requirements [37]. Elevators in three and four
floor buildings are assumed to be of hydraulic character, while elevators in taller buildings
are electric traction, based on the standard elevator types provided for in RS Means Unit
Estimating Method [36], with additions for additional floors and linear feet of elevator
run. Similarly, it is assumed that manual trash removal is only feasible in a walk-up set-
ting, so a trash chute is specified for all buildings of greater than three stories.

The number of elevators is calculated using the Round-Trip Time/Percentage Han-
dling Capacity method explained in Grondzik and Kwok [38]. When calculated for a 2500-
pound passenger elevator in a multi-family building, this system suggests a minimum
number of elevators based on the number of units, with taller buildings having a lower
number of units before requiring a second elevator. The maximum number of units in a
single elevator building ranged from 880 for a four-story building to 597 for a ten-story
building. Practically, this means that a second elevator is required only for the largest
buildings considered.

Mechanical, electrical, and plumbing system costs are based on median per-unit-
floor-area construction costs for each system: low-rise (one to three floors), mid-rise (two
to seven floors), and high-rise (eight to ten floors) construction. Wet-pipe sprinklers are
included for all light framed buildings. Municipal water pressure is assumed to be ade-
quate for low-rise buildings, with a fire-pump included for buildings of greater than three
stories. All units are assumed to require three wired smoke detectors, with each building
managed by an addressable alarm panel with up to 200 connections. Plumbing, electrical,
fire protection, conveying, and mechanical systems are show in Table 4.

2.3.4. Services
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Table 4. Building Services Systems, Costs, and Designated Heights.

System Selected

Cost ($)

(0]4'A

Services

Hydraulic Elevator, 3500 Ib Capacity,

Mid-Rise Vertical

Two Stops 73,745.00 Ea Circulation
Hydraulic Elevator, Add for Total Run Mid-Rise Vertical
Greater than 12 1,080.00 VLF Circulation
Hydraulic Elevator, Add for each stop Mid-Rise Vertical
over two 8,650.00 Ea Circulation
Electric Traction Elevator, 3500 Ib Capac- High-Rise Vertical
ity, Four Stops 162,450.00 Ea Circulation
Electric Traction Elevator, Add for Total High-Rise Vertical
Run Greater than 40’ 1,095.00 VLF Circulation
Electric Traction Elevator, Add for each High-Rise Vertical
stop over four 11,075.00 Ea Circulation

Trash Chute, Spiral Type 3,185.00 Floor Waste Conveying -
Plumbing, Allowance, Apartment 1 to 3 Low-Rise Plumb-
Floors 7.30 SF ing Allowance
Plumbing, Allowance, Apartments 4 to 7 Mid-Rise Plumb-
Floors 9.10 SE ing Allowance
Plumbing, Allowance, Apartments 8 to High-Rise Plumb-
24 Floors 9.55 SE ing Allowance
HVAC, Allowance, Apartments 1 to 3 Low-Rise Mech.
Floors 447 SE Allowance
HVAC, Allowance, Apartments 4 to 7 Mid-Rise Mech.
Floors 7.70 SE Allowance
HVAC, Allowance, Apartments 8 to 24 High-Rise Mech.
Floors 9.90 SE Allowance
Electrical, Allowance, Apartments 1 to 3 Low-Rise Electri-
Floors 5.65 SE cal Allowance
Electrical, Allowance, Apartments 4 to 7 Mid-Rise Electri-
Floors 8.70 SF cal Allowance
Electrical, Allowance, Apartments 8 to 24 High-Rise Electri-
Floors 9.55 SF cal Allowance
Wet Pipe Sprinkler System, Light Haz- Ground Floor Fire
ard, First Floor 3.92 SF Protection

Wet Pipe Sprinkler System, Light Haz- Upper Floor Fire
ard, Each Additional Floor 297 SF Protection
Standard Low-Rise Sprinkler Accessory Low-Rise Sprin-
Package, 3 Floors 5,800.00 Ea kler Fit Out
Standard Mid-Rise Sprinkler Accessory Mid-Rise Sprin-
Package, 8 Floors 11,675.00 Ea kler Fit Out
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Standard High-Rise Sprinkler Accessory High-Rise Sprin-
Package, 16 Floors 26,500.00 Ea kler Fit Out

Fire Protection
Wet Standpipe, 4" Diameter, One Floor 10,375.00 Ea Riser
Wet Standpipe, 4" Diameter, Each Addi- Fire Protection
tional Floor 2,700.00 Ea Riser
Fire Pump, 30 HP, 500 Gallons per Mi- Mid-to-High Rise
nute 21,150.00 Ea Booster

Wired Fire Alarm
Ion Detector (Smoke) Detector 251.00 Ea System
Alarm Panel, Addressable, Without Wired Fire Alarm
Voice, Up to 200 Connections 6,300.00 Ea System

2.3.5. Equipment

Equipment includes standard residential appliances, which are constant across
building geometries and based on unit numbers. In-unit laundry is included. Twelve
square feet of aluminum interior blinds are included for each window. Equipment is
shown in Table 5.

Table 5. Equipment Systems, Costs, and Designated Heights.

System Selected Cost ($) Oty Use

Equipment and Furnishings
Furnishings, Blinds, Interior, Venetian
Aluminum, 2" Stock 6.63 SF Window Treatements
Cooking Range, 30", Freestanding,
Minimum 611.00 Ea Residential Appliances
Hood For Range, Two Speed, Venti-
lated 394.00 Ea Residential Appliances
Microwave Oven, Minimum 291.00 Ea Residential Appliances
Refrigerator, 18-20 CF, Minimum 982.00 Ea Residential Appliances
Dishwasher, Built-In, Two Cycles, Min-
imum 715.00  Ea Residential Appliances
Garbage Disposal, Sink-Type, Mini-
mum 272.00 Ea Residential Appliances
Washing Machine, Automatic, Mini-
mum 872.00 Ea Residential Appliances
Dryer, Electric, Front Loading, Energy
Star Qualified 900.00 Ea Residential Appliances

2.3.6. Sitework

Site costs are based on the mean site costs per unit floor area for low, mid, and high-
rise apartment buildings from RS Means. This accounts for a widely variable set of site

IIIA over
1A IA IA
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conditions while maintaining agnosticism to any specific location. Sitework cost assump-
tions are given in Table 6.

Table 6. Sitework Systems, Costs, and Designated Heights.

IIIA over
VA II1A 1A 1A

System Selected

G  Building Sitework

Sitework, Allowance, Apartment 1 to 3 Sto- Low-Rise Sitework
ries 8.55 SF Allowance
Sitework, Allowance, Apartment 4 to 7 Sto- Mid-Rise Sitework
ries 7.85 SF Allowance
Sitework, Allowance, Apartment 8 to 24 Sto- High-Rise Site-
ries 6.45 SF work Allowance

2.4. Envelope Evaluation

In order to preserver applicability across locations, site plans, and mechanical con-
figurations, environmental evaluation will be based on envelope configuration at one sin-
gle locational (for consistent and uniform weather inputs). While this discounts several
important uses of residential energy (e.g., lighting, plug load), these latter uses are largely
static across building massing. Envelope thermal qualities, however, are variable based
on height, width, length, and number of buildings.

Envelope will be evaluated by using the method outlined in the ASHRAE Standard
90.1 Prescriptive Compliance Path [39]. This method prescribes maximum U-factors for
exterior walls, windows, doors, and roof elements. These U-factors can be multiplied by
an assembly’s area to calculate a weighted UA value, heretofore referred to as a “Thermal
Loss Factor.” Ground contact slabs are also accounted for, albeit by an F-Factor and a slab
perimeter rather than a U-factor and assembly area. Therefore, the thermal loss value of a
given solution is to be defined as follows:

E=N (URAR + UWAW + UNAN +UDAD +PF) (1)

where:

o E is the calculated Thermal Loss Factor;

*  Nis the total number of identical buildings proposed;

e UR, UW, UN, and UD are the assembly U-Values for Roofs, Walls, Windows, and
Doors, respectively;

e AR, AW, AN, and AD are the per-building areas of Roofs, Walls, Windows, and
Doors, respectively;

*  Pisthe per building perimeter of the ground-contact slab;

e Fis the slab F-factor, as described in ASHRAE 90.1.

Required U-Values vary by ASHRAE Climate Zone. For the purpose of this investi-
gation, Climate Zone 5 was selected for its national centrality. Required U and F values
for Climate Zone 5 A are provided in Table 7, below:

Table 7. ASHRAE 90.1 Required Assembly U and F Values for Climate Zone 5.

U/F Values
Roof U =0.027
Wall U =0.051
Window U =0.350




Buildings 2021, 11, 99

15 of 29

Door U =0.500
Slab F =0.860

Areas are calculated based on a 10'-0" floor-to-floor height. While a 3'-0" parapet is
included in calculating the cost of the wall, it is not included in the wall area in the calcu-
lation of Thermal Loss Factor, as it is entirely outside of the weather envelope of a given
building. In all cases, slab insulation is assumed to consist of 24” of rigid polyisocyanurate
with an R-Value of 15, meeting the required minimum for F-Value.

For context, consider that the units for thermal loss value (E) will be in BTU per hour
per foot-squared degree Fahrenheit. If one assumes an average difference between indoor
and outdoor temperature of 20 degrees, then one increment in thermal loss value can be
thought of as 438 BTUs per year per square foot of envelope area. 438 BTUs per year rep-
resents the amount of energy in 0.0438 therms of natural gas or 2.567 kilowatt hours of
electricity. Of course, the actual amount of natural gas or electricity consumed at the site
would also have to account for losses in equipment efficiency and site-to-source factor.

Thermal loss value represents a simplification of the dynamics of building heat
loss/gain. While ASHRAE standards are written to account for an envelope’s resistance to
conductance, this is not the only way in which heat can be lost or gained through a build-
ing. A given portion of envelope will also be profoundly affected via its exposure to sun,
particularly as it relates to fenestration. Because this model does not include site planning
or orientation, only conductive heat loss is considered. In reality, any more complete ac-
counting of energy performance will necessitate an understanding of orientation and sur-
roundings to which this model is agnostic.

According to Sachs et al. [40], vertical transportation accounts for between one third
and one half of one quadrillion BTUs of primary energy use in the United States each year,
equivalent to about 2-5% of the energy required for buildings covered by ASHRAE 90.1.
The share of this energy used by relatively low-rise residential buildings is unclear. How-
ever, as this investigation has focused on the effects of massing on envelope thermal per-
formance, elevator energy is not considered.

3. Results

The model constructed has four straightforward variables: total complex floor area,
number of buildings, building height, and building width. Given these four values, a fifth
value, building length, can be calculated. For example, if one assumes a 50,000 square foot
floor area, a single building, ten floors in height, and a fifty-foot width, one inevitably
arrives at a building length of 100 feet. This structure allows for the isolation of each var-
iable to measure its effect on building cost and thermal loss value. First, we can hold the
complex total floor area constant and measure the effects of height, width, and number of
buildings. We can also assume a static number of buildings, width, and building footprint
(i.e., first floor area) and measure the effects of changing height with a fungible gross floor
area. Finally, we can consider five total floor areas and endeavor to find the optimal width,
number of buildings, and height for each scenario.

3.1. Building Width

To find the optimal building width for both energy and cost purposes, we elected to
hold the model square footage constant at 100,000 square feet and the count of buildings
constant at five. Arithmetically, this offers essentially the same results as considering a
single building of 20,000 gross square feet. The per unit floor area costs for buildings of
varying floor counts by width in shown in Figure 3. The thermal loss values for these
configurations are shown in Figure 4. Please note that, in both figures, some floor plates
are “non-viable” in that they result in building lengths of greater than 400 feet or less than
40 feet, as discussed above. In these cases (e.g., for an eight-floor building of 70 foot width),
nodes on the graphs are shown with an “open” circle rather than a “shaded” circle. For
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Price per Square Foot
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heights in which no width is viable (i.e., at nine floors, no buildings of the width consid-
ered result in suitable lengths), lines are omitted entirely.

Cost Study of Building Width for 5 Building, 100,000 SF Complex
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Figure 3. Cost Study of Building Widths with a Constant Total Project Volume and Number of Buildings and Variable

Floor Heights.

Generally, wider floor plates are shown to be more economical. This is especially true
for single-story buildings. This is consistent with cost fluctuating with perimeter area.
With the floor area constant, it is least costly to build as few walls as possible to enclose
the proposed volume. Only at a higher number of floors, where building widths start to
become so small that they increase perimeter length, does building narrower buildings
become less costly.

In terms of thermal performance, the worst performing viable solution is a single-
story building of 50-foot width. Such a solution maximizes the perimeter area and has no
additional floors to share the thermal impact of the roof and slab. As the building becomes
wider and the surface-to-volume ratio decreases, a single-story building becomes more
thermally efficient. This is likely because the opaque roof and slabs are more thermally
resistant than the walls, which have openings for doors and windows and are therefore
less thermally efficient.

It is also worth noting that, for most widths, a three-story building has the lowest
thermal loss value, with greater numbers for both taller and shorter buildings. The most
thermally efficient solutions are buildings with wide floor plates and medium heights.
These balance the desire to share the roof and slab between as many stories as possible
while simultaneously limiting the height of the inefficient walls and their windows.

Considering the effects of width alone, it appears that, for the vast majority of viable
length and height combinations, a wider floor plate is more thermally efficient.
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Thermal Loss Value

Envelope Study of Building Width for 5 Building, 100,000 SF Complex
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Figure 4. Thermal Loss Value Study of Building Widths with a Constant Total Project Volume and Number of Buildings
and Variable Floor Heights.
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3.2. Number of Buildings

To consider the effect of the number of buildings, total floor area is once again held
constant at 100,000 square feet. In this scenario, height is also held constant at three floors,
and only the number of buildings is allowed to vary. The segmented costs of each complex
of buildings is shown in Figure 5. The segmented contributors to thermal loss value are
show in Figure 6. One building configuration did not result in a solution of viable dimen-
sions and was dropped from the analysis.

Cost Study on Number of Buildings for Three Floor, 100,000 SF Complex

W
T

$2,000,000 $4,000,000 $6,000,000 $8,000,000 $10,000,000 $12,000,000 $14,000,000
Project Costs

M Substructure mShell mInteriors ™ Services Equipment m Sitework

Figure 5. Study of Cost by Number of Buildings with Height and Width Constant.

The findings here are unambiguous. The greater the number of buildings, the greater
the cost of construction. The cost of interiors, services, equipment, and sitework are largely
static across building counts (due to the nature of this analysis), the cost of the shell and,
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to a lesser extent, the substructure increase with the number of buildings. This would con-
form to our intuitive expectations that, for a given square footage, it is more economical
to building a single building than multiple buildings.

Envelope Study on Number of Buildings for Three Floor,
100,000 SF Complex

Number of Buildings

0 2000 4000 6000 8000 10000 12000

Thermal Loss Value
B Window mDoor mWall mRoof mSlab

Figure 6. Study of Thermal Loss value by Number of Buildings with Height and Width Constant.

The effect is even more dramatic when considering envelope. Because the number of
windows is proportional to the area of the walls, increasing the total perimeter length by
adding more buildings increases heat transfer for both the windows and walls. Logically,
a greater perimeter length with more buildings will increase envelope energy.

3.3. Building Height

There are two ways to isolate the effect of building height. The first holds the total
project square footage, number of buildings, and building width constant to measure the
effect of height. The second allows the total square footage to vary, instead holding the
area of the building footprint (or per-floor area) constant. Figure 7 shows the cost of the
static total square footage scenario, while Figure 8 shows the envelope for this scenario.
Figure 9 shows the cost of a static footprint scenario (with various footprints), while Figure
10 shows the thermal loss value of this scenario. Dimensionally non-viable solutions are
shown with open circles.
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Figure 7. Per Unit Floor Area Costs of Buildings of Various Heights with a Static Total Square Footage.
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When the footprint of the entire building is held constant, costs make a slightly U-
shaped curve for viable solutions. Generally, building a shorter building is more econom-
ical. This stands to reason, given that taller buildings require additional structure and ver-
tical circulation equipment. Note that it is difficult to find a square footage in which all
building heights are dimensionally viable. This problem is mitigated in the “static foot-
print” model below.

Envelope Study on Optimal Building Height for Given Floor Area

1 2 3 4 5 6 7 8 9 10 11

Number of Floors

—— 50,000 SF ——#—100,000 SF ==®-—150,000 SF  ——@= 200,000 SF 250,000 SF

Figure 8. Per Unit Floor Area Thermal Loss Value of Buildings of Various Heights with a Static Total Square Footage.

The case with thermal loss value shows a more U-shaped distribution, with greater
envelope performance in buildings of moderate height. As total square footage increases,
taller and taller buildings become more and more optimal. This suggests that, to minimize
envelope heat transfer, taller buildings are optimal for large square footages while mid-
size buildings are optimal for smaller square footages. Viability across floors is limited for
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each square footage. This can be managed by holding the size of each floor plate constant,
rather than the size of the entire building, as shown below.

Cost Per Floor Area by Height given Seven Possible Footprints

$150.00
$145.00
$140.00
5 —@—5,000 SF
o
LG:J $135.00 @ 7,500 SF
@©
Z $130.00 —— 10,000 SF
& $125.00 —@— 12,500 SF
> .
s}
& 15,000 SF
$120.00
—— 17,500 SF
»115.00 —@— 20,000 SF
$110.00

0 1 2 3 4 5 6 7 8 9 10 11

Number of Floors

Figure 9. Cost per Unit Floor Area given a Static Footprint and Variable Total Building Area.

Cost per floor area by height reflects costs when operating with a constant floor plate.
That is, where a one-story building is 5000 SF, a two-story building is 10,000 SF (5000 SF
per floor), and so on. In this scenario, the effects of height can be seen more clearly because
all solutions are viable. This method demonstrates a clear U-shaped curve for each pro-
posed footprint. This suggests that neither one-story buildings nor buildings taller than
three-stories are generally economical. As with the previous example, the difficulty with
taller buildings continues to be the additional cost of structure and conveying. However,
in this example, we can see clearly the problem with single-floor buildings that have only
one floor to share the cost of the roof and foundation.

Thermal Loss Value Per Floor Area by Height given Seven Possible Footprints

0.16
S 0.14
w
@
S —@— 5000 SF
g 0.12
° —— 7500 SF
a
3 01 —@— 10000 SF
T
- —e— 12500 SF
2 {
= 0.08 15000 SF
£
£ —@— 17500 SF
§ 0.06
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Figure 10. Thermal Loss Value per Unit Floor Area given a Static Footprint and Variable Total Building Area.
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With a static footprint, optimal solutions for envelope emerge as height increases for
all floor plate sizes. While holding the total complex floor area constant produces mid-rise
solutions, holding the individual floor areas constant produces high-rise solutions. This is
likely because, as building get taller, their exterior envelope to floor area ratios decline.
This makes taller buildings more thermally efficient, but also makes this effect subject to
the law of diminishing returns. That is to say, the efficiency increase realized from moving
from a one to a two-story building is intrinsically less than the increase realized from mov-
ing from a nine to a ten-story building.

3.4. Combined Effects

Massing as part of schematic design can be a both highly and loosely constrained
variable. For example, a small site constrained on all four sides may allow for only an
adjustment in height. However, in many other scenarios, height, number of buildings, and
width may be unconstrained. A multi-building complex of similar use buildings, for ex-
ample. In the following exercise, we explore the lowest cost and thermal loss value solu-
tions for four possible total project square footages: 62,500, 125,000, 250,000, and 500,000.
We do this to address the question: What is the optimal massing configuration (for each
total square footage)? A summary of our findings is shown in Figure 11. Information for
thermal loss value is shown in Figure 12.

Solutions are evaluated based on their total cost or thermal loss value. In Figure 10,
“greener” solutions represent a lower total cost. In Figure 12, “greener” solutions repre-
sent a lower thermal loss value. Therefore, in both tables, green solutions are preferable
to red solutions.

When evaluating costs (Figure 11) the “greenest” and therefore most preferable (i.e.,
least costly) solutions are found when building a greater number of shorter buildings. For
example, for a theoretical complex with a total gross floor area of 250,000 square feet, the
least expensive solution is for there to be three (3) three-story buildings.

This appears to show an economic trade-off associated with height. While taller
buildings are more expensive because they require additional structure and vertical cir-
culation, very short buildings are also expensive because they don’t “share” the cost of
the foundation and substructure between multiple floors. Intuitively, it then stands to rea-
son that the model seeks to find a balance between being uneconomically short and une-
conomically tall.

While optimal costs were achieved with a high number of short buildings, optimal
envelope thermal efficiency is achieved with a low number of taller structures. For exam-
ple, for 250,000 square feet of complex floor area, the optimal envelope configuration is a
one (1), nine-floor building. This contrasts with the three (3) three-story buildings that
were optimal from a cost perspective.

Once again, the conclusion of the model confirms the importance of compactness
when considering envelope thermal efficiency. The model prefers small numbers of large
buildings because these solutions result in the lowest surface-to-volume ratios, meaning
they have the smallest amount of envelope on a per-unit basis. Decreasing the height of
the buildings would increase the number of buildings, thus increasing envelope area per
unit.

The first group of solutions represents a theoretical 62,500 square foot complex. Such
a complex might be constructed of a single three-story building or of multiple one-story
buildings. The row of the table represents the number of buildings while the column rep-
resents the total height of each building.

Of course, architects and designers are not permitted to consider only cost or only
envelope performance. They must instead try simultaneously to balance these competing
objectives within the project. If we plot all possible combinations by cost (on an X-Axis)
and thermal loss value (on a Y-axis), we can compare solutions to find a compromise for
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any given square footage (Figure 13). From Figure 13, we see our least expensive config-
uration consists of three buildings of three stories each. The solution with the most ther-
mally efficiency envelope, however, consists of one building with nine stories.

Figure 11. Cost by Number of Buildings and Building Height.

Project Costs
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§ 2 4 $ 28,580,130 | $ 31,149,407 | $ 31,470,446 | $ 32,819,801 | $ 33,112,219 | $ 33,954,028 | $ 34,350,360 | $ 34,771,674
g g 5 S 28,434,187 | S 28,860,639 | $ 31,642,537 | $ 32,058,934 | $ 33,576,809 | $ 33,969,710 | $ 34,927,565 | $ 35,472,663 | $ 36,010,469
o 26 S 28,629,654 | S 29,141,148 | $ 32,135,668 | $ 32,647,421 | $ 34,334,543 | $ 34,829,961 | $ 35,902,813 | $ 36,602,616 | $ 37,266,264
37 S 28,825,122 | $ 29,421,657 | $ 32,628,799 | $ 33,235,909 | $ 35,092,095 | $ 35,687,452 | $ 36,878,915 | $ 37,736,394 | $ 38,505,059
8 $ 29,020,589 | $ 29,702,166 | $ 33,121,930 | $ 33,824,396 | $ 35,848,558 | $ 36,545,862 | $ 37,851,598 | S 38,885,472 | $ 39,726,854
E] S 29,224,734 | $ 29,216,057 | $ 29,982,676 | $ 33,615,061 | $ 34,412,884 | $ 36,605,566 | $ 37,402,433 | $ 38,828,555 | $ 39,992,476 | S 40,969,899
k0] $ 29,353,639 | $ 29,411,524 | $ 30,263,185 | $ 34,108,192 | $ 35,001,371 | $ 37,363,662 | $ 38,261,764 | S 39,795,253 | $ 41,122,429

Number of Floors per Building

5 6
!

22 $ 61,904,893 [ $ 62,117,422

5 EE $ 61,858,710 | $ 61,939,460 | $ 63,048,108 | $ 63,042,496 | $ 63,364,717

§ D 4 $ 60,593,853 | $ 62,616,080 | $ 62,797,871 | $ 64,020,791 | $ 64,172,449 | § 64,595,012

s g 5 $ 60,826,332 | $ 61,182,340 | $ 63,373,632 | $ 63,654,902 [ $ 64,994,328 | $ 65,302,403 [ $ 65,833,807

S < © $ 56,627,302 | $ 61,319,462 | $ 61,770,828 | $ 64,130,822 [ $ 64,514,693 | $ 65,971,286 | $ 66,432,356 | $ 67,081,101

37 $ 56,907,811 | $ 61,812,593 | $ 62,359,315 | $ 64,888,555 | $ 65,371,264 | $ 66,943,968 | $ 67,569,959 | $ 68,315,646

8 $ 57,188,320 | $ 62,305,724 [ $ 62,947,803 | $ 65,645,563 | $ 66,229,674 | $ 67,914,941 | $ 68,707,562 | $ 69,550,191

9 $ 56,700,967 | $ 57,468,830 | $ 62,798,855 | $ 63,536,290 | $ 66,402,389 | $ 67,088,545 | $ 68,894,463 | S 69,822,216 | $ 70,797,486

10 $ 56,896,434 | $ 57,749,339 [ $ 63,291,986 | $ 64,124,778 [ $ 67,159,578 | $ 67,944,656 | $ 69,862,016 | $ 70,952,169 | $ 72,027,781

Number of Floors Per Building

5 6
" 1
e
s EHE
S EE $123,243,486 | $ 123,624,494
§ g 5 $122,313,324 | $124,348,169 | $124,116,164 | $ 124,568,689
- -g 6 $122,828,969 | $ 122,897,965 | $ 125,022,756 | $ 125,082,572 | $ 125,647,724
37 $123,442,516 | $123,595,949 | $ 125,824,329 | $ 125,846,703 | $ 126,495,038
8 $120,265,852 | $ 123,889,411 | $124,294,852 | $126,617,351 | $126,797,329 | $127,519,113
9 $120,265,130 | $120,741,751 | $ 124,482,126 | $124,784,863 | $ 127,194,284 | $ 127,736,480 | S 128,568,688
10 $120,661,233 | $121,217,651 | $ 125,074,115 | $125,460,454 | $ 127,963,106 | $ 128,403,055 | S 129,289,663

Between these two solutions is a third, ‘pareto’ optimal solution: two buildings of
five floors. While this solution is not optimal for either variable, it is non-dominated in
that improvement on one axis cannot be achieved without harming the other. The solu-
tion, therefore, represents a fair compromise.
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The general rule that a larger number of shorter buildings is more economical while
a smaller number of taller buildings is more thermally efficient holds true across the
square footages considered. For any given square footage, there exists a compromise be-
tween prioritizing cost and prioritizing a thermally efficient envelope. Generally, these
compromise solutions exist between the high number of buildings dictated by cost and
the low number of buildings dictated by thermal performance. Similarly, they suggest a
mediation of the short building heights that are most economically viable and the tall

building heights that are most thermally efficient.

Thermal Loss Value

Number of Floors per Building

5 3
3,924 3,827 3,838 3,902 3,997 4,111 4,238 4,375

4,774 4,581 4,656 4,838 5,075 5,341 5,628 5,927 6,235

6,355 5,259 5,238 5,485 5,839 6,247 6,686

6,668 5,744 5,895 6,313 6,840

6,982 6,229 6,552 7,142

7,295 6,715 7,208

7,608 7,200 7,865

7,921 7,685

8,235 8,170

8,548 8,655

Number of Floors per Building

5 3
6,674 6,631 6,650 6,706 6,789 6,889
7,847 7,654 7,675 7,804 7,994 8,223 8,477 8,749
9,063 8,504 8,482 8,676 8,976 9,339 9,739 10,165 10,609
9,548 9,161 9,311 9,676 10,149 10,683 11,255 11,853 12,469
12,397 10,033 9,818 10,140 10,677 11,322 12,027 12,772 13,541
12,710 10,518 10,475 10,969 11,678 12,494 13,372
13,024 11,003 11,132 11,798 12,679 13,667
13,337 11,489 11,789 12,627 13,679
13,650 11,974 12,446 13,456 14,680
13,963 12,459 13,103 14,284

Number of Floors per Building

5 3

11,889 11,918

13,349 13,263 13,299 13,413 13,577 13,778

15,037 14,478 14,349 14,435 14,644 14,929 15,266 15,638

15,694 15,307 15,350 15,608 15,988 16,445 16,954 17,498

17,641 16,351 16,136 16,351 16,780 17,333 17,962 18,642 19,358

18,126 17,008 16,965 17,351 17,953 18,677 19,478 20,330 21,218

18,611 17,665 17,794 18,352 19,125 20,022 20,994 22,018 23,078

19,096 18,322 18,623 19,353 20,298 21,366 22,511 23,707 24,938

24,481 19,581 18,979 19,451 20,354 21,471 22,710 24,027 25,395 26,798
24,794 20,066 19,636 20,280 21,354 22,643 24,055 25,543 27,083

Number of Floors per Building

5 3
23,779 23,836

25,353 25,254 25,309 25,467 25,69

26,697 26,525 26,599 26,826 27,155 27,556

28,128 27,698 27,698 27,943 28,342 28,843 29,416

30,074 28,957 28,699 28,870 29,288 29,858 30,531 31,276

30,731 29,786 29,699 30,043 30,632 31,375 32,219 33,136

31,388 30,614 30,700 31,215 31,976 32,891 33,908 34,99

34,79 32,045 31,443 31,701 32,388 33,321 34,407 35,596 36,856
35,281 32,702 32,272 32,701 33,561 34,665 35,923 37,284 38,716

Number of Floors pre Building

4 5 3
47,557 47,672

49,164 49,102 49,245 49,532

50,705 50,508 50,619 50,934 51,392

51,878 51,853 52,135 52,622 53,252

53,394 53,050 53,197 53,651 54,310 55,112

55,427 54,395 54,223 54,542 55,168 55,998 56,972
56,256 55,396 55,395 55,886 56,684 57,686 58,832

Figure 12. Thermal Loss Value by Number of Buildings and Building Height.
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Figure 13. Solutions for 250,000 square foot Complex by Cost and Thermal Loss Value.

4. Discussion

When considering how the four variables of width, number of buildings, building
floor height, and total square footage affect cost and thermal loss value, we have observed
the following;:

¢ For a given height and area, a wider building corresponding to a deeper floor plate
can produce less costly solutions and a more thermally efficient envelope. If given a
choice between selecting a building fifty feet wide and a building seventy feet wide,
designers would do well to opt for the latter;

e  Foragiven total complex area, height, and width, fewer large buildings are both less
costly and more efficient than a greater number of smaller buildings;

e  For a given total floor area and width, shorter buildings are generally more econom-
ical while mid-rise buildings have better environmental performance;

e  For a given single-floor footprint area and with, two- and three-story buildings are
generally the most economical while taller buildings have the best performing enve-
lopes;

*  When considering both cost and envelope holistically for a given square total project
square footage, building multiple short building is the most economical while build-
ing fewer taller buildings has the best envelope performance. A compromise can be
found in building a medium number of mid-height buildings.

4.1. Regression Analysis

For the analysis explained in Section 3 and the “bottom lines” listed above, certain
expectations were necessitated. For example, to investigate optimal width, a given height
and area had to be selected for variable control. It is possible that selection of different
values for height and area could have unforeseen effects on building width.

Therefore, to test the internal validity of this method, a series of regression analyses
were conducted using the sum of least squares method. A series of 500 dimensionally
viable solutions was populated using random values for total floor area (between 50,000
and 1,000,000 square feet), building height (between 1 and 10 stories), number of buildings
(between 1 and 10 buildings), and width (between 50 and 70 feet). The performance of
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these solutions was then evaluated on the basis of per-square-foot cost and per-square-
foot envelope loss factor.

For the first analysis, height, width, number of buildings, and total floor represented
the dependent variables, while cost per square foot represented the independent variable.
The resultant coefficients are found in Table 8. All variables were statistically significant
at a p = 0.05 threshold. The combined R-squared value of 0.738 suggested that approxi-
mately 74% of the variation in cost could be explained by these four independent varia-
bles. Regression coefficients are shown in Table 8.

Table 8. Regression Coeffients for Cost Analysis.

Intendent Variable Coefficient

Total Complex Area —2.407 x 10-
Number of Buildings 1.684
Building Height in Stories 2.706
Width of Building -0.179

Because the units of measurement are not consistent across all variables (i.e., story
height is measured by floor count, width is measured by linear feet), the magnitude of the
coefficients are not directly comparable. What is significant is the sign (e.g., positive or
negative) association of the variables.

According to this analysis, building a greater amount of total square footage will re-
sult in lower per-unit-floor-area costs. Building a greater number of buildings, conversely,
is associated with higher costs. Taller buildings are also found to be generally more ex-
pensive than shorter buildings. Wider buildings are suggested to be more economical than
narrower buildings.

These results are consistent with the observations in Section 3 of this report, with one
possible exception. The findings in Section 3.3 suggest that while shorter buildings are
more economical than taller buildings generally, two- and three-story buildings can be
more economical than their single-story counterparts for a given footprint (q.v. Table 9
infra). This nuance is lost in linear regression.

For the second analysis, height, width, number of buildings, and total floor repre-
sented the dependent variables, while envelope efficient per square foot floor area repre-
sented the independent variable. The resultant coefficients are found in Table 9. Once
again, all variables with statistically significant at a p = 0.05 threshold. An R-squared value
of 0.759 suggested that approximately 76% of the variation in envelope performance could
be explained by the four dependent variables.

Table 9. Regression Coefficients for Envelope Analysis.

Intendent Variable Coefficient

Total Complex Area -2.407 x 105
Number of Buildings 1.684
Building Height in Stories 2.706
Width of Building -0.179

Once again, the magnitudes of the coefficients cannot be compared with one another
or with the coefficients in the previous regression analysis due to the dissimilarity of their
units. However, the magnitude of the coefficients suggests that, as total complex area
rises, so too does envelope thermal performance. However, as the number of buildings
rises, thermal performance worsens. Adding additional stories also appears to worsen en-
vironmental performance, while wider buildings are found to have better performance
than narrower buildings.
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Once again, our findings are generally consistent with those enumerated in Section
3, with the possible exception of height. For a given total complex area, we found in Sec-
tion 3.3 that environmental performance and height have a U-shaped relationship, with
the shortest and tallest buildings having less desirable envelopes (q.v. Table 8). We also
found that taller buildings can have better envelopes as total complex square footages
rises (q.v. Table 9). Again, the nuance of this relationship is obfuscated by linear regres-
sion.

4.2. Relation to Existing Literature

Generally, our research supports the ideas of compactness of form as the optimum
way to improve envelope performance, with the model opting to generally build fewer
buildings and minimize overall envelope area. This is in line with our pre-study expecta-
tions, informed by Depecker [15], Pessenlehner [17], and Granadeiro [41].

In terms of floorplate width, Clark et al. suggested a distance from the interior wall
of the core or corridor to the exterior wall of 20 to 30 feet within the context of high-rise
residential buildings [33]. Within this low-to-midrise context, our analysis suggests that
the upper end of that range is more appropriate from a cost and thermal performance
standpoint. Because our model generally selected the widest floor plate available, it is
possible that even deeper floorplates could be viable, if they can be planned in such a way
to provide adequate light and space.

Previous literature on building aspect ratio suggested an optimum aspect ratio of
between 1.01 and 1.42 [27] or between 1 and 1.5 [21], depending on the study. Because our
width was limited to a maximum of 70 feet, our model produced outcomes that had much
higher aspect ratios than those previous studies. Generally, we found it preferable to have
one 200-foot-long building over two 100-foot-long buildings. We expect that, if we al-
lowed both width and length to vary more broadly, our results would be more in line with
previous studies.

In terms of optimum height, we found that taller buildings were viable from an en-
ergy perspective for projects with large total gross floor areas, but shorter buildings were
more economically appropriate. This appears consistent with the findings of Drew et al.,
who also end up finding the optimal residential form somewhere in the middle of the
density spectrum [19].

Considering both energy and cost, Capeluto et al. found that there existed a trade-off
between the two factors of initial building cost and initial energy consumption [26]. Our
findings would seem to confirm that this is also true within the context of the United States
for some building variables (e.g., height). We find it to be less true for other building var-
iables (e.g., building width), for which the aims of first cost and envelope performance
were more closely aligned.

4.3. Limitations and Future Research

These results suggest that it is possible to find a balance between economics and en-
ergy when considering residential multi-family buildings.

There are some limitations to this work. First, only rectangular buildings were con-
sidered. There are an infinite number of possible floor plate shapes, from circles to ellipses
and entirely irregular shapes. Likewise, buildings need not be simple repeating floor
plates. Shapes in section/elevation can take on much more complicated, even wedding-
cake-like shapes. More research is necessary to understand how more complex forms are
affected by the underlying variables in this exercise.

Architectural design is also limited by a seemingly infinite number of interrelated
demands on the designer. The sheer volume of these dependencies makes them excep-
tionally difficult to quantify. What is presented here is not intended to be an exhaustive
guide to design, but rather to suggest some general rules or best practices for a specific
building type.
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For example, this study is predicated on the assumption that 1000 square feet in a 70’
wide floor plate will make for the same number of units as it would in a 40’ floor plate.
Even putting aside the circulation efficiency issues discussed above, this may not neces-
sarily be the case. An ergonomic one-bedroom solution may require only 750 square feet
at a given depth while requiring 1000 square feet at another depth. More research is
needed to understand how internal configuration of units can be more completely consid-
ered within the proposed formwork.

Similarly, this exercise is intentionally devoid of a specific site and location. Real pro-
jects, conversely, are limited by their sites. More research is necessary to learn how such
an optimization method would be modified by a constrained site. Likewise, it is likely that
variable weather conditions and construction types associated with a specific region will
have effects on solution outputs. A more complex model is needed to take into account
specific locational effects for any single project.

The results provided may not be generalizable to wider contexts, as typical construc-
tion assemblies and building costs would be expected to vary with country. While the
International Building Code utilized is, by its nature, international, more research is nec-
essary to investigate to what extent these findings are generalizable to a wider context.

Even within the United States, costs can be averaged, but thermal performance will
vary substantially by region. While the ASHRAE Climate Zone 5A values were used for
the calculation of thermal loss factor, using the values for a different climate zone may
produce different outcomes. More research is necessary to add climatic nuance to the eval-
uation of thermal performance.

Finally, per square footage cost and thermal loss value are rough measuring sticks
for economic and environmental viability. Economics are affected by more than cost, be-
ing modified by factors including sale/rent price, construction time-frame, and others.
Similarly, building energy performance and climate impact should include such other fac-
tors as hourly energy consumption, transportation energy associated with certain densi-
ties, and water consumption (to name only a few).

These limitations notwithstanding, the proposed method provides general guidance
to designers seeking to configure multi-family housing developments. It is most useful in
suggesting some “rules of thumb” for designers to use when evaluating potential massing
solutions early in the schematic design process. It also lays a foundation for future, more
nuanced research on building massing for specific sites and climates. What is more, the
proposed method suggests balance between first cost and envelope performance, suggest-
ing that, while a trade-off may exist between these two factors, the least expensive solution
is not always the correct one.

The method viably selects solutions that are best configured to treat the twin prob-
lems of housing affordability and climate change. This is important polemically because
it encourages designers to think in terms of designing not only for the developers” bottom
line, but for buildings that quantitatively encourage economic, social, and environmental
sustainability simultaneously.
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