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Abstract: The need to lower the embodied carbon impact of the built environment, and even se- 13 

questering carbon over the life of buildings has spurred the growth of mass timber building con- 14 

struction, leading to the rapid introduction of new building types (Types IV-A, B, and C) to in the 15 

2021 International Building Code (IBC). However, achievement of sustainability goals has been hin- 16 

dered by perceived first cost assessment of mass timber systems. Optimizing cost is thus an urgent 17 

prerequisite to embodied carbon reduction. Due to a high level of prefabrication and reduction in 18 

field labor, the mass timber material volume constitutes a larger portion of total project cost when 19 

compared to buildings with traditional materials (steel, concrete, and light-framed wood) which are 20 

more affected by labor cost. The material volume also has a direct impact on embodied carbon and 21 

biogenic carbon. In this study, the dollar cost and carbon cost of mass timber beam-column gravity 22 

system solutions with different design configurations was studied. Design parameters studied in 23 

this sensitivity analysis included various building types (viable for mass timber construction in the 24 

updated IBC), column grid dimension, and building height. Additionally, a scenario study was also 25 

conducted to estimate the economic viability of tall wood buildings with respect to land costs. It is 26 

concluded that while Type III building designations are most economical for lower building heights, 27 

the newly introduced Type IV subcategories remain competitive and viable for taller structures 28 

while providing a potentially a significant embodied carbon benefit. 29 

 30 
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 33 

 34 

1. Introduction 35 

The need to lower the embodied carbon impact of the built environment, and even 36 

sequestering carbon over the life of buildings has spurred the growth of mass timber 37 

building construction, leading to the rapid introduction of new building types into prac- 38 

tice. However, achievement of sustainability goals has been hindered by perceived first 39 

cost assessment of mass timber systems. Optimizing cost is thus an urgent prerequisite to 40 

embodied carbon reduction. This study focused on cost optimization of mass timber 41 

beam-columns systems for this purpose. 42 
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Invented in Europe in the 1990’s, cross laminated timber (CLT) has been among the 44 

fastest growing and most versatile mass timber products. CLT panels can serve as both 45 

wall and floor planar elements in a building, which makes it possible to construct an open 46 

floorplan completely out of mass timber products (i.e. glulam beams and columns with 47 

CLT diaphragm). Following advancements in mass timber fire engineering analysis and 48 

testing, three new building types, namely Type IV-A, IV-B, and IV-C, were introduced to 49 

the 2021 International Building Code (IBC). These new code provisions allow for mass 50 

timber buildings to be built up to 18 stories with a range of fire protection requirements 51 

[1]. While these new tall wood building types will be allowed by IBC once the new provi- 52 

sions go into effect, the cost implications of these added construction types have not been 53 

extensively examined and compared to existing building types. Cost of mass timber con- 54 

struction has its unique characteristics when compared to steel and concrete construction. 55 

Some general cost trends were understood through limited experience. For example, mass 56 

timber construction has faster speed of construction due to high level of prefabrication; 57 

and wood material cost consists of a larger portion of building cost when compared to 58 

steel and concrete material. A detailed and systematic understanding of the effect of de- 59 

sign decisions (such as gravity column grid sizes and IBC building type designation) on 60 

cost is available to the design community. Specifically, the beam-column grid sizes will 61 

affect member and floor panel sizing (which affects total wood volume) and IBC building 62 

type will dictate fire-protection requirements. Both factors are known to affect cost 63 

greatly. 64 

 65 

In this study, a systematic cost sensitivity analysis was conducted for mass timber 66 

beam-column gravity systems with different geometrical configurations and IBC building 67 

types. Through the help of an automatic design and cost-estimation tool developed in an 68 

earlier study [2], this study seeks to investigate unit square-foot costs for common and 69 

viable (i.e. practical) ranges of beam-column grid sizes at various building heights, with 70 

different CLT floor thicknesses. The same tool was able to be used to make estimates of 71 

the impact of different configurations on embodied carbon and biogenic carbon content. 72 

 73 

Thousands of mass timber beam-column gravity systems were designed and priced 74 

using the automated design algorithm based on allowable stress design criteria in the 75 

American Wood Council National Design Specification for Wood Construction (NDS). 76 

Serviceability requirements (deflection and stiffness) and the fire-resistance rating (FRR) 77 

for the different building types were also included based on the IBC (fire design was con- 78 

ducted per NDS). The cost estimation includes the cost of materials (timber, connection 79 

hardware, non-combustible protection) and an approximation of installation costs (in- 80 

cluded in the unit cost parameter).  81 

      82 

2. Materials and Methods 83 

 84 

The mass timber gravity system investigated in this study is represented by a typical 85 

bay of glulam beam-column grids with CLT panels as the floor or roof, as it is shown in 86 

Figure 1. In a real project, this archetype grid will be replicated throughout most of the 87 

building floor. The bay dimensions (b and d shown in Figure 1) are typically determined 88 

in architectural design to accommodate interior space applications. When needed, inter- 89 

mediate beams can be used since the spanning capacity of CLT panels is limited due to 90 

their strength and serviceability limits. When the column grid size is small, those interme- 91 

diate beams will not be necessary. Aside from mass timber components, a large cost com- 92 

ponent for mass timber gravity system includes steel fasteners and hardware for column 93 

splices, beam-column connections, and beam-girder connections. These connections are 94 

typically custom-designed and their costs depend on their load capacity and fire protection 95 

requirements.  96 
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 97 

Only gravity loading was considered in this study, which includes live and dead loads 98 

(detailed loading values are described in later sections). The serviceability check includes 99 

a deflection limit of L/360 for the live loads and L/240 for the total load, as per IBC Table 100 

1604.3 [3]. 101 

 102 

Figure 1. Mass timber gravity system with notations. 103 

Even with the same loading condition and grid geometry, mass timber gravity sys- 104 

tem design can be different depending on the IBC building types implemented. Depend- 105 

ing on the intended building height and usage, it is possible to design mass timber 106 

buildings with the following IBC Types: III-A, III-B, IV-A, IV-B, IV-C, and IV-HT. A brief 107 

summary of the height and fire resistance rating (FRR) requirements for these types is 108 

listed in Table 1. FRR requirements and the need for non-combustible protection (Type 109 

IV-A and Type IV-B) can influence the cost of the system significantly. For example, alt- 110 

hough additional gypsum board layers required by Type IV-A construction could in- 111 

crease construction cost, the ability to reduce the floor CLT panel from 5-ply to 3-ply 112 

may make some floor geometries cost-competitive when compared to the Type IV-B case 113 

with exposed CLT ceiling. These trade-off conditions combined with different panel and 114 

beam spanning capacity makes mass timber cost estimation complicated. It is hypothe- 115 

sized in this study that there should exist optimal solutions for different building 116 

heights, IBC building types, and column grid geometry.  117 

Table 1. The FRR, Required Non-combustible Protection, Story Limit, and Maximum Height for 118 
each Building Type. 119 

Construction 

Type 

FRR (hours) 

Non-combustible 

Protection 

Story 

Limit 

Maximum 

Height 

(m(ft)) 
Primary 

Structural 

Frame 

Floor Roof 

III-A 1 1 1 Not required 6 26 (85) 

III-B 0 0 0 Not required 4 23 (75) 

IV-A 3 2 1.5 Fully Covered 18 82 (270) 

IV-B 2 2 1 Partially Covered 12 55 (180) 

IV-C 2 2 1 Not Required 9 26 (85) 

IV-HT HT1 HT1 HT1 Not Required 6 26 (85) 
1 HT means that this member is required to meet the size prescribed in IBC Table 2304.11. All Type 120 
IV constructions ends to comply with HT size limits in addition to explicit FRR requirements. 121 

 122 

2.1. Automated Design and Cost Estimation Process 123 

As mentioned in previous sections, the automated design and cost estimation ap- 124 

proach used in this study was developed by the authors in an earlier study. Detailed 125 

description of the approach and process can be found in [2] for interested readers. A 126 

brief summary of this process and representative cost data used for this study is pro- 127 

vided in this section. 128 

The automated design process of the typical bay includes five major modules 129 

shown in Figure 2. The process starts with Module 1, which generate designs of all viable 130 
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building types for a given column grid geometry (i.e. different exposure and FRR re- 131 

quirements). The height of the bay (h), the length of the bay (b), and width of the bay (d) 132 

are inputs for the program by the user (or generated with an automatic loop in this sensi- 133 

tivity study). When needed, a secondary beam is added (with maximum spacing c) auto- 134 

matically depending on the span capacity of the selected CLT panel.  Three commonly 135 

used CLT floor panel thickness options (3-ply, 5-ply, and 7-ply) were considered in this 136 

module. Based on building type, fire design was implemented on exposed mass timber 137 

members to include sacrificial wood layers. In Module 2, all of the generated design con- 138 

figurations were checked against the mandatory HT size requirements (IBC Table 139 

2304.11). If the member size is less than the required minimum size, it is increased to 140 

meet the requirement. Module 3 verifies that the building height and stories satisfy IBC 141 

building type limits (an error message will be produced if the input violates IBC). Mod- 142 

ule 4 updates the dead load from the actual self-weight of the members and fire proofing 143 

boards, then repeat strength and serviceability limit states checks and refine the member 144 

sizes. This step is needed because the dead load used in Module 1 is approximate and 145 

may be changed in Module 2. Finally, the cost of each viable design option is calculated 146 

using unit-price (including approximate installation cost) and quantity in Module 5. The 147 

final costs are normalized using the area of the building. 148 

 149 

Figure 2. Schematic of the automated design and cost estimation program. 150 

The cost estimation module relies on accurate estimation of unit material costs to 151 

generate total building costs. In this study, only the cost of structural components (wood 152 

components and connection hardware) and fire-proofing gypsum boards were consid- 153 

ered. All the unit costs used also include a rough estimation of the installation cost.  154 

The unit cost of the CLT and glulam depends on how close the manufacturer’s 155 

equipment set up can be matched with the required size of CLT on a project. Because 156 

CLT is cut from a master panel size, which varies by manufacturer depending on the 157 

press lengths adopted for production, some of the cut lengths will result in more waste 158 

thus higher unit cost. This relationship of cost to pre-set master panel press lengths can 159 

be seen in Figure 3 (an example for press lengths of 5.6 m (18.5 ft), 6.58 m (21.6 ft), 7.53 m 160 
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(24.7 ft), and 9.39 m (30.8 ft) is used). The unit cost of glulam generally increases with the 161 

width of the member, as shown in Figure 4. Currently, mass timber beam-column con- 162 

nections have not been standardized for the U.S. market. Thus, the cost for the connec- 163 

tions used in this study is assumed to be a function of connection capacity. Based on de- 164 

sign experience, the unit connection cost was assumed to following a price curve shown 165 

in Figure 5 and 6 for beam-column and column-column connections. There are three dif- 166 

ferent classes used in the automated design program. These classes mainly differ from 167 

each other on the detailing style. The cost of these connections within each class differs 168 

based on their capacity and size.  A more detailed description of these adopted unit 169 

prices and connection classes can be found in [2]. 170 

It should be noted that the unit costs used here were approximated based on the 171 

North American market at the time of this study and will only serve the purpose of the 172 

sensitivity study. Since the sensitivity study was focused on relative cost comparison be- 173 

tween different design configurations, the findings from this comparison will remain rel- 174 

evant if the same set of unit costs was used for all analysis cases. Because the mass timber 175 

market in North American is still experiencing rapid evolution, the actual unit cost of 176 

these materials will be constantly changing in the future due to market supply and de- 177 

mand fluctuations. 178 

To quantify the Global Warming Potential (GWP) of each system, a very simple 179 

volumetric relationship was used to apply data from industry Environmental Product 180 

Declarations (EPDs) to the three building products included in the analyses in this study 181 

(Table 2). Because the goal was to establish approximate relative values between systems, 182 

without comparison to other structural material systems, it was only necessary that the 183 

assumed values be consistent relative to one another.  184 

Table 2. Assume GWP per material volume for the three building products in the scope of this 185 
study. 186 

Product kgCO2e / ft3 EPD 

Cross Laminated Timber 3.5 Nordic X-Lam 

Glulam Beams and Columns 5.6 AWC 

Gypsum wallboard 5.3 5/8” Type X, Gypsum Association 

 187 

To quantify the biogenic carbon impact for the thousands of design alternates stud- 188 

ied, the simple, physics-based equation defined in ISO 14067 was adopted [4]: 189 

(𝑘𝑔𝐶𝑂2𝑒)𝑏𝑖𝑜 = 0.5 × 𝑚 × (1 −
𝑀𝐶

100
) (

44

12
)    (1) 190 

where (kgCO2e)bio is the total kgCO2e of biogenic carbon physically stored in the wood 191 

product, m is the total mass of wood (kg), and MC is the moisture content of the wood 192 

product in whole-number percent. Typically, wood products are seasoned to 12% mois- 193 

ture content, so MC = 12 is assumed. 194 
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 195 

Figure 3. The unit cost for CLT for a manufacturer that uses press lengths of 5.6m (18.5 ft), 6.58 m 196 
(21.6 ft), 7.53 m (24.7 ft), and 9.39 m (30.8 ft). (1 ft = 0.3048 m, 1 ft2 = 0.0929 m2). 197 

 198 

Figure 4. The unit cost of glulam for a given beam or column width (1 in = 25.4 mm). 199 
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 200 

Figure 5. The estimated cost of beam connections for each class (1 lb = 4.448 N). 201 

 202 

Figure 6. The estimated cost of column connections for each class (1 in = 25.4 mm). 203 

 204 

3. Results 205 
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3.1. Sensitivity Analysis Cases 206 

In order to understand how the bay dimensions, building height, and IBC building 207 

type designation impact the overall cost of mass timber gravity systems, the unit cost per 208 

square foot of useable area is found for a series of building configurations using the 209 

automated tool. This study looked into a total of 16 building configurations as shown in 210 

Table 2. The maximum floor to floor (FTF) height listed in the table was calculated based 211 

on the total building height limit imposed by IBC. For each building height, all viable 212 

IBC building type designations were considered. All these building configurations were 213 

designed using the same glulam grade (2.4F-1.8E) for beams and columns. The CLT 214 

panel grade was assumed to be V2 as in APA-PRG 320. The bay dimensions for each 215 

configuration were varied from 20 to 30 ft with 0.5 ft increments (a total of 21 design 216 

cases for each configuration). The design loads used for all cases were the same and are 217 

listed in Table 3. 218 

Table 2. Cases for sensitivity study. 219 

Stories Viable Building Types Maximum FTF [m(ft)] 

4 
III-A, III-B, IV-A, IV-B, IV-C, 

IV-HT 
3.5 (11.5) 

6 
III-A, IV-A, IV-B, IV-C, IV-

HT 
3.5 (11.5) 

9 IV-A, IV-B, IV-C 2.7 (9) 

12 IV-A, IV-B 3.5 (11.5) 

18 IV-A 3.5 (11.5) 

 220 

Table 3. Design loads used for each case in sensitivity study. 221 

Design Load Type Design Load Quantity [kPa (psf)] 

Dead Calculated1 

Office Live 2.4 (50) 

Partition 0.7 (15) 

Superimposed Dead - Office 2.3 (47.5) 

Superimposed Dead - Roof 0.5 (10) 

Roof Live 1 (20) 
1 Dead load calculation was based on wood material volume and an assumed density of 560 kg/m3 222 
(35 lb/ft3). 223 

3.2. Sensitivity Analysis Results 224 

The relationship between design decisions and cost of mass timber buildings is 225 

dynamic and complicated. A total of 17 analyses were conducted in this study including 226 

all possible building types in representative building heights, with commonly adopted 227 

grid dimensions. In the following sections, the results from these analyses were 228 

organized to illustrate general trends in mass timber building costs, cost competitiveness 229 

of different building types at different story heights, the overall most economical 230 

options, the cost-effectiveness of tall wood buildings within the context of land price, 231 

and finally, the embodied and biogenic carbon impact of each wood system. 232 

 233 

3.2.1. Cost Comparison: General Trends 234 
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The automated design program sized beams and columns for different CLT types 235 

based on gravity loading demands and FRR (beam size will be the same for all floors 236 

expect for roof, while column size varies along the height). An overall unit cost per- 237 

square footage of building useable area was calculated, while the cost contribution from 238 

individual material/product was also recorded.  Regardless of building type, height, 239 

and grid dimensions, there are some key characteristics that are common regarding cost 240 

composition and the change of cost due to geometry. These common mass timber build- 241 

ing cost characteristics are illustrated below using a four-story building as an example. 242 

 243 

Firstly, as presented in Figure 7, the cost of a mass timber beam-column system is 244 

dominated by the CLT cost. For lower floor heights (such as 4-story in this case), it is 245 

beneficial to adopt Type III-B building type because there is no FRR requirement for the 246 

floor system, which allows the use of a thinner floor and no gypsum board. If Type IV-C 247 

construction is selected, to achieve the required 2-hour FRR with an exposed wood ceil- 248 

ing, a 5-ply CLT will usually be selected, which increases wood volume and cost. It is 249 

worth noting that based on fire design requirements of NDS, it is possible to achieve 2- 250 

hour FRR with an exposed 3-ply CLT floor when the floor span is small (one lamination 251 

layer is enough to pass the fire check). However, in this study, the authors imposed a 252 

simplified rule of using 5-ply CLT at minimum for exposed floors in order to avoid the 253 

situation where only one lamination is left to effectively resist floor loads in case of a 254 

fire. The use of non-combustible fire protection can reduce CLT thickness (Type IV-A 255 

case shown in Figure 6 uses 3-ply CLT), but the gypsum board installation itself will add 256 

significant cost to mass timber construction. Overall, at lower heights (under 6 stories), it 257 

will be most cost effective to adopt existing Type III-A or III-B construction types. 258 

 259 

 260 

Figure 7. Price breakdown for Type III-B, Type IV-A, and Type IV-C 25x25 foot bay for a 4-story 261 
building. 262 
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Regarding unit cost sensitivity to changes in column grid dimensions, a common 263 

pattern can be observed in most of the analysis cases. As can be seen through the two 264 

examples shown in Figure 8 the unit cost generally increases with larger column 265 

spacing, and there are some distinctive “plateau” regions within the grid dimension 266 

space where the cost remains mostly constant. There are notable increases in cost as the 267 

CLT span dimension (b) increases over specific span values. The location of these 268 

sudden jumps in cost was found to be correlated to the press lengths designated by the 269 

manufacturer, and will be specific to each CLT manufacturer. As shown in the figure, 270 

there is a significant increase in cost when b goes from 21 to 22 feet and from 24 to 25 271 

feet. There are also visible but minor price jump patterns that run diagonally, which can 272 

be attributed to the demand increase in beam/column design. Because within the 273 

diagonal pattern, the bay area is under a certain limit, the tributary area of the beams 274 

and columns are also similar. For example, through further inspection into pricing data, 275 

it was found that the diagonal price jump pattern in the middle (which runs from b = 20, 276 

d= 25 to b=28, d =21) was caused by an increase in the beam connection cost. At these 277 

points, the beam reaction surpasses 111 kN (25 kips) and so the connection cost increases 278 

accordingly. Also, the diagonal pattern near the top right corner of the contour graph 279 

(from b=28, d=30 to b=30, d=28) was caused by a decrease in cost for beams. At these bay 280 

dimensions, the tributary area of the beams exceeds 400 square feet which triggers live 281 

load reduction. If a designer is trying to achieve an optimal pricing point for mass 282 

timber buildings, these are the common factors to consider in the schematic design stage.   283 

 284 

 285 

Figure 8. Cost of bay configurations for 4-story Type IV-B building. 286 

3.2.2. Cost Comparison: IBC Type Cost Performance at Different Building Heights 287 

Each building type has different limits on story height and number of stories. For 288 

example, Type III-B is restricted to four stories and is the smallest number of stories 289 

allowed out of the building types in this study. Although it is unlikely a 4-story mass 290 

timber building will be designated as Type IV-A, it is theoretically possible to consider 291 

all building types at this height. Surface plots of the unit building cost for different bay 292 
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sizes were presented in Figure 9 for all building types. In every building type, the 293 

general trends of price jump described in the previous section can be observed. When it 294 

comes to toal cost, building Type III-B is the the least expensive type for all bay 295 

dimensions for a four story building. This is expected because there is no FRR 296 

requirement for Type III-B, resulting in savings from gypsum board and sacrificial wood 297 

layers when compared to other types. 298 

  299 
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 303 

Figure 9. Surface graph of cost of bay configurations for 4-story building types. 304 

The next level of story height restrition is six stories, which includes all building 305 

types except Type III-B. Figure 10 presents the surface plots of building cost for these 306 

types. It is interesting to see that although the Type III-A building was shown to be the 307 

most economical, there are some regions in the grid dimension space where Type IV-HT 308 

yields lowest cost. Type IV-HT is cheaper at these bay dimensions because the cost from 309 

the gypsum board for Type III-A surpasses the cost of the 5-ply CLT used for Type IV- 310 

HT. Figure 11 shows the surface plot of the lowest cost among all bulding types for 6- 311 

story buildings, together with a map of controlling building types. 312 

  313 
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 316 

 317 

Figure 10. Surface graph of cost of bay configurations for 6-story building types. 318 

  319 
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 321 

Figure 11. Surface graph and building type of the cheapest cost of bay configurations for 322 

6-story building. (1 = Type III-A, 6 = Type IV-HT). 323 

The least expensive building type is usually Type III-A for 6 stories, as seen in 324 

Figure 11 For some bay sizes, the least expensive building type is Type IV-HT. This 325 

occurs largely when d is between 20 and 22. The main design differences, and therby 326 

cost differences, for Types III-A and IV-HT is the thickness of the CLT and the non- 327 

combustible protection. Type III-A uses 3-ply CLT and has the added cost of gypsum 328 

board due to the 1 hour FRR for the floor, while Type IV-HT uses 5 ply CLT and has no 329 

gypsum cost or FRR. It should be noted that Type III-A does not require non- 330 

combustible protection. Due to the self-imposed constraint of CLT being at least 5-ply 331 

when exposed, a single layer of gypsum board is used for Type III-A in this study to 332 

allow for a 3-ply CLT floor and roof rather than 5-ply CLT. The peak unit cost of CLT is 333 

when b equals 24~26 (as seen in Figure 10, and at that time, Type III-A is the least 334 

expensive as this type’s design uses the cheaper 3-ply CLT. When d is between 22~20, 335 

Type IV-HT is cheaper. This is because at these bay sizes, the added gypsum cost for 336 

Type III-A surpasses the cost difference between the 3-ply CLT and the 5-ply CLT. It 337 

should be noted that at the bay sizes where the cheaper cost transitions from Type IV- 338 

HT to III-A, and vice versa, the cost differences of the two types are very minimal and 339 

come down to rounding. At the bay sizes further away from the line between Type IV- 340 

HT and III-A, the cost difference becomes larger. 341 

Only three building types, namely Type IV-A, IV-B, and IV-C, can be built to 9 342 

stories. Based on the cost calculation results for these building types presented in Figure 343 

12, the most cost effective type for a nine-story buidling is Type IV-C. This is because 344 

Type IV-C does not require any noncombustible protection and so there is no cost for 345 

gypsum board. Type IV-A requires full non-combustible coverage on all wood surfaces, 346 

which could enable the use of thinner CLT panels, but the added cost of the gypsum 347 

board makes Type IV-A more expensive. Although Type IV- B only needs partial 348 

coverage, exposed floor panels need to be at least 5-ply CLT because of the self-imposed 349 

rule discussed earlier, which increases wood volume significantly. However, because the 350 

Type IV-C building has a height limit of 85 ft, it is not likely to provide much flexibility 351 

to floor-to-floor height if it is to be applied to a 9-story construction. While a Type IV-C 352 

9-story building is allowed by the code and its cost is significantly lower than other 353 

options, architectural design challenge on very limited head space may make this design 354 

undesireable in practice. 355 
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 357 

Figure 12. Surface graphs of cost of bay configurations for 9-story buildings. 358 

Above 9 stories, the only options for wood building are Types IV-A and IV-B. The 359 

unit cost for these two building types for a 12-story building design are presented in 360 

Figure 13.  The main design differences between Types IV-A and IV-B designs are the 361 

type of CLT panel used and the amount of gypsum board required. Type IV-A design 362 

can use 3-ply CLT throughout the building because all FRR can be achieved with 363 

gypsum cover. Due to the self-imposed rule, Type IV-B design has to adopt 5-ply CLT 364 

because part of the floor will be exposed. When 3-ply CLT is used, Type IV-A design 365 

requires more gypsum board than Type IV-B because of its higher FRR requirements. 366 

Figure 14 showed the most economical design option and cost for 12-story building 367 

design. Specifically, Type IV-A is the cheaper option when dimension b is between 24.5 368 

feet and 27 feet, mainly due to the increase of the CLT unit in this range. At almost all 369 

other bay dimensions, the cost of gypsum board for Type IV-A supersedes the increased 370 

CLT costs from Type IV-B design, making Type IV-B a better solution. The diagonal 371 

section where Type IV-A is cheaper than Type IV-B coinciedes with the increase in cost 372 

due to beam connection cost for Type IV-B. While these cost ranges are related to the 373 

CLT and connection curve data used for this specific study, it is clear that CLT cost for a 374 

project can heavily influence gravity system cost and the most effective building type 375 

designation. It should also be noted that due to owner and investor preference on wood 376 

exposure, it is possible for a realistic project to adopt a slightly more expensive building 377 

type (Type IV-B in some cases) in order to have exposed wood surfaces. 378 
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Figure 13. Surface graphs of cost of bay configurations for 12-story buildings. 380 

 381 

Figure 14. Surface and contour graph of the most economical cost of bay configurations 382 

for 12-story building. 383 

3.2.3. Cost Comparison: Type IV-A with Increasing Building Heights 384 

Because only the Type IV-A building is allowed to be built up to 18 stories, this 385 

comparison is focused on the cost composition of Type IV-A building designed for 386 

different heights for a fixed 25x25 feet column grid (see Figure 15). As the number of 387 

stories increase, every major component system increases except for the CLT. The largest 388 

increase is seen with the column and column connections cost. This is expected because 389 

the columns will become larger as the stories increase. The gypsum board cost increases 390 

modestly correspondingly because there is more surface area to cover from the increase 391 

in column size. These trends shown in Figure 15 are consistent with the other bay sizes. 392 

There is no dramatic cost difference for different story heights when the same building 393 

type (in this case Type IV-A) is used. Thus it is unlikely that Type IV-A will be adopted 394 

for lower building heights when other types are viable. 395 
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Figure 15. Cost breakdown for a 25x25 foot bayy for a 4-story, 6-story, 12-story, and 18- 397 

story. 398 

3.2.4. Cost Comparison: Overall Most Economical Design 399 

The most cost economical column grid dimensions for each story height and the 400 

corresponding IBC buildling type are listed in Table 4.  It can be seen that reducing the 401 

bay size (smaller column spacing) will generally result in the lowest cost, but the 402 

smallest bay size (20 x 20 ft in this study) was not the cheapest due to CLT unit price. 403 

The most economical options are mostly on the diagonal line in Table 3, indicating it is 404 

reasonable to use the IBC building type which has the height limit that matches the 405 

target building height. A visualization of the lowest cost for different height and 406 

building type combinations was presented in Figure 16. 407 

Table 4. The most economical option for each building type for each number of stories. 408 

 
 

Building Type 

Stories  III-B III-A IV-HT IV-C IV-B IV-A 

4 
Grid 21 x 20.5 24 x 23.5 20.5 x 20 24 x 20 24 x 24 24 x 22.5 

Cost $25.53 $31.28 $30.14 $36.97 $45.49 $45.04 

6 Grid -- 24 x 23.5 20.5 x 20 24 x 24.5 24 x 24 24 x 22 

4 stories 6 stories 9 stories 12 stories 18 stories

Gypsum $17.74 $18.07 $18.37 $18.58 $18.90

Col Conn $0.64 $0.77 $0.95 $1.11 $1.38

Girder Conn $1.60 $1.60 $1.60 $1.60 $1.60

Beam Conn $1.19 $1.24 $1.27 $1.29 $1.30

Column $0.97 $1.32 $1.95 $2.64 $4.20

Girder $3.86 $4.01 $4.10 $4.15 $4.19

Beam $5.91 $6.21 $6.40 $6.50 $6.60

CLT $16.26 $16.26 $16.26 $16.26 $16.26

Total Cost $48.17 $49.48 $50.91 $52.13 $54.44
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Cost $32.56 $31.50 $38.47 $46.68 $46.72 

9 
Grid 

-- -- -- 
24 x 24.5 24 x 24 24 x 22.5 

Cost $39.16 $47.37 $47.64 

12 
Grid 

-- -- -- -- 
24 x 24 24 x 22 

Cost $49.44 $49.93 

18 
Grid 

-- -- -- -- -- 
24 x 22 

Cost $52.81 

 409 

Figure 16. The cost of the least expensive bay option for each viable building type for a 410 

given number of stories. 411 

3.2.5. Sensitivity Study: Tall Wood Competivieness against Land Price 412 

So far all of the comparisons conducted in this study were focused only on mass 413 

timber gravity system costs. In realistic decision making, the building owner and the 414 

design team need to consider also the overall building costs including other building 415 

systems and factors (foundation, mechanical, envelope, land price, etc.) when selecting 416 

building height and type. As a result, it may become more economical to have a 18-story 417 

Type IV-A building with more stories than a 4-story Type III-B building when the cost of 418 

the land and other building components are factored in.  419 

In this section, by assuming the gravity system cost calculated in this study is only 420 

30% of the overall construction cost (excluding the land cost), a study on the cost 421 

competitiveness of different building type and height option against land price was 422 

conducted. The metric used to compare different design options is the final project unit 423 

cost, which is simply the total building cost plus land cost, and then nomalized by the 424 

total useable area in the building: 425 

𝐹𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑗𝑒𝑐𝑡 𝑢𝑛𝑖𝑡 𝑐𝑜𝑠𝑡 =
𝑢𝑛𝑖𝑡 𝑐𝑜𝑠𝑡 𝑓𝑟𝑜𝑚 𝑇𝑎𝑏𝑙𝑒 3

0.3
+

𝑙𝑎𝑛𝑑 𝑐𝑜𝑠𝑡
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Using a 160 ft x 80 ft floor plan and a 25 x 25 foot bay system (which is very close to 427 

the optimal cost design as indicated in the previous section) for all building types, a few 428 

representative total cost curves (actually straight line because of the simplified 429 

assumption used here) were developed and presented in Figure 17.   430 

 431 

Figure 17. The total price given a land price for the cheapest building type for each 432 

number of stories. 433 

As expected, the most economical option for locations with cheap land price will be 434 

low-rise multi-story construction projects such as 4-story Type III-B building. But the 435 

selection can become very sensitive to land price increases. In this example, it becomes 436 

more profitable to construction 9-story Type IV-C building when the unit land price is 437 

higher than $420/sq.ft., and 18-story Type IV-A starts to make sense if the land price 438 

rises over $580/sq.ft. A 6-story Type IV-HT option seems to always be a viable and 439 

competitive alternative while prividing fully exposed wood if desired. The 12-story 440 

Type IV-B construction seems to be very expensive at first glance. But it should be noted 441 

that it is the only option for exposed wood above 85 ft building height, thus requiring a 442 

premium from the investors. The overall price analysis conducted here is very simplistic 443 

and did not include real budget constraints and other implications such as the 444 

construction economies of scale. It is a simple illustration of how other financial factors 445 

(such as land price) can significantly impact engineering decision making. 446 

  447 
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3.2.6 Sensitivity Study: Carbon Impact 448 

This study began with a focus on monetary cost analysis, but it became apparent 449 

that the data collected could also be used to establish the relative global warming 450 

potential of the different timber systems, including the biogenic, or sequestered, carbon. 451 

Figures 18 and 19 illustrate these quantities for the limited set of the most economical 452 

configuration for each building type at its maximum allowable story height; these can be 453 

compared directly to the monetary cost for the same systems in Figure 16. The relative 454 

differences in GWP between systems is relatively smal (Figure 18); however, when 455 

biogenic carbon is inculded, more differences are revealed. All have a negative total, but 456 

it can be seen that when the required fire rating is achieved with non-combustible 457 

coverings (gypsum wall board), the volume of wood decreases, as does the biogenic 458 

carbon. Compare, for example, building types IV-A and IV-B in Figure 19. 459 

 460 

Figure 18. GWP for stages A1-A3 for least expensive bay option for each viable building 461 

type for a given number of stories. 462 

 463 

Figure 19. (GWP – Biogenic Carbon) for stages A1-A3 for least expensive bay option for each viable building type for 464 

a given number of stories.  465 

Commented [AF12]: A1-A3 (Extraction through 

Manufacturing) 

Commented [AF13]: Remove the A1-A3 stage 

reference here. Biogenic carbon CANNOT be 

considered unless all stages A-D are included. 

End-of-life is to be considered when accounting 

for biogenic carbon. 

Therefore - the reporting of biogenic carbon in 

this study is to illustrate the sequestration 

POTENTIAL of the wood materials, but is not the 

NET sequestered carbon. I would add an 

explanation of this within the text.  
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4. Conclusions 466 

As mass timber is increasingly used as a means to lower the embodied carbon 467 

impact of the built environment, its cost has become a – hopefully momentary – 468 

impediment to its use. As the mass timber market in the U.S. experiences rapid growth, 469 

the cost of mass timber buildings will fluctuate based on the relationship of demand and 470 

supply among many other factors. However, designers can, within the constraints for 471 

different code-specified building types, still optimize building grid systems for carbon 472 

impact and cost from the earliest point in design using wood volume and 473 

noncombustible cover (gypsum board) as primary drivers of both. It shoul be clear that 474 

the particular values and unit cost data used in this study are already obsolete; however, 475 

since this study was conducted for different building height and types on a level playing 476 

field of cost data, some general conclusions can be made from the comparison: 477 

• The cost of CLT floor material and gypsum board for non-combustible protection 478 

(when needed) tend to dominate the material cost for mass timber gravity systems 479 

regardless of building type.  480 

• The unit cost of CLT is greatly affected by the pressed lengths used by the 481 

manufacturer (dictated by manufacturing process and equipment unique to each 482 

manufacturer). There is a non-linear relationship between required panel length and cost 483 

that the designer needs to be aware of because this trend will transfer to the overall 484 

building system cost. 485 

• For a 4-story building, the most economical building type is Type III-B because no 486 

FRR or non-combustible protection is required for this building type. 487 

• For a 6-story building, Type III-A and Type IV-HT have fairly close price 488 

performances, with Type III-A requiring FRR that can be addressed with limited 489 

gypsum board coverage or increased wood member sizes.  490 

• For a 9-story building, Type IV-C is the least expensive building type as it does not 491 

require any gypsum board. Type IV-A and IV-B both require gypsum board.  492 

• For a 12-story building, Type IV-B is a cheaper option than Type IV-A for most of 493 

the bays sizes investigated in this study. But this cost-effectiveness is highly dependent 494 

on the unit price of CLT that is available to the project. Thus the Type IV-B option might 495 

become more attractive once the CLT market becomes more mature and production 496 

capacity increases. In addition to cost consideration, Type IV-B is the only option to 497 

enable exposed wood at this height level. 498 

• As the only wood option above 12 stories, the cost of the Type IV-A gravity system 499 

is high mainly due to the gypsum protection costs. Great innovations in non- 500 

combustible fire protection could greatly increase the competitiveness of this building 501 

type. Even with the current method of fire-proofing, Type IV-A could become favorable 502 

once other costs are factored in, such as the cost of the land. 503 

• Goals to sequester carbon using wood products can be at odds with goals for cost, 504 

because, in general, both increase with volume of wood. This study has shown that the 505 

interplay of wood volume and noncombustible covering must be considered together to 506 

get a realistic understanding of both cost and carbon impact. 507 

• The rise of viable platforms to provide embodied carbon credits [4] may ultimately 508 

alter the dynamic between monetary cost and carbon sequestration goals. 509 
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The cost of mass timber construction is a very complicated topic. This study is quite 510 

simplified and only scratched the surface of this area. Aside from the maturity of the 511 

market, and improvement in fire-protection methods, one other area that could 512 

significantly impact tall wood building viability is policy and public opinion on 513 

renewable resources, carbon sequestration benefit, and long term life cycle building 514 

benefit. These topics need to be further investigated in future studies in order to enable 515 

the efficient and informed use of these new building types. 516 
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