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Influence of Non-uniform Elevated Temperature on the
Structural Stability and Strength of Gypsum-Sheathed

Cold-Formed Steel Beam Channel Members

Elias Ali', Kermelos Woldeyes® and Girum Urgessa’

1. Department of Civil and Environmental Engineering, The University of Alabama in Huntsville, Huntsville, AL 35805, USA
2. Department of Civil, Architectural and Environmental Engineering, Drexel University, Philadelphia, PA 19104, USA

3. Department of Civil, Environmental and Infrastructural Engineering, George Mason University, Fairfax, VA 22030, USA

Abstract: The objective of this paper is to computationally explore the structural stability and strength of gypsum-protected CFS
(cold-formed steel) beam channel sections under non-uniform elevated temperatures when exposed to standard fire on one side of the
panel and subjected to pure bending. When a CFS member is subjected to fire (or thermal gradients) its material properties
change—but this change happens around the cross-section and along the length creating a member which is potentially non-uniform
and unsymmetrical in its response even if the apparent geometry is uniform and symmetric. Computational finite element models were
analyzed in ABAQUS to establish steady-state thermal gradients of interest. Existing test data were utilized to develop the temperature
dependence of the stress-strain response. The time-dependent temperature distribution on the cross-sections obtained from heat
transfer analysis was later used in the stability and collapse analyses. The stability of the models was explored to characterize how
local, distortional, and global buckling of the member evolves under both uniform and non-uniform temperature distributions. Finally,
collapse simulations were performed to characterize the strength under pure bending and explore directly the evolution of strength
under the influence of non-uniform temperature.

Key words: CFS, non-uniform temperature distribution, stability, collapse moment.

1. Introduction high strength to weight ratio. During fire accidents,

. . steel would quickly heat up and results in a rapid
The investigation of fire safety and responses of o ] . )

. reduction in its mechanical properties, particularly the
structures under elevated temperature has gained ] ) ) )
. . . yield strength and stiffness. These reductions in
increased research interest in the last two decades due . ) ) ]

. L . mechanical properties have been investigated by
to the increased incidents of major fires and fire
researchers such as Keerthan and Mahendran [1],

Kankanamge [2], and Cheng et al. [3] both
experimentally and numerically. It was found that the

accidents in buildings, building compartments, and
infrastructure. Recently, CFS (cold-formed steel) is

extensively used from low to medium raised structures, ) ) ]
. . . . . reductions in strength and stiffness are even more
namely for residential, industrial, and commercial o ]
o . . . significant in CFSs. Therefore, CFS members are
buildings as the framing, partition walls, and exterior .
) commonly used in structural wall and floor systems
walls and even as a load-bearing structural component . ) .
. . o protected with gypsum board, with or without
system on the floor and ceilings. This growing interest . . . .
] ] ; insulation, on both sides for fire protection.
in thin-walled structural members in general and
Past researchers such as Kankanamge [2],

Alfawakhiri and Farid [4], Shahbazian and Wang [5]

have investigated the buckling behavior and resistance

CFS, in particular, is due to their unique advantage of

Corresponding author: Elias Ali, Ph.D., lecturer, research )
fields: fire and blast safety of structures, composite materials. of CFS members at elevated temperatures. Yin and
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Wang [6] investigated the effect of non-uniform
temperature distribution on lateral-torsional buckling
resistance of steel I-beams using parametric study.
Alfawakhiri and Sultan [7] studied the fire resistance
of load-bearing LSF (light gauge steel frame)
assemblies using analytical thermo-structural model
procedures to simulate lateral deformation histories
and predict structural failure time. They considered
the gypsum board and three different types of
insulations (glass, rock, and cellulose) to determine
the temperature profiles on the LSF steel stud and the
failure time of the wall. Sultan et al. [8] provided a
model for predicting heat transfer through insulated
steel-stud wall assemblies exposed to fire on one side
of the panel. To verify their model, they performed
tests on four full-scale wall assemblies with insulation
in the wall cavity. They considered two cases of
gypsum board (single layer and two layers of gypsum
at both ends). Kontogeorgos et al. [9] developed a
model to simulate the temperature distribution in the
wall assembly of the gypsum board using the ISO834
fire curve. Kukuck [10] studied heat and mass transfer
through gypsum partition subjected to fire exposure.
The developed model incorporates the mass transport
effects of water in both liquid and vapor form and
found that this mass transport plays a significant role
in the thermal response of gypsum wallboard when
subjected to fire. The application of a new composite
material called functionally graded material for
thermal sheathing in thin-walled structures was
investigated by Ali and Bayleyegn [11]. Analytical
and numerical buckling analysis of composite plates
made of metal and ceramic plates was also studied by
Ali and Bayleyegn [12] for extreme loading
application.

During a fire, the temperature distribution along the
CFS section is usually assumed to be uniform, for
analytical simplicity, both across the section and along
the member length. Thus, buckling behavior is
analyzed based on uniform reduced material

properties. However, in a real fire scenario, the

temperature distribution in a CFS section is generally
not uniform. This is especially true when the CFS
structural member is exposed to fire only on one side.
This phenomenon would make buckling behavior and
analysis more complicated than the commonly
practiced analysis approach.

Thus, this paper presents the analysis that adds to
the state-of-the-art in understanding the effect of
non-uniform elevated temperature distributions on the
structural buckling behavior and responses of a CFS
beam under pure bending due to fire on one side of the
panel.

2. Modeling Approach and Thermal

Analysis

Evaluating  the  non-uniform  temperature
distribution in the CFS channel cross-section, which is
protected by the gypsum board, requires heat transfer
analysis. Commonly, these temperature distributions
are performed using finite element analysis. However,
this approach would consume time and high storage
capacity when there is a need to perform a parametric
study. Thus, three separate input scripts for 2-D
time-dependent heat transfer analysis, elastic buckling
analysis, and non-linear collapse analysis were
developed using a MATLAB program, which is then
coupled with a finite element package ABAQUS. The
fire temperature used in the heat transfer analysis was
defined using the ISO834 (International Organization
for Standardization 834) standard fire curve given by
Eq. (1), where T, = 20 °Cis the ambient temperature

and ¢ is time in seconds.
T=Ta+34510g(8t/60+1) (1)

Fig. 1 shows the ISO standard fire curve used in the
study, the configuration of the CFS, and a 12.5 mm
gypsum board on both exposed and unexposed
sides of the structural member. Material properties
used in the heat transfer were density, thermal
conductivity, and specific heat for both steel and
gypsum boards.
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Fig. 1 (a) ISO834 standard fire and (b) CFS channel section protected by gypsum board and fire on one side.

Table 1 Material properties used in the heat transfer analysis.

. Density Thermal conductivity Specific heat
Material ;) 5) (W/m-°C) (J/kg-°C)
¢ =425+ 7.73 x 10-(T) — 1.69 x 10-3(T2) + 2.22
x 107(T3)
A=54-333x10°2()  (20°C= T<1%080§)
Steel 7,850 5122 2C753T <300°0) ¢ =600+ o0
=27 . (600 °C < T'< 735 °C)
(800 °C < T < 1,200 °C) D e 17820
€= T—731
(735 °C < T < 900 °C)
0241 10°C 925.04 at 10 °C
Gypsum 0.218 at 150 °C 941.5at95°C
b 727 0103 ot 135 oC 24,572.32 at 125 °C

0.3195 at 1,200 °C

953.14 at 155 °C
1,097.5 at 900 °C

These values vary with temperatures and a range of
values were suggested by several researchers. In this
paper, the values obtained from Feng et al. [13] were
used as shown in Table 1.

Heat transfer analysis and structural behavior
investigation were carried out for three CFS sections
(362S200-54, 400S200-54, and 600S200-54). The
thermal boundary conditions considered during the
heat transfer analysis were convection and radiation
for both fire exposed sides and ambient sides. These
interaction properties were defined by convection
surface film coefficient of 25 W/m*-K and 10 W/m*-K

for the exposed side and ambient side respectively.
Radiation film coefficient of 25 W/m*K for fire
exposed side, and emissivity of 0.3 and 0.8 for fire
exposed and ambient sides were used respectively.
Fig. 2 shows the temperature profile for CFS beam
channel section 400S200-54 (web height = 4 inches,
flange width = 2 inches, and design thickness

0.0556 inches) sheathed with a single-layer gypsum
board after 60 min of fire. It was observed that the
temperature in the web elements of the CFS section is
not uniform with the highest temperature at parts
closer to the fire exposed side and gradually tends to
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Fig.2 Temperature distribution on 400S200-54 CFS section after 60 min of fire.

attain smaller temperature at the unexposed surface.
The temperature in the unexposed flange and lip
remains relatively low even after 60 min of fire

exposure, compared to the fire exposed flange and lip.
3. Model Details and Assumptions

3.1 Mechanical Properties of CFS at FElevated

Temperatures

When CFS structural members are exposed to fire
or elevated temperature, there will be a rapid increase
in temperature in the member which causes a
significant reduction in mechanical properties,
particularly its stiffness, yield strength, and coefficient
of thermal expansion. These reductions would
facilitate the collapse of the member or the entire
structure at a critical temperature and loadings.

Many researchers carried out experimental tests on
different steel sections and grades and developed
equations for predicting the reduction in the
mechanical properties of steel at elevated temperatures.
Gerlich [14] derived an equation for yield strength and
elastic modulus for a temperature range below 650 °C
using several data from steady-state experimental tests.
Chen and Young [15] investigated the mechanical

properties of CFSs at elevated temperatures for both

steady and transient tensile coupon tests for a
temperature range of up to 1,000 °C for two steel
grades of G550 and G500 with a plate thickness of 1.0
and 1.9 mm respectively. They proposed two
mechanical properties reduction equations for yield
strengths and elastic modulus, both normalized at
ambient temperature properties.

This paper uses the recent experimental results from
Kankanamge [2] who modified the previous results
from Ranawaka and Mahendran [16] and proposed
predictive equations for both high and low-grade steel
types. The reduction factors in Table 2 were used for

elastic buckling and collapse analyses.
3.2 Boundary Conditions and Loading in the Model

A simply supported CFS beam member subjected to
pure bending was used in both elastic and non-linear
collapse analysis. Four node S4R5 type shell elements
were used in both elastic and non-linear collapse
analysis of the CFS. This selection was based on the
sensitivity study performed for different mesh types
and sizes. At both ends of the beam, longitudinal (u;)
and transverse (u3) deformations, and twisting in the
minor axis (ug,) were restrained in the analysis as

shown in Fig. 3.
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Table 2 Reduction factors of mechanical properties of CFS at elevated temperature.

Temperature (°C) 20 100 200 300 400 500 600 700 800
kyr = (fy1/fy20) 1 0.999 0.990 0.952 0.694 0.391 0.111 0.070 0.030
kgr = E7/Eqp 1 0.933 0.849 0.715 0.580 0.445 0.310 0.175 0.040

Fig.3 Boundary condition on CFS beam.
4. Results and Discussion

4.1 Effect of Temperature Distribution on the Stability
of CFS Beam

Both uniform and non-uniform temperature
distributions were investigated for the three CFS
sections. A uniform temperature in the CFS section
means the whole cross-section was assumed to have
the same temperature for each analysis step while for
non-uniform temperature distribution cases predefined
thermal gradient from the heat transfer outputs was
used for each time step for the stability analysis of the
CFS beams. Stress due to unit concentrated moment
was then applied at the simply supported end to
analyze the elastic buckling analysis. This process was
repeated for all three sections with 11-time steps,
which range from 37 °C to 600 °C and beam length
from 5-400 inches, a total of 264 separate analyses for
each beam. The critical buckling moment and
normalized critical buckling moment results for the
three CFS sections are presented in Figs. 4-7. The
elastic critical buckling analyses for all the three
sections in both uniform and non-uniform temperature
distributions considered clearly show the reduction in
with
temperature. These reductions also exhibit the same

critical buckling moments increased fire
pattern for the reduction in material properties mainly
the modulus of elasticity. It has a small or gradual

reduction until the maximum flange temperature

reaches 250 °C and follows with a step-change in
capacity up to 600 °C, it then starts to exhibit a
gradual change in moment capacity. These observed
temperatures are consistent with the changes in
mechanical properties listed in Table 2.

The critical moment for all three sections exhibits
mainly two buckling modes for all temperature ranges:
local buckling and distortional. The local buckling
mode was predominant for the half wavelength of up
to 5
moment was observed after the maximum elevated

inches where the minimum elastic critical

temperature on the exposed flange reaches 250 °C and
beyond. The
predominant at a half wavelength of 12 inches and

distortional buckling mode was
above. A combination of both local and distortional
buckling modes was observed in the intermediate
member lengths between 6-12 inches. It was also
observed that using a non-uniform temperature
distribution in the stability analysis significantly
increases the section’s critical buckling moment
compared to the uniform temperature cases. The
reason for such behavior can also be explained by an
increase in rigidity at both compressions flanges and
lips, due to relatively lower temperature at the
non-exposed side, which would directly affect the
compression stresses at the flanges, resulting in a
higher buckling moment. Also, an increase in section
web would increase the critical buckling moment as

shown in Fig. 7.
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Fig. 4 Normalized critical buckling moment for section 362S200-54 (a) uniform and (b) non-uniform.
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Fig. 5 Normalized critical buckling moment for section 400S200-54 (a) uniform and (b) non-uniform.
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Fig. 6 Normalized critical buckling moment for section 600S200-54 (a) uniform and (b) non-uniform.
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Fig. 7 Critical moment comparison under uniform and non-uniform temperature distribution for section (a) 362S200-54

and (b) 600S200-54.
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Fig. 8 Moment capacity prediction of section (a) 362S200-54 and (b) 600S200-54 under non-uniform elevated temperature.

4.2 Collapse Behaviour of CFS Beams under

Non-uniform Temperature Distribution

The results obtained from elastic buckling analysis
mostly predicted a higher critical buckling moment
than the actual resisting capacity of the sections. This
is true as the material property in such analysis uses
the entirely elastic property, even if the material
reaches its yield point. Thus, to observe the true
buckling behavior, the material property has to be
modeled with its yield stress specified during the
analysis using an appropriate temperature-dependent

stress-strain model. There are two ways to model

the
plastic-type which assumes the yield stress on the

material properties. One is elastic-perfect
material remains unchanged with an increase in plastic
strain while the second modeling is an isotropic strain
hardening, which allows the stress to increase with the
plastic strain. Based on the experimental result by
Kankanamge [2], higher grade CFS shows isotropic
hardening behavior at both ambient and elevated
CFS
well-defined yield point at a temperature range below
500

temperature used was based on the Ramberg-Osgood

temperatures whereas, low-grade shows a
°C. The stress-strain model at the elevated

stress-strain model modified by Kankanamge and
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Mahendran [17]. The non-linear buckling analysis was
then performed using the RIKS ON algorithm which
provided LPF (load proportionality factor) versus
Arch length. The predefined non-uniform temperature
distribution was first imported from the heat transfer
output files and the first Eigen-moment from the
elastic analysis was then applied at the simply
supported end for each time step. This operation is
repeated for all sections. The finite element (FE)
simulation moment capacity was then validated with
the Direct Strength Method developed by Schafer
[18].

Fig. 8 shows that the FE collapse analyses using
uniform temperature distribution and direct strength
method (DSM) for distortional section capacity are in
good agreement for all temperature ranges considered
in the collapse analysis. Up to 6.5% difference is
observed for beam length 200 inches at a temperature
of 400 °C. This difference is caused due to a
combination of distortional buckling and lateral
distortional buckling modes at such beam length. In
all the temperature ranges, the DSM equation gives
lower (conservative) section capacity than the FE
collapse analysis especially for beam slenderness

value ranging from 1 to 2.5.
5. Conclusions

This paper presented the results of a numerical

simulation of the influence of uniform and
non-uniform temperature distributions on the stability
and moment capacity of the CFS channel beam
section under pure bending and elevated temperature
for three CFS channel sections. The following
conclusions may be drawn:

* Non-uniform temperature distributions on the
CFS channel beam resulted in a higher critical
buckling and strength compared to uniform
temperature distributions.

* Increasing the CFS section thickness and flange
widths resulted in higher critical buckling moments

for each temperature distribution.

e The critical moment for all the three sections

exhibits mainly two buckling modes for all
temperature ranges depending on member lengths.
These buckling modes are local buckling and
distortional.

* Even though the DSM equation for distortional
buckling mode resulted in conservative section
capacity, it can still be used without modification for
uniform temperature distribution but might need
further study

temperature distribution cases.

to modify for the non-uniform
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Abstract: On November 26, 2019 a strong earthquake of magnitude M6.4 occurred close to the City of Durrés, Albania (15.6 km
WSW (west southwest) of Mamurras and 22 km SSW (south southwest) of Durrés), causing fatalities and considerable damages in
many buildings. In this article we present and analyze, by means of observational data and numerical simulation, the behavior under
this earthquake of an 8-floor RC (reinforcement concrete) building, by using design spectra referring to KTP-N.2-89 and Eurocode 8.
The main purpose of the authors is to better understand and evaluate the seismic performance of high-rise buildings under the design
spectra with a period of soil oscillation close to the fundamental period of the structure.

Key words: 2019 earthquake Durrés, design spectra, site class, structural damage.

1. Introduction the earthquake-induced phenomena manifested during

. L ) the seismic events. Durrés City is situated close to
Durrés is one of the oldest cities in Albania (known o . L
) . Adriatic Sea. The plain of Durrés City is composed
as “Dyrrahum”), with a history of over 2,500 years. ) . )
. o . by very thick poor Quaternary sediments, which reach
The region of Durrés is subjected to several strong

earthquakes (10 > VIII EMS-98). The most significant
earthquakes of the latest 30 years occurred in

more than 130 m below [3]. The central area of

the town comprises of organic layers of the former

. Durrés swamp (Qh-Holocene. Swamp deposits: clays,

September and November 2019, with the later one . ) ]

) . ) ] silts, sands and peats) or alluvial and proluvial
being the most devastating in Durres region. The
earthquake of November 26, 2019 was a 6.4
magnitude earthquake, about 16 km off the coast of
Mamurras at 3.54 CET (Central European Time) [1].

The most affected area was Durrés and Thumané,

deposits (Qp-h-Pleistocene-Holocene: sands, gravels
and silts). The south, along the bay, consists of
marine deposits, mainly sandy soils, and in the east
(inland) to alluvial deposits. In all Periadriatic area of
] o . B Albania, the liquefaction phenomena are observed
while significant damages were reported in Shijak, ) .
. - . . during the earthquakes. In Durrés the phenomena of
Kruja, Tirana, Kamza, Kavaja, Kurbin and Lezha, as i . .
. fountains with hot water and sand can be mentioned,
well. The earthquake caused 51 fatalities, 913 people . . .
during the earthquake in December 27, 1926, with
6.0 Magnitude [4]. According to different studies,

Durrés City has a high potential liquefaction

injured at least, and the damages of hundreds of
buildings [2].

2. Geotechnical Context assessment.

The geological, engineering-geological, geophysical 3. The November 26, 2019 Earthquake

and geomorphological settings that characterize .
The earthquake of 26 November 2019, 3.54 CET, hit

the subsoil of a country are important factors to analyze . .
the north-central Albania. Parametric data of the

Corresponding author: Anjeza Gjini, M.Sc., lecturer, earthquake are determined from different agencies.

research field: structural engineering. According to the data obtained from USGS (United
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States Hazards
Program [1], the November 26, 2019 earthquake in

Albania occurred as the result of thrust faulting near

Geological Survey) Earthquake

the convergent boundary of the Africa and Eurasia
plates. This seismic activity had the following
properties:

* Event time: 3.54 CET

e Event location: 15.6 km WSW of Mamurras,
Albania

* Epicenter depth: 22 km

* Magnitude ML/MW): 6.3/6.4

Fig. 1 shows the earthquake components on three

axes and magnitude.

4. Structural Damages in 9-12-Storey
Buildings with RC Frame System

After the year 2001, the number of high-rise
buildings constructed in Durrés is increased rapidly.
These buildings are designed mainly based on the
Codes KTP-N.2-89 (which
includes the seismic design norms) [5], and on
European norms (Eurocode), although until 2018,

Albanian Technical

KTP-N.2-89 was the legal one. The main structure of
these high-rise buildings is reinforcement concrete
frame, with/without core wall and shear walls, and
masonry infills, supported by raft foundation. The
failure observed from Durrés Earthquake varied
depending on the location, building type and the year of
construction. The damages were evident in structural
and non-structural elements. For this typology of
buildings, most of the damages are evident in
non-structural elements. From the empiric analyses of
RC frame system, the fundamental period of these
structures is greater than those referred in Eurocode.
This leads to the reduction of seismic forces, but on the
other hand produces large interstorey drift, which is
reflected in the damages of non-structural elements
(masonry infills), also in-plane and out-of-plane
failures. Even for RC frame combined with core wall or

shear walls, there are evident problems not related to
damages of structural or non-structural elements, but
due to the fundamental period of the structures, which
approximates to the period of soil oscillation. The
incorrect design of the foundation has led to the
phenomena of inclination. The differential settlement
of the foundation may be old in time, due to the
irregularity in plan and height of the buildings, as well
as the P-4 effect. However, the determining factor of
the inclination of some buildings (up to 3%) has been
the seismic actions, produced especially by the
November 26, 2019 Earthquake. From the inspection
carried out of these high-rise buildings, by taking in
consideration the requirements of EC-2, [6], the key
factors of their damages can be listed:

* The design of these buildings as very elastic
structure, placed in foundation with period of
to the
Seismological Report of soil in the “D.Peza” street,
Durrés, author Prof. Dr. Llambro Duni, 02.07.2010);

* Differential settlement of the foundation due to

oscillation ranging 0.3-2.0 s (referring

the irregularity in plan and height, and seismic
actions;

* Inadequate structural system. In most cases they
are designed as 3D reinforcement concrete frames, not
combined with core or shear walls. In addition, there is
evidence of hidden beams in slabs, causing the
reduction of stiffness of the structure;

* The design of the stairs is done incorrectly, by
using beams that reduce the height of the columns,
causing the “short-columns” effect;

* Inadequate design of foundation, missing piles,
even when they are necessary for transmission of
vertical forces and seismic action;

* In many cases, which are composed of several
sections on the same foundation slab, or buildings that
are close to each other, seismic joints (seismic
separation) are incorrectly designed or missing,
causing the effect of the collision.
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5. Case Study

After the main shock of November 26, 2019
earthquake, many engineers from different countries
Republic of North Macedonia,
Kosovo, Greece, etc.) and academic staff from the

(also from Italy,

Faculty of Civil Engineering in Tirana organized a
post-earthquake reconnaissance field mission. The
scope was to observe structural and geotechnical
damage patterns, evaluate the seismic performance of
structures and explore the potential in code prevision
for the design and retrofit of earthquake-resistant
structures. During this mission, different areas in the
Durrés region were inspected (as shown in Fig. 2). For
the purpose of this study, the inspected buildings are
9-12-storey, located in the same geological conditions.

The studied 8-floor structure is a reinforcement
concrete frame, composed by two rows of columns in a
distance of 5.5 m in the transverse direction, and by
five columns in a distance of 5.0 m in the longitudinal
direction. The columns have a rectangular section of
120 x 40 cm along the verticality.

Beams along the perimeter are designed with
rectangular section, and the other ones are concealed in
reinforcement concrete slabs, so called “hidden beams”
(h = 30 cm). The structure is designed with raft
foundation (4 = 110 cm), supported by R/C piles with a
diameter of 50 cm and 650 cm long. The structure has
no irregularity in plan and height.

The structure is modelled using advanced software
ETABS Ultimate 19 (Fig. 3). This
mathematical model can capture a satisfying degree of

such as

all actions on structure exerted by self-weight,
imposed loads, seismic events and the effects of their
combinations. For the purpose of this study, zero
displacement is assumed for the vertical elements in
the fixed support. The study is done according to
KTP-N.2-89, Eurocode 8 [8] for 7. = 0.8 s (soil type
D), and for 7. = 1.0 s that best suits seismic
microzoning. The maximum displacements related to

elasto-plastic stage is analyzed, that will be the elastic

displacement amplified by the coefficient “q”. The
studied structure lies on soil that has a fundamental
period 7, = 1.72 s, according to seismic report. The
same interstorey mass is accepted referring to the
Eurocode and Albanian Technical Code in the
calculation of vertical loads that affect the seismic
action, regardless of the differences between them
According to the seismic report, the most suitable

design spectrum is the one with period 7. = 1.0 s.

Fig. 3 Building with RC frame, 8-floor.
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Fig. 4 Response spectrum according EC-8 (for 7, = 0.8 s and 7, =1 s) and KTP-2-89 [5, 8].

Table 1 Base reaction.

Sy/g Fy Fy Fy My My M;
(KN) (kN) (kN) (kN-m) (kKN-m) (KN-m)
RS1 1,340.04 4,458.53 0.0032 83,090.4 23,820.8 1.06
RS2 1,636.34 5,447.72 0.00328 103,837.7 29,762.4 1.06
RS3 1,076.52 3,218.32 0.00278 58,115.3 18,914.8 0.92
Table 2 Elastic Joint displacement.
Sp/e Ul o) U3 R1 R2 R3
(cm) (cm) (cm) (Rad) (Rad) (Rad)
RS1 4.574 11.707 0.139 0.004 0.000 0.000
RS2 5.710 14.629 0.173 0.004 0.001 0.000
RS3 3.634 8.190 0.099 0.003 0.000 0.000

Table 4 Drift control for both directions.

Interstorey drifts

Level Direction Ul Direction U2
RS1 RS2 RS3 RS1 RS2 RS3

R 0.001 0.001 0.001 0.006 0.008 0.005
8 0.002 0.002 0.001 0.007 0.009 0.005
7 0.003 0.003 0.002 0.009 0.011 0.006
6 0.003 0.004 0.003 0.010 0.012 0.007
5 0.004 0.005 0.003 0.010 0.013 0.007
4 0.004 0.005 0.003 0.010 0.012 0.007
3 0.005 0.006 0.004 0.009 0.011 0.006
2 0.003 0.004 0.003 0.006 0.007 0.004
1 0.002 0.002 0.001 0.002 0.003 0.001
0 0.000 0.000 0.000 0.000 0.000 0.000
6. Results analysis of the structure, the results present the effect of

In Fig. 4 are shown the design spectra according to
KTP-N.2-89 and EC-8 for different periods. From the

design spectra on the maximum displacements of the

structure and the base reactions.
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Fig. 5 Damages of non-structural elements.

As shown in Table 1, by using response spectra RS2,
the base reactions increase by 22.1% (RS1) and 52%
(RS3) for “Fx”, whereas for reaction in the other
direction specifically 22.1% (RS1) and 69.2% (RS3).

According the results in Table 2, by using response
spectra RS2, the maximum displacement increases by
24.8% (RS1) and 36.3% (RS3) for Ul, and for
displacement in the other direction specifically 24.9%
(RS1) and 78.6% (RS3).

Table 3 shows the results from the model for the
control of interstorey drifts in both directions (U1 and
U2). Using response spectra RS2 (EC-08, for 7. = 1.0 s,
soil type D) the minimum condition for interstorey
drifts according to EC-8, for direction U2 is not
satisfied.

Due to larger interstorey drifts, the building suffered
damages of non-structural elements (masonry infill)
and in-plane and out-of-plane failures, as shown in
Fig. 5.

7. Conclusions and Recommendations

The analyses of this study conclude that it is
important to choose the correct design spectra for
structures built on land (soil) with periods close to that
of the structure. Thus, the illusion can be avoided that
by designing according to the spectra given by the
codes we achieve the

technical no-collapse

requirement of the building. This condition relates to
the fact that the structure does not suffer either local or
global collapse. For structures with a height of 8-12
floors, which have the greatest damage mainly in the
failure of the filling walls and inclinations in some
cases, using a response spectrum according to EC-8, by
accepting Tc = 1.0 s, leads to an increase of max
displacements up to 24% and base shear force up to
22.1%. All these reflect in the incorrect reduction of the
design parameters for the structure and its design
(dimensioning and reinforcement) with lower values
than required.

An important conclusion is the avoidance of
high-rise buildings (especially in the range of 8-14
floors) in the areas where the period of soil
oscillations is in resonance with the fundamental

period of the structure.
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Abstract: Today, to describe the thermal performance of the building envelope and its components we use a variation of metrics; such as,
R-value, ACH (air exchange rate per hour), SHGC (solar heat gain coefficient) of windows, U-factor etc. None of these performance
indicators is meant to represent the overall thermal performance. In this paper, such a metric is introduced, the BEP (building
envelope performance) value. Unlike the thermal resistance, typically expressed as an R-value, the BEP-value considers additional
elements of heat transfer that affect the energy demand of the building because of exterior and interior (solar) thermal loads:
conductive and radiant heat transfer, and air infiltration. To demonstrate BEP’s utility, validation studies were carried out by
comparing the BEP-value to theoretical results using whole building energy simulation tools such as EnergyPlus and WUFI Plus.
Results show that BEP calculations are comparable to calculations made using these simulation tools and that unlike other similar
metrics, the BEP-value accounts for all heat transfer mechanisms that are relevant for the overall energy performance of the building
envelope. The BEP-value thus allows comparing envelopes of buildings with different use types in a fair and realistic manner.

Key words: Building enclosure, energy, R-value, EUI (energy use intensity), airtightness, building envelope campaign.

Convective exterior surface heat transfer resistance

Nomenclature
Reee (2 Kyw)
4 Thermal diffusivity (m?/s) R., &a%iaﬁ;/%)&t)erior surface heat transfer resistance
2 ' m-
Surface area (r.n.) ) R Whole-Building thermal resistance ((m*-K)/W)
b Thermal effusivity (W-Vs)/(m?-K)) p Time (s)
. . 2-

BEP Bullq?g henvel(;pé pe;f](zrmznce (J/m*-year) T Temperature (K)

Car SPeCI 1c heat 0 'alr (/g K)) U Thermal transmittance, R-value (W/(m?-K))

C Air flow coefficient . .

) a Material solar absorptivity (-)
cM Interior thermal mass (J/K) L Lo
) ] € Material infrared emissivity (-)

N Equivalent thickness (m) Opaque envelope solar and thermal radiation

Lo Incident solar heat load (W/m?) 6 correction factor (-)

K Thermal conductance (W/K) Pair Density of air (kg/m3 )

L Material thickness (m)

M Air infiltration rate (m*/s) 1. Introduction

q Heat flux (W/m?) . .

0 Thermal load or heat flow rate (W) In many cases, engineers, architects, consultants
R Thermal resistance, R-value (m*K)/W) and building owners use prescriptive measures to
R 8V%ril)/e\’§;ri°r surface heat transfer resistance quantify the thermal performance of the building

se m?

enclosure. For example, steady state measurements

Corresponding author: Simon Pallin, PhD, research fields: such as material R-values or U-values are used to

heat and mass transfer in buildings and systems. calculate the composite thermal resistance or



Performance Assessment of the Overall Building Envelope Thermal Performance—Building Envelope 301
Performance (BEP) Metric

transmittance of the building envelope. These values
are then used to determine the overall thermal
performance of the building envelope in the absence
of dynamic effects. Unfortunately, it is well known
that R-value alone does not account for the building
envelopes response to energy transfer [1]. Other
factors, such as thermal mass, the thermal properties
of fenestrations, air infiltration, occupant behavior and
climate, especially solar loads, all play a role in
determining the overall performance of the building
envelope. It is these properties and the relationships
between them that make quantifying or developing a
metric, a more representative metric, of the building
envelope’s thermal performance complicated. For
example, whole building energy simulations account
for these properties separately rather than use a single
metric to account for the thermal performance of the
building envelope The final result of the energy
simulation is often used to compute metrics that
describe the performance of the building as a whole,
including HVAC (heating,
conditioning) system, plug loads, lighting, etc. One

ventilating and air

such metric is the EUI (energy use intensity), which is
the energy use of the building per conditioned floor
unit area. The properties and performance of the
building envelope, good or bad, are just one part of
these results.

While quite a bit of effort has been focused on
trying to capture or develop a measure of the building
envelope’s thermal performance that is more
representative of the dynamic behavior, these efforts
are complicated by three dimensionality: heterogenous
properties, and dependence on climate [2].
Nevertheless, the importance of the envelope has
inspired numerous efforts over the years to find better
measures.

The M-factor is one such measure that tried to
explain the effect of thermal mass on the performance
of the building envelope that was not reflected in or
accounted for by the steady state R value. [2]. The

M-factor was defined as the ratio of the dynamic heat

flux of the masonry wall to theoretical steady state
values. That value was then used as a correction factor
to the steady state conduction equation to account for
thermal mass. When the heat flux was measured over
a short period of time, approximately 1 h, there was a
difference or a dependence on thermal mass [3].
However, Godfrey et al. [3] showed that when
measurements were made over a longer period (e.g. a
day or more), the net heat flux was independent of
thermal mass. Godfrey et al. [3] concluded that to
attribute the effect of thermal mass to walls alone was
incorrect and that other factors were needed to be
considered. These factors include solar loads, internal
loads and the transient response to meet the energy
demands required to maintain thermal comfort. They
correctly pointed out that all these variables and their
interrelationship need to be considered to accurately
account for the thermal performance of the building
enclosure.

Later, Kosny et al. [4] introduced a new measure,
the DBMS (dynamic benefit for massive systems), to
account for the effect of thermal mass on the
performance of the building envelope. This approach
took into consideration the materials that comprised
the building envelope and its configuration while also
accounting for climate. The approach was based on
the determination of an equivalent R value for massive
walls with the same heating and cooling requirements
as a wood framed wall exposed to the same climate.
The ratio of the two was defined as the DBMS. Kosny
et al. [4] showed that thermal mass does play a role
and depends on both the configuration of the wall and
exterior climate. In hot climates, the effect is greater
compared to cold climates. Results also showed that
the greatest benefit was associated with constructions
where the massive elements were proximate to the
interior side of the building envelope. The approach
was primarily used to study the effect of thermal mass
on the building envelope.

The same approach would later be used to quantify
the benefits of green roof systems [5]. Moody and
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Sailor [5] showed that for the case of green roofs,
when evaporative cooling is active as a result of the
soil’s moisture content, the green roof increases
heating loads resulting in a higher energy demand.
Defining the metric as DBGR (dynamic benefit of
green roofs) they were able to show the dependence of
climate zone on the utility of green roofs relative to
conventional roofs with equivalent steady state R
values. The DBGR is defined as the ratio of the
HVAC loads between a building with a conventional
roof system and one that is comprised of a green roof.
A value of one means there is no benefit. A value
greater than one means that the green roof is more
energy efficient or results in lower HVAC loads
compared to the conventional building or roof. A
value less than one means that the conventional roof
has lower HVAC loads relative to a green roof. More
importantly, they were able to validate the metric
using real moisture dependent material properties and
weather data. The standard deviation between the
simulations carried out using EnergyPlus [6] and
experimental results were between 1.5 °C and 4 °C for
the winter and summer months, respectively.

In an effort to better understand the impact of air
exchange on the thermal performance of residential
buildings the Incremental Ventilation Energy (IVE)
model was developed [7]. The issue with the energy
consumption in the residential housing stock is large
scale air changes. These air changes result in a
significant increase in energy demand. The problem
with current energy models is that many of the
physical processes such as heat transfer across the
building envelope are not affected by air changes. To
account for that change, the model accounts for the
change in energy demand as a result of air change.
Coupled with a set of housing characteristics, the
model can then be used to predict the impact on
energy demand as a result of reducing air leakage
across the building envelope. Though, the air change
model or IVE is physics based, the calculation of total
energy demand is based on a population of homes and

their characteristics. There are some other limitations
associated with infiltration. For example, the model
considers all infiltration and ventilation coming from
outside the building envelope. It does not account for
air change between conditioned and unconditioned
spaces. These are just some of the limitations.
However, as a comparative tool, it does meet the
technical objective of trying to understand the impact
of air change reduction on the energy demand of a
population of residential homes.

Alterman et al. [8] took a different approach to try
and develop a holistic measure of the BEP. In
effect
performance of the building’s energy demands, field

studying the of thermal mass on the
measurements showed that similar internal conditions
could be obtained for walls with significantly different
steady state R-values. This led to the development of
an approach to quantify or capture all the effects or
properties of the wall including the effect of climate in
one value defined as the dynamic temperature
response or T value. The T value is a function of the
dynamic profiles of the exterior climate and the
response of the building’s internal temperature. The
relationship between the two results in an ellipse with
a characteristic inclination angle defined as the
dynamic temperature response. For example, if the
wall behaves as an insulator the inclination angle is 0°.
For a perfect conductor, the inclination angle is 45°.
Using this approach, they were able to differentiate
between massive and light framed constructions by
measuring the differences in the inclination angle
coupled with the principal components of the dynamic
temperature profiles.

Building on the work of Alterman et al. [8], Arkar
and Perino [9] developed a metric based on the T
value to account for the dynamic response of what
they refer to as adaptive materials in the building
envelope such as phase change materials. Instead of
measuring the dynamic temperature profiles, they used
the envelope’s inner surface heat flux. The sol-air
temperature was selected as the exterior boundary
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condition. The new measure, U dynamic thermal
performance metric, was calculated using a linear fit
to the daily thermal response through the origin. The T
metric effectively captured the effect of thermal
inertia. In theory, the metric could be used to replace

the U value in the calculation of envelope transmittance.

More work needs to be done to determine its
relationship to the static U value and the relationship
to the overall BEP (building envelope performance).

To more accurately quantify the thermal
performance of the building envelope Reilly and
Kinnane [10] tried to separate out the effect of thermal
mass in energy simulations by taking the ratio of the
energy demand in a dynamic model to that calculated
using a quasi-static model. They defined that measure
as the TER (transient energy ratio). The TER was used
to show the effect of wall materials, configuration and
climate on the thermal performance of the building
envelope. Results were consistent with the work of
Kosny et al. [4]. BEP improved when massive
elements were proximate to the interior and when the
walls were exposed to hot climates. In cold climates,
thermally massive walls resulted in increased heating
loads compared to light framed walls.

It is worth noting that in 1975 American Society of
Heating,  Refrigerating and  Air-Conditioning
Engineers (ASHRAE) developed an approach to
quantify the thermal performance of the building
envelope in air-conditioned buildings by introducing
the concept of OTTV (overall thermal transfer value)
[11]. OTTV is defined as the maximum thermal
transfer permissible in the building through its walls
or roof due to solar heat gain and outdoor-indoor
temperature differences. Unlike R or U value, the
OTTV is a function of the thermal transmittance of the
opaque and transparent portions of the building
envelope, solar gains through windows, exterior and
interior climate. OTTV has been adopted in the
building codes in several ASEAN (Association of
Southeast Asian Nations) countries with modifications

throughout the years [12]. Hong Kong and Singapore

have implemented a variation of its original form into
sustainable building codes and building certifications
[13]. ASHRAE abandoned the approach because of its
limitation as a measure to account for internal loads
[14]. Rather than continue to refine the metric, in a
subsequent revision of the standard 90.1, ASHRAE
decided to treat the impact of each of the properties
separately through the implementation of whole
building energy calculations with additional properties
such as thermal inertia and air infiltration in the
revision ASHRAE 90.1-1989 [15].

A significant challenge towards developing a single
metric for the performance of the building envelope is
to account for the effect of solar loads on surface
temperatures, in particular, the impact it has on
exterior building envelope surface temperatures and
how that influences interior heat loads. One approach
is to use the sol-air temperature [16] which defines a
fictious ambient temperature that accounts for solar
induced heat transfer through the opaque building
envelope but does not reflect on solar induced interior
heat gains.

There also exist various simplified methods to
calculate heating and cooling loads from estimating
the overall thermal performance of buildings, such as
CLTD/CLF/SCL
difference/cooling load factor/solar cooling load factor)
[17] and the RTS (radiant time series) method [18].

Historically, both methods have been used as a

(cooling  load  temperature

simplified means to estimate cooling loads for the
purpose of sizing HVAC equipment. As a result, they
include all variables relevant to the energy demand in
buildings including interior loads from solar radiation
through windows. However, these methodologies do
not generate a metric or single indicator that
represents the BEP.

To facilitate comparison of similar building types,
Wang and coworkers [19] developed a simple scoring
system based on the distribution of EUI, the building
energy asset score. Unlike some of the earlier

approaches, the building energy asset score is a
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measure of relative performance. In addition, the score
is based on whole building energy simulations that
accounts for mechanical, electrical, and service hot
water systems. The building asset score is then used to
identify parts or systems of the building where there
are opportunities for energy reduction.

To balance the needs for accuracy and speed an RC
(resistors and capacitors) network was developed to
simulate the energy performance of the building [20].
The network takes into account heat transfer through
the building envelope including the roof, and accounts
for solar loads and the effect of building occupants
and equipment. In simple terms, the resistive
components represent heat transfer via conduction and
convection while the capacitive terms account for the
effect of thermal mass. A network is then developed
based on sub-categories of building elements, e.g.,
walls, roofs, partitions and equipment. Depending on
the net floor area and the peak power demand the
order of the network is established and validated.
Preliminary results indicate good agreement between
measured and simulated net hourly heating demand.
The challenge with this approach is keeping the
network simple by minimizing the number of
sub-categories and the network order. As the structure
becomes more complicated, the benefits of the RC
network may be lost. In addition, if there is a change
in the peak energy demand as result of a structural or
systems change, e.g., retrofit, the RC circuit and
network order may have to be modified to account for
the change in thermal performance making it a
challenge to use as a comparative tool.

ISO 13789 [21] specifies a method and metric to
account for whole building loads as is the focus of this
paper. However, this standardized approach is based
on steady-state calculation and thus will not account
for any thermal inertia as associated with the building
envelope and thermal mass of a building’s interior.

This paper describes, in detail, the approach and
development of the BEP-value that captures the

thermal performance of the building envelope.

2. Method

This paper presents a simplified method to evaluate
and investigate the proposed BEP-value as a metric of
an overall building envelope thermal performance.
Though a simplified method is used in this paper, any
whole-building energy assessment simulation tool can
be utilized to calculate the BEP-value if following the
method as described in this paper.

In principle, a heat and energy balance of a building

can be described in Eq. (1).
QHVAC = Qenv + Qin
dT

Qenv = Qcond + Qenv,air + anin,sol - CE (1)
C= Z ¢ M,

Whatever acts as a load on the HVAC system,
Onvac, is basically a result of two variables; the heat
loss or gains through the building envelope
components including any solar induced load, Q.,
and the heat loads generated inside the building, Q.
In Eq. (1), C represents the sum of thermal mass from
interior. The thermal mass of the building envelope is
embedded in conductive heat transfer load, Q.o

The proposed metric accounts for interior loads due
to solar loads, but not loads from lighting, plug loads
and building occupants. The main reason for this is
that the BEP-value represents the overall thermal
performance of the building envelope and should not
reflect on loads which are dependent on usage. Thus,

the metric is based on the following principle.
8760

2.10.., @)t

BEP=1“° Q)

In Eq. (2), we introduce the BEP-value, which is
the ratio of the total annual building envelope related
energy demand over the building envelope area, Aepy.
The reason why the building envelope area is used,
rather than the conditioned floor area (as for EUI), is
because the BEP-value represents the overall unitary
BEP, regardless of how much floor space it encloses.
Section 2.1 describes the simplified method used
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throughout this paper to evaluate the BEP-value, what

it represents and its application.

2.1 Solution Technique—Transient Response and

Lumped Analysis Models

The transient response and lumped analysis models
of this section account for all heat transfer that is
associated with the building envelope, solar loads, as
well as the thermal mass of the building envelope and
the building interior. The approach presented consists
of three parts: one to account for heat transfer through
the opaque building envelope and its thermal mass,
one to also account for convective and radiant heat
transfer, and lastly, to connect all building envelope
heat transfer with the thermal inertia of the building
interior.

2.1.1 Thermal Response and Lumped Analysis of
Building Envelope Conductive Heat Transfer

The first part of the transient heat transfer approach
of this paper consists of two solutions: a response
solution and a lumped analysis model. The reason the
two solutions are used together is because their accuracy
varies as the heat flux approaches steady state. The
response solution does a reasonable job predicting the
heat flux for short times, while the lumped analysis is
used to solve for longer times. The second solution
typically does not handle “smaller” times well, thus
the two solutions become complementary. For more
information on what is summarized in this section, the
reader is referred to previous work [22].

The response solution for the internal surface
conductive heat flux in an arbitrary opaque building
envelope component, ¢, with N materials, gi, .is given

by the following expression.

qin,c (t) =

ayt Ny < L
Ay By {ﬁ—bf }edz ¢ gﬁf....@)

d by i b +b,

1

-erfc

Here, N represents the number of materials in the
multilayer composite, as well as the number of the
innermost material. d is an equivalent thickness
representing the inner surface resistance, R;. b is the
thermal effusivity, a the thermal diffusivity, and L the
thickness of each material.

i:Rs’ ai: ﬁl s bizvﬂ’i.p[ci (4)

Ay PG

For the lumped analysis and second approach for
longer times, which is basically equivalent to a finite
difference solution, the following equation system
must be solved,

ar =AT+b &)
dt
Here, T

representing the center temperature of each layer j.

is a vector with element j = 1...N,

The initial condition is zero for all the T wvector

Eq. (5
represents a system of ordinary differential equations.

elements. A is a tridiagonal matrix.
It can be solved by various techniques [23].

A gives the basis for the approximation, in which
each element corresponds to the layers of the
composite. The general solution for the lumped case
has the following form [24],

T=T -Vexp(Dt) VT, (6)

The elements in the Ty vector represent the steady
state temperature of the problem in Eq. (5). The
matrix V of A has the eigenvectors of column
vectors. The matrix D has the corresponding eigen
values as diagonal elements. The principal solution of

Eq. (6) will be of the following type,
A —t/t, 1
];zT’.+Zcij-e St = (7)

Here, the characteristic time, #,, is the inverse of the
form. The
characteristic time value will determine the behavior

eigenvalue D; in negative largest

under this condition. In accordance with this statement,



306 Performance Assessment of the Overall Building Envelope Thermal Performance—Building Envelope
Performance (BEP) Metric

an approximate expression for the interior heat flux at
large time values uses the two largest characteristic

time values.

@ — 1 _ Cl . eft/tcl _ C2 . eft/tcz
U (®)

tist, = max(tcj.)

Finally, the chosen breakpoint, y, for which Eq. (8)
is used over Eq. (3) is be determined under the
following conditions,

t _ _
q2)=7=1—q~e ty/tl,l_Cz.e 1/t ©)

Here, g(t,) represents the interior heat flux found in
Eq. (3) at time #, The breaking point is chosen as
the time when the heat flux has reached a certain level
of full implementation, i.e. steady state. Post the
time of this breakpoint, the approximation for short
time values becomes less accurate as time increases.
Consequently, this breakpoint also represents a
time for which the temperature step change has
propagated to a certain depth through the composite.
Previous study [22] showed that the value of y should
be in the range of 0.1 to 0.3. For this study, y is to
be 0.2.

2.1.2 Overall Building Envelope Heat Transfer

The total building envelope heat transfer is given by
the conductive heat transfer as seen in Section 2.1.1,
but also heat transfer from air infiltration and solar
heat gains through fenestrations. The overall building

envelope heat load becomes,

X
Qenv = zqin,c ' Aenv,c : (I'vurf,g - ]:‘n ) +...

(10)
+K

air (T;Jut - T;n ) + anin,sol - CE

where X is the number of building envelope
components, c.

In Eq. (10), T,y represents the surface temperature
for each building component and is calculated
according to a general definition of a roof surface

as presented in Fig. 1, in which 7r is the sky
temperature.

Further, an effective thermal resistance due to air
infiltration through the building envelope, R, can be
found using the overall air flow rate through the
building envelope, M;,.

A

= eny (11)
Mair 'pair .Ca

air
ir

Case: Known sky temperature, T

out

Tsu o Roof
o T;)ut
Tvout + Rse la ]sol + ’ Asurf
se,r
1 p-l -1
Rse - Rse,c + Rse,r
Roof

Fig. 1 Network reduction approaches to calculate
equivalent roof surface temperature due to conductive,
convective and radiant heat transfer.

In this study, a simplified approach is used to
calculate the air flow rate, M, [25]. Here, M, is a
function of the effective air leakage area, ELA and the
air pressure gradient over the building envelope.

M,, =ELA-\C,-

TO 1:71|+CW .VW (12)

ut

in which, C; and C,, are temperature boyancy and
wind  coefficients according to  ASHRAE
Fundamentals Chapter 16.10 [25]. Utilizing Egs. (11)
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and (12), the thermal resistance due to air infiltration
is given by the following,

Rair =
Ay (13)
ELA\/CS ’ 7—;ut _T;n + CW ’ I/w 'pair .cair
_ A (14)
air R

Consequently, K,; is the thermal conductance for
air infiltration and natural ventilation.

Eq. (10) also includes QOgain o1, Which is the interior
thermal load from solar radiation through windows,
and given by the product of the incident solar
radiation load, [y, and the SHGC (solar heat gain
coefficient).

anin,sol = Isol ’ SHGC (1 5)

For components without any notable thermal mass,
such as windows, Eq. (3) is replaced with,

9 () =U, (16)

Here, U, is the U value of the building envelope
component denoted by c.

2.1.3 Lumped Analysis of Building Envelope Heat
Flux and Interior Mass

The inflow of heat from the building envelope,
including air leakage and solar gains, will change the
indoor temperature of a building. As a response to this
change in temperature, the heating and cooling system
will compensate for the same, and thus maintain the
indoor temperature within user-defined thermal
comfort boundaries. Thus, the building envelope
related heat loads will act as a load on the HVAC
system, Q.-

A Dbase heating and cooling load, QOW, is
introduced with an assumed fixed indoor temperature,

T-, representing the average temperature inside the
i» Iep g g p

thermostat setpoint interval. To this process, a second
temperature is given, 7, representing that of the

internal mass and superimposed,

9=, (1) _, dT"
K < dt

env

cM

t=—o

c

(17)
Kt()l = Kenv + Kair
fot

in which, ¢M (J/K[Btu/°F]) represents all interior
thermal mass lumped together. The time scale, z,, is
determined by the ratio of ¢M and the total building
thermal conductance between the interior and exterior,
i.e. the denominator in Eq. (17), in which, K,
represents the building envelope conductance for all
building envelope components as,

Awall + Aroqf + Aslab +U. A

R R "

roof slab
env ( 1 8)
A

env

win
wall

K, is given by Eq. (14).

Importantly, the left term of Eq. (17) depicts the
difference in energy load between a fixed and a
varying indoor temperature (according to thermostat
setpoints). This difference in energy is also the sum of
energy absorbed/released by the internal mass within
the temperature gradient, d7.

The building envelope heating and cooling load,
QOenv in Eq. (10) is to be determined so that,

T

min

<T+T'<T (19)

max

In the simulations of the interior temperature, for
each hour of the year, the time constant is not
changing its value, neither does the heat flow to the
interior. Assuming a known interior temperature 7, ;
at time ¢,; (i.e. n-1 hours into the calendar year), the
first guess without applying any cooling or heating
would be,

T et s (1) =

T, )+ [—‘Qig ) g '(tnl)J (1=

At = tn - ln—l
(20)

If the temperature is within the comfort span, the
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temperature at time ¢, is determined directly by Eq.
(20). If not, heating or cooling is added to the heat
flows in the expression so that the temperature
remains equal to the set temperature span limit that
has been passed:

T 'ﬁrst guess (tn) + 7_—1' > T;nax =
T'(tn) = Tmax ’Qenv(tn) = (21)
T it oness &)+ T =T,
— _K first guess( n_)Am i max
l—e "7
or
T 'ﬁrst guess (tn) + ]_-z' < Tmin =
T '(tn ) = Tmin b Qenv (tn ) = (22)
T'. t)+T —T._
-_K first guess ( n_zt/t i min
1—e e

2.2 Validation

The purpose of this study is mainly to introduce the
BEP-value and portray what it represents in terms of
overall building envelope energy performance. In
order to do so, we have presented a simplified method.

For this validation, EnergyPlus and WUFI Plus [26]
have been utilized. Since the proposed solutions in
this study were developed in MATLAB®; various
aspects of the generated simulation results require
validation.

The incident direct and diffuse solar load utilized in
the model is calculated using the horizontal infrared
radiation intensity, direct normal solar radiation, and
diffuse by EPW
(EnergyPlus Weather) files, thus a validation is

horizontal radiation given
justified to ensure it matches input data generated by
EnergyPlus.

Fig. 2 depicts the correlation between the solar

radiation loads computed by EnergyPlus and the solar

loads computed by the method developed under this
study. Both EnergyPlus and simplified method utilize
the Perez model [27] to estimate the diffusive solar
load. Though there are some discrepancies, they are
not significant enough to import weather data
generated by EnergyPlus for this study. For direct
solar loads, the discrepancy in average solar loads
overall surface is 0.4%, while for diffuse solar loads it
is somewhat higher, varying between 1.4% and 6.8%
overall surfaces. Since this study aims to look at the
variation of the proposed BEP metric for various

types
implemented from the Perez model is assumed

building and climates, the methodology
satisfying.

For further validation, a medium office building
was simulated in WUFI Plus in accordance with the
DOE (Department of Energy) prototype buildings and
ASHRAE Standard 90.1 [28, 29]. The building was
simulated in the climate of Atlanta, GA, USA. The
simulation results generated by WUFI Plus and the
simplified method were compared for total heating
and cooling demand as depicted in Fig. 3 and reveals
that a good agreement with the calculated cooling and
heating demand between the two simulation models.

Finally, the proposed BEP-value is compared
between the simplified model and WUFI Plus. Using
the same Medium Office building as previously
described [28, 29], the BEP-value was calculated and
U.S.,
1A through 8A. In
accordance with the prototype building settings, the

compared between 15 climates in the

representing climate zone

thermostat setpoints for cooling and heating varies
between 21.1 °C and 23.9 °C. The result of the
comparison is presented in Fig. 4 and reveals a close
agreement with the results of the comprehensive
WUFI Plus model and the simplified method.
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Direct Incident Solar Radiation - Chicago June 15th
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Fig. 2 Comparison of computed solar loads in EnergyPlus and the methods presented in this study. The comparison
represents a summer day simulated for Chicago climate.
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Cooling Demand - First Week of June
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Heating Demand - First Week of January
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Fig. 3 Comparison of heating and cooling demand for a medium office building simulated in the climate of Atlanta, GA,
USA. The comparison is made between the simulation result generated by WUFIPlus and the simplified response/lump model
of this paper.
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Fig. 4 Variation in BEP-value between 15 climates in the U.S. for a medium office building. The comparison is made
between the simplified method and WUFIPlus simulations.
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3. Results

3.1 BEP-Value DOE
Commercial Prototype Buildings and Various U.S.

Variations in between

Climate Zones

The BEP-value is defined to represent the overall
energy performance of the building envelope. Here,
we use the 16 DOE prototype buildings [6, 30] to
evaluate how BEP differs between various buildings,
while constructed in the same climate. The thermal
and geometric characteristics of the prototype
buildings are given by the Building Energy Codes
Program (EnergyCodes, 2020). The result of this
effort is presented in Fig. 5.

In order to investigate the impact of air leakage on
the BEP-value, two cases are depicted in Fig. 5: one
with an assumed airtight building (Airtightness—o0),
and one with an airtightness of 1.07 L/(s'm?) at 75 Pa
air pressure difference. Between the 16 prototype
buildings, the assigned airtightness level increases the
BEP-value with about 10% on average.

Further, three selected buildings are simulated in 15

different U.S. climate zones. The simulated buildings

are medium office, high-rise apartment and warechouse.

The variations in BEP-value for the three buildings

and in the 15 climate zones are presented in Fig. 6.
As the
significantly depending on the type of building. All

seen in Fig. 6, BEP-value varies
three buildings are simulated using the same energy
code requirements [31], and with an airtightness of
1.07 L/s'm®) at 75 Pa air pressure difference.
However, there are differences in geometry between
the three buildings including the window-to-wall
ratios. Despite these variations, there is a significant
trend seen in for all three building types. The
BEP-value is the highest in the coldest climate (8A)
and the lowest in the temperate climate of San

Francisco (3C).
3.2 Thermal Properties and Thermostat Setpoints

In this section, the BEP-value is used to study the
impact of thermal mass and thermostat setpoints. In
many situations, the thermostat setpoint temperature
range is positively correlated with the impact from
thermal mass on the energy demand [32]. Actually,
the nonexistence of a difference in cooling and heating
setpoints, eliminates the benefits of the thermal mass
on energy demand. However, the thermostat setpoint
temperature can significantly impact the energy

demand, regardless of the presence of internal mass.

BEP-value for 16 DOE Prototype Buildings - Atlanta, GA
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Fig. 5 Variations in BEP-value between 16 DOE prototype buildings [6, 30]. All buildings are simulated in the climate of

Atlanta, GA.
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BEP-value - Climate Zone 1A through 8A
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Fig. 6 Variations in BEP-value for three different types of buildings and 15 different U.S. climates.

Table 1 Specific heat levels for internal mass.

Case Level g(eja/llgapacny
I Very low internal mass 80 - Afloor
I Low internal mass 110 - Afloor
111 Medium internal mass 165 - Afloor
v High internal mass 260 - Afloor
v Very high internal mass 370 - Afloor

Table 2 Thermostat temperatures ranges between cooling
and heating setpoints.

Case Range Setpoints (°C)
A Small 22.8/21.1
B Medium 23.3/20.6
C Large 23.9/20.0

Typically, the more “widely” the indoor temperature
is allowed to float, the less the energy demand.
However, this theory very much depends on the
outdoor temperature and thermal loads. Here, we will
use the BEP-value to study in which U.S. climates
thermal mass and setpoint temperature have the
largest impact on the energy demand.

For this effort, we are analyzing the BEP-value for
a Medium Office Building using 816 sets of TMY3
U.S. climate data [30]. The building insulation levels
agree with that of International Energy Conservation
Code (IECC) 2016 for climate zone 5A [33]. For each

climate we are simulating 15 cases: five variations in

level of internal mass, and three different ranges of
indoor setpoint temperatures. The five levels of
internal mass are applied according to Section 12.3.1.2
in ISO 13790 [34], as seen in Table 1. For thermostat
temperatures, the ranges simulated are given in Table
2.

The 15 simulation cases are simulated in all 816
climate locations, resulting in 12,240 simulations.

First, we will investigate how the impact of internal
mass varies in U.S. climates. While remaining the
setpoint temperature range fixed to the lower range
(case a), the variation in BEP-value is studied while
alternating the level of internal mass. In Fig. 7, the
relative importance over the U.S. is depicted. Here, a
value of “1” indicates the highest relative importance
between very low and very high internal mass for the
specific location. A value of “0” means the lowest
impact. Further, using the BEP-values from the
simulation results, the absolute difference in energy
demand between very low and very high internal mass
is illustrated in Fig. 8.

Figs. 7 and 8 must be viewed somewhat differently.
Since Fig. 7 illustrates the relative impact of internal
mass on a scale from “0” to “1”, a high value means
that internal mass may reduce the energy demand
significantly. According to the figure, areas along the
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Relative Importance [%]
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Fig. 7 Relative importance of internal mass. Locations with high importance have values closer to “1”, while locations
where internal mass is less important have values closer to “0”.
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Fig. 8 Absolute importance of internal mass presented in reduction in BEP-value. Darker areas of the map indicate
locations where internal mass holds a significant impact on the overall energy demand. Areas with brighter colors are
locations where internal mass is less significant.

coast of California reveal most significance. However, with the most absolute decrease in BEP-value, thus
exactly how much of a decrease a high internal mass energy demand, are given a darker color. In Fig. 8, we
contributes to at these locations are not reflected upon can see that internal mass notably impacts the energy
in Fig. 7, but instead Fig. 8. In this figure, locations demand in most Western regions of the United States.
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According to the figure, internal mass can decrease
the BEP-value by up to 37 kWh/m% year for the
simulated medium-sized office building.

For the relevance of thermostat temperature ranges
on the energy demand, the impact is not only
dependent on the span between cooling and heating
setpoints, but also the mid-point temperature between
setpoints. For this study, the mid-point temperature for
all cases is 21.9 °C. In theory, an exterior climate,
including exterior and internal thermal loads, resulting
in diurnal swings in temperatures around the
mid-point, will generate optimized energy savings
from allowing the indoor temperature to float [35].
Since a fixed mid-point is assumed for this study,
assumingly certain climates will allow for larger
impact than others. In order to somewhat reduce the
impact of the selected mid-point temperature, the
variation in BEP per temperature unit is instead

studied by comparing the BEP-value between case (a)

60"N

and (b) (22.8/21.1 °C and 23.3/20.6 °C). Fig. 9
of the
temperature range, and Fig. 10 depicts the impact of

represents the relative impact setpoint
BEP-value per degree change in setpoint temperature.

As seen in Fig. 9, and similar to what is depicted in
Fig. 7, the coastline of California is relatively most
influenced by the range in thermostat temperatures.
However, most Southern and coastal regions indicate
a clear significance of thermostat setpoints. The actual
impact on the energy demand per degree change in
thermostat setpoint temperature is given in Fig. 10.
Obviously, widening the setpoint temperature range
will always result in a less energy demand due to
increasing the span for which the indoor temperature
can float. However, what Fig. 10 reveals, are those
locations for which there are more annual cases of
diurnal variations in indoor temperatures between the
upper and lower setpoints. Thus, these locations benefit

more from a wider range of thermostat setpoints.
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Fig. 9 Relative impact of the thermostat setpoints on the overall energy demand for a medium office building. The energy
demands in areas with colors closer to green and yellow are more affected by changes in setpoint temperatures compared to

area specific energy demands.
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Fig. 10 Change in BEP-value per degree change in thermostat setpoint temperature.

4. Discussion

The BEP-value is proven to be representative to that
of the overall thermal performance of the building
envelope. By analyzing the BEP-value for various
building types, Fig. 5 reveals that the metric will vary
greatly, for a given climate, depending on the thermal
properties of the building. Also, Fig. 6 depicts how
much the thermal BEP wvaries for different U.S.
climate zones.

This paper also shows how the impact of various
building thermal properties is accounted for in the
BEP-value. Figs. 7 and 8 illustrate the importance of
internal mass on the overall energy demand across the
U.S. These two figures reveal that many buildings
located in the U.S.A. can significantly benefit from
internal mass. The areas where internal mass matters
the most on the overall energy demand are mainly
located in the western part of the country. Still,
thermal mass can be of importance for many other
areas as well. Locations where internal mass matters
the least are northern climates such as 6A and colder.
Even, for very hot climates, such as 1A and hot 2A

climates, internal mass matters less.

Further, this paper uses the BEP-value to evaluate
the importance of thermostat setpoint temperatures
and its ability to float on the overall energy demand.
According to Figs. 9 and 10, these locations across the
U.S. are about the same as for where internal mass is
of the greatest benefit, in other words, most coastal,
southern, and mid-west climates.

5. Conclusions

This paper defines and describes the computation of
a new building envelope thermal performance metric,
the BEP-value. Unlike other similar metrics, this
metric accounts for the heat transfer mechanisms that
are most relevant for the performance of the building
envelope. These mechanisms include conductive heat
transfer, air infiltration, and solar heat gains. The
BEP-value is thus able to compare the envelopes of
buildings with different use types in a fair manner.
BEP procedures do not necessarily require the
iterative simulation procedures that are typically part
of whole-building calculations. Instead, the proposed
metric relies on input data given by the geometry of
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the building, thermal characteristics, and outdoor
climate date. This feature allows for a quick, yet
accurate, thermal performance assessment of a
building envelope.

A simplified method for the calculation of the
BEP-value is detailed. The method is a transient
response and lumped analysis model. The metric may
be calculated using more general building energy
modeling software, but this is not required. A
validation study of the metric is conducted by
comparing simulation results from general-purpose
whole building energy simulation tools with BEP
calculations. This comparison demonstrates that the
BEP-value gives overall predictions of energy
performance comparable to results from existing
simulation tools.

Finally, to demonstrate the use of the BEP-value to
assess the thermal performance of the building
envelope, several investigations into performance
relative to U.S. climates are conducted. The influence
of infiltration, internal thermal mass and thermostat
setpoint is investigated and the impact of climate is
explored using the BEP-value. The result of the
analyses is presented using U.S. maps and allows the
reader to identify in which areas of the country for
which thermal mass and thermostat setpoints/setbacks
matter most on the overall energy performance. In
addition, these analyses demonstrate the ease of use of
BEP as a means to compare the thermal performance
with  different types,

characteristics, and locations. Particularly, this ease of

of  buildings building
use is important in the exploration and assessment of
potential retrofits.

Future work on the BEP metric is in progress.
Using the BEP metric to design for building envelope
characteristics and the impact of thermal comfort
intervals and thermal mass on commercial buildings in
U.S. climates have been studied [36].
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Abstract: The impact of Covid-19 on every aspect of life is undeniable. As the pandemic began to spread throughout February
2020, no one could have foretold the ways in which this disease would change society. One of the key things that the Covid-19
pandemic has accelerated is off-site manufacturing and the different ways in which modular construction can be utilized to deal
more effectively with the demands of a crisis. The rapid erection of modular hospitals across the globe has been critical in
fighting the outbreak of Covid-19, not least the modular hospital in Wuhan that was built in just 10 days. Modular construction
was already a hot topic for the industry, the pandemic has simply enhanced this—and the last few months were given the
opportunity to explore the options in more detail. There is no doubt that modular construction will continue to play a part in
construction projects in the longer term and construction industry should adapt to accommodate this change. Since construction
industry is the largest consumer of natural resources, this article would emphasize on the sustainability dimensions of modular
construction and its performance during the whole lifecycle. A thorough literature review of the sustainability benefits of modular
construction compared to its tradition counterpart is presented.

Key words: Off-site construction, modular construction, environmental benefits, sustainability.

1. Introduction One of the most famous examples of early modular

) ) o construction is Crystal Palace, built for Britain’s Great
Modular construction may seem like a new building . . .
o ) Exhibition of 1851. Designed in less than two weeks,
method, yet it is actually been used for a long time. Its . . . . . .
. it utilized light and inexpensive materials such as iron,
roots can be traced to the Rome in AD-43, where the .
o ] ) wood and glass, and was constructed in only a few
Romans used modular building elements to build their .
. . . months [2]. Afterward, Crystal Palace was dismantled,
forts quickly and efficiently as they realized that these . )
moved, and rebuilt at another location [3]. Another
forts and stockades used a large number of same and o )
. example of modular construction is the Eiffel Tower.
repeating components. However, not only the Romans, . . .
. . Eiffel Tower was built as a temporary exhibit structure
but the Britishers also transported simple modular ] o e
. . . for the Centennial Exhibition in Paris in the year 1889
houses by ships to their new settlements in the . .
. i . for the celebration of the French Revolution of 1789.
colonies to provide comfortable European Style living . . .
) ) ) The Eiffel Tower consists of modular iron parts that
to its officers in these colonies. In 1840s modular ] ]
were mass produced at an off-site location on the

outskirts of Paris [4]. Each of the 18,000 iron parts

used to construct the Tower was specifically designed

construction made its way to the United States in
response to the housing needs of the California Gold
Rush, prefabricated houses were transported from

. . and calculated, traced out to an accuracy of a tenth of
New York to California [1].

millimeter and then put together forming new pieces
around 5 m each. These pieces were then taken to the

Corresponding author: Dimitra Tzourmakliotou, Ph.D. in site and assembled to build a 300-m tall structure
civil engineering, associate professor in Democritus University
of Thrace, steel structures, space structures, design for
deconstruction, sustainability of steel structures. years.

which completed in a time period of just over two
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However, the first true catalyst for modern modular
construction happened shortly after the turn of the
20th century. Starting in 1908, Sears, Roebuck, and
Co. sold modular houses through its Sears Modern
Home Program. The concept was simple: Order one of
the 400 house plans from the catalog and receive it in
easy-to-construct sections [5, 6]. In the mid-1940s, the
industry turned to modular when faced with
skyrocketing demand for new homes after World War
IT and, in the late 1950s, modular expanded into the
construction of schools and medical facilities [7, 8]. In
the 1960s and 1970s high rise concrete modular
construction was introduced. The Hilton Palacio del
Rio Hotel was among the first concrete high rise modular
buildings in the world. The 500-room hotel was
designed, completed and occupied in an unprecedented
period of 202 working days. The hotel’s room
modules were pre-cast from light-weight structural
concrete [9]. Nowadays, based on the spread of
modular construction we can categorize countries
into three groups: those that have an acknowledged
high application of prefabricated housing such as
Sweden (84% of all detached homes) and Japan (28%);
those that have been identified as having both
relatively high levels of prefabrication and highly
efficient traditional or “craft based” house-building
industries such as Germany (9%) and the Netherlands
(20%) and major economies that have an infrequent
application of prefabricated housing such as the
United States (5%), United Kingdom, and Australia
[10].

2. Sustainability in Construction Industry

The construction industry strongly affects the
economy, the environment and society as a whole. It
touches the daily lives of everyone, as quality of life is
influenced by the built
surrounding people. The
accounts for 13% of global GDP (Gross Domestic
Product) and is using the natural resources 1.5 times

heavily environment

construction industry

faster than the world can replenish itself. The

construction industry is the world’s largest consumer
of energy, resources and raw materials as it consumes
about 50% of the total global raw resources for the
manufacturing of building products worldwide [11, 13,
15]. Also, it accounts for more than 40% of the
world’s energy use and is attributable for 30% of
global greenhouse gas emissions [11, 12, 14]. In
Europe, the construction sector uses by far the greatest
amount of resources in the economy on a mass basis,
and consumes between 5% and 10% of total energy
only for the production of construction materials
[16-19].
(construction and demolition waste) is generated by the

Moreover, a large volume of CDW
construction industry each year, which in industrialised
countries can be up to 60% of the total amount of
solid waste generated by mass [20-24]. In Europe,
CDW accounts for 38% of Europe’s total solid waste
generated, excluding wastes from the mining and
quarrying activities [18, 21, 25, 26]. Also, the
construction industry in EU generates 40% of the
carbon dioxide CO, emissions and uses 50% of
all-natural resources. Furthermore, global
demographic and lifestyle changes, growth in the
world’s population and, in particular, its middle
classes, which will expand from two to five billion by
2030, are

construction industry while it is under increasing

increasing the existing demand in
pressure to minimize its environmental impact.

Sustainability could help the construction industry
to reduce its environmental footprint, and to avoid
rising costs, labour shortages, delays, and other
consequences of volatile commodity markets but that
is something that has been put somewhat on the
backburner for the time being due to disruption caused
by the Covid-19 crisis. As an industry, so often the
focus is on cost and designing to meet the minimum
standards rather than considering the longer-term
impact of the construction on the environment.
Modular construction would involve reshaping the
way projects are procured, designed, constructed,
operated and repurposed.
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3. Modular Construction

Since its introduction stateside, the process of
constructing structures off-site, then transporting and
assembling them in half the time compared to
traditional techniques, has undergone significant
technological innovations, including advances in
associated software, automation and building
information modeling. This blend of technological
prowess plus modularity is a key feature for enhancing
sustainability in construction.

Modular construction is more of a manufacturing
process than it is a typical construction. The modules
(frames, walls, ceilings, floors, etc.) are all produced
in a factory, or what we would call “off-site”.
Compared to a traditional construction site, where
hundreds of processes are happening at the same time,
this highly centralized process allows for closer
inspection and quality assurance. Flaws in material
quality are flagged directly at the source of
manufacturing and resolved before ever reaching the
site, ensuring the minimization of waste on site, the
strictest compliance to building codes and higher
safety standards once the construction phase has
begun. Moreover, because modular components are so
highly standardized and predictable, it is possible to
model and pre-optimize facilities in the virtual 3D
space with total detail and accuracy, simulating
everything from airflow and human movement to
asset performance and energy consumption.

The terms off-site construction, prefabrication, and
modular construction are used interchangeably and
cover a range of different approaches and modular
systems. These modular systems vary depending on
the complexity of the elements being brought together

as explained below.

4. Categories of Modular Systems

Panelized Systems (“2-Dimensional”): also
regarded as ‘“non-volumetric preassembly” these are
either classified as “open” or “closed”. The open

panels normally delivered to site purely as a structural

element with services, insulation, cladding and
internal finishes installed in situ while the closed
panels apart from the structural elements usually
include more factory-based fabrication such us lining
materials and insulation and may even include
external cladding, internal finishes, services, doors,
and windows [27, 28]. Using this panelized system’s
parts of the walls, ceiling or roof can be constructed in
a factory and rapidly assembled on site by an
experienced construction team to form the completed
building. These are components that can be flat
packed, that is grown up into a full-sized building.

Volumetric

Modular or System

(“3-Dimensional”):  involves  three-dimensional
modules that can be in isolation or in multiples to
form the structure of the building. These systems are
pre-engineered and pre-assembled units in the factory
which can be transported to site and fitted into an
existing building or incorporated into a traditional
construction project with limited amount of work on
site [29-32]. A 3D volumetric approach delivers the
potential for maximum efficiencies and time
savings—but the trade-offs include transportation
costs and size limitations. The time savings onsite
need to be substantial for volumetric systems to be
chosen over panelized. The most common volumetric
system is a bathroom pod. The bathroom pod contains
all the sanitary ware, electrical and plumbing fittings
and even the finished tiles. This entire unit can then be
transported to the construction site, installed and can
be made instantly ready for use. Additionally, this can
include “complete buildings” where the completed
useable space forms part of the completed building or
structure finished internally (lined) and externally
(clad). A 3D volumetric approach is most suitable for
projects with a high level of repeatability and a high
ratio of wet to dry rooms.

Hybrid System (2D + 3D). A hybrid system is a
combination of more than one discrete system or
approach and is normally a combination of both

volumetric and panelized systems. This approach
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combines the flexibility and logistic advantages of 2D
panels with the productivity benefits of 3D modules
[29, 31, 33, 34].
manufactured as bathroom pods, while the remainder

Typically, wet areas are
of the building is made from 2D panels. However, the
manufacturing process required to deliver both
solutions becomes more complex, as does
coordination of the supply chain.

Sub-assemblies (Component Systems 2D or 3D).
Any major part of a building made in a factory and
brought to the construction site can be classed as a
sub-assembly, which forms part of a component
system [29, 34-36]. These do not form the primary
structure of the building. Foundation systems and
cassette panels are typical examples. Sub-assemblies
can be as small as locks and handles for the doors, or
they can be larger components such as pre-assembled
roof trusses. Sub-assemblies are likely to be used in a
construction project that predominantly uses onsite
of the

components to be built in a factory that allows for

techniques but enables some trickier

more precision than the building site.
5. Benefits of Modular Construction
5.1 Schedule

The most important benefit of modular construction
is the ability to substantially reduce the time needed
for construction (Fig. 1). This diagram shows a

Site-Built Construction Timeline

Design and
Engineering

Site Prep and
Foundation Work

Site Prep and
Foundation Work

Design and
Engineering

Factory

side-by-side comparison of a timeline for a site-built
construction vs. a timeline for a modular construction.
The first two stages of construction are the same. The
first major difference in timeline comes when the
actual begins.  With  site-built
construction, all site preparation and foundation work

construction

must be completed before the actual house can be
built since the framing for the house must be built on
top of a finished foundation. Using modular
construction on the other hand, work on the factory
can take place at the same time as the foundation is
being prepared [37, 38].

Numerous projects have demonstrated that schedule
savings are the most easily documented and noticeable
savings that occurs because of modular construction.
Parallel scheduling for off-site and onsite construction
schedules saves 30% to 50% of project duration
compared to stick-built traditional construction processes
[39-41]. This is due to concurrent site and factory work,
as well as factory production being faster than on-site
framing, removing weather delays and subcontractor
sequence delays associated with on-site construction
[42-44]. This makes modular construction suitable for
owners who need buildings quickly, properties with
hard dates for occupancy such as the educational and
health sectors, and areas where seasonal weather restricts
or even halts construction [35, 45, 46]. Additionally,

this time saving can reduce significantly the final cost

\ Construction l

Modular Construction Timeline

Fig. 1 Timeline of site-built construction vs. modular construction.
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Table 1 Potential modular construction savings/cost (%).

Estimated
Pre-construction phase savings/Cost
(%)

Preferably, a modular-based design philosophy should be adopted from the start, ensuring that
various considerations—including those related to geometry and material strategies, transportation
logistics, and issues related to shared scope and coordination—are fully integrated into the process.
However, there is often an additional fee in the design due to a lack of experience in designing
modular projects. But as the industry gains more experience in such projects and adjusts to producing
Design repeatable designs that can be used and adapted multiple times, this cost will likely drop. The -3% to -4%
development of digital tools such as BIM (building information modeling) will also help in this
direction [58].
In modular construction design includes structural design, detailing, 3D modelling, service layouts,
soap drawing and is usually carried out by the modular supplier. So, the cost of design finally might
be reduced by 3%-4% compared to traditional design cost [55, 65, 74, 75].

Modular construction has already a proven track record of decreasing project timelines and

Site construction risk which in turn minimizes the cost of site overheads and financial carrying costs N o
. . - L S -5% to -8%
Overheads (such as insurance, weather related issues). In traditional construction site preliminaries may account
for 12% to 15% of overall cost while in modular construction it may be taken 7% to 8% [65, 75].
Construction Phase -8% to -10%

There are numerous factors which either increase or decrease the cost of materials for off-site
manufacturing compared with onsite.

Cost increase factors
*As manufacturing facilities become more automated greater precision in the tolerances of the quality
requirement for the materials needed which in turn can increase costs.
*Due to transportation from the manufacturing facilities on-site some duplication of key structural
elements such as beams and columns, is required in order to be structurally sound in situ whilst being
raised and lowered throughout the handling process (transportation and assembly). This can
substantially drive-up material costs depending on the material choice and level of design
optimization.
Materials * The need for “standardization” means that some economy in use of materials is sacrificed for -3% to -4%
production efficiency.

Cost decrease factors

* Optimizing procurement for a factory rather than for individual projects the contractor can save the
cost of material. Utilizing different methods, the cost can be decreased by about 20%.

* By direct procurement and cut out of intermediaries.

» Efficient ordering and optimized deliveries to reduce logistic cost.

* Economies of scale for the purchasing of all units going through a factory versus individual
projects.

» Manufacturing process has far lower wastage rates than a construction site.

Because of this it is difficult to be clear on whether material costs will be higher.

The construction industry is experiencing a clear shortage in skilled and semi-skilled labor. Fewer
younger workers are coming into the construction trades to replace those who are aging out. One of
the most disruptive aspects of modular construction is the reduced labor force required during the
construction phase as in a modular building, up to 80% of the traditional labor activity can be moved
off-site to the manufacturing facility. Modular, construction lays the framework to optimize a
shrinking labor force and maximize productivity. A modular construction company usually employs a
group of full-time employees in the manufacturing facility to address all required off-site construction
and manufacturing of the modules; a consistent workforce tends to make modular construction faster

Labor Force  and of higher quality than traditional construction methods.

(On- and In addition, as a modular construction approach requires more standardized, automated, and -15% to -25%

Off-Site controlled operating environment of a factory and a high level of coordination and collaboration
among project team members, it promotes a more integrated process that can in turn lead to
increased productivity [75]. Conversely, onsite assembly of modules requires a lower-skilled and
thus lower-cost labor force. Overall, it is expected transition to modular manufacturing to lower the
labor cost on a project by up to 15%. Saving can be even more significant up to 10%, when
high-value activities such as mechanical, electrical and plumbing (MEP) installation done off-site.
Nowadays, modular manufacturers are growing, and 25% of firms in the 2018 Associated General
Contractors (AGC) Workforce Survey [66, 67] reported adopting or increasing the use of methods
like off-site fabrication to deal with labor shortages.
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Modular construction possesses the characteristic of both construction and manufacturing and a new
tailored logistic process is necessitated for its future coherent operation. The modular components
leaving the factory can be either 2D panelized systems or 3D volumetric or modular systems. In the
case of 3D volumetric systems, the components are typically large and cumbersome requiring
specific transportation considerations that might cause delays, incur extra cost and add complexity to

Logistics

the construction process [60, 62, 63, 64]. Therefore, a well-coordinated transportation plan, via
specific routes at specific times, with adequate and specialized vehicles should be carried out in

+10%

advance [60, 61]. Additional caution should be taken when they are carried out across public roads
and urban areas [60]. Consequently, the contractors should take special care that the productivity
gains offset this cost, carefully weighing wage differentials between the manufacturing facility and
the product’s end destination, as well as the distance involved in delivery. The total cost of a modular
project can increase by up to 10% in locations with restrictive transport regulations [63, 65].

Quality assurance is one of the most vital aspects in almost every industry, and, when it comes to
construction, it is “the” most vital aspect. Higher quality can be attained with the use of modular
construction due to better manufacturing facilities in which the components are built, than on a

construction site which has a big impact on rework.

Rework refers to re-doing a process or activity that was incorrectly implemented. Rework is usually
pure waste and substantially affects the schedule, cost, and quality of construction projects [68, 69].
A significant proportion of rework is caused by errors made during the design process [70]. The

Rework

direct costs of rework on site are projected to be 2%-12% of the overall construction cost; therefore, -1% to -2%

rework should be managed effectively [71-73]. Modular construction due to stringent quality checks
at every stage and much more restrictions in the design and construction can reduce or eliminate
rework significantly improving construction schedules, potentially by up to several months and
ensuring project cost. Moreover, as the modules should have enough strength and load bearing
standards when transported by trucks, high quality materials which are durable, lightweight, and
resistant to weather are required. This elevated material quality and manufacturing process is

reflected in cost savings of 1% to 2% [75].

Modular construction is a relatively new concept and thus, the financing industry is just beginning to
explore the opportunity and make themselves aware of this new system. But as they are in the early
stages of their learning curve proposed lending schemes for projects utilizing modular construction
tend to be higher since it is different from the stick-built construction and not always fully

Financing

understood by the financing industry. However, this will change over time as a substantial track
record and scale are established and greater research and development (R&D) is undertaken. As it is

-2% to -5%

mentioned previously the most important benefit of modular construction is speed of construction
and since time equals money, the ability to accelerate projects can lower costs. Even though upfront
payment can be higher in modular construction, financing would be required for short time which in
turn would reduce the project’s financial cost by 2% to 5% [76, 77].

The initial capital investment for the construction of the manufacturing facility and the running

Factory Costs

expenses of the production facility should be considered against the above-mentioned savings.
Depending on the production facility the factory cost to be allocated can be between 5% and 10% of
overall cost on a modular construction project [65].

+5% to +10%

of the project [47]. However, it should be mentioned
that, when the number of stories in modular construction
increases, the time savings decrease considerably as
the project becomes more complex and subsequently
additional engineering and communication as well as
more work in the jobsite is required [48]. Nevertheless,
the completion time of modular construction is still
less than that of conventional ones even though the
project is a high-rise modular construction [38].

5.2 Construction Cost

Although the costs of modular construction are often
more predictable than with traditional construction

methods this does not mean it will automatically result
in savings in overall project cost. There are a series of
factors that could result in modular construction
savings as are referred in Table 1 [38, 49, 50]. Saving
in modular construction costs can come either from
the pre-construction (design and site preliminaries) or
the construction phase (sub-structure, materials, on-
and off-site labor, logistics) [42, 51-53]. Moreover, the
manufacturing process involved in off-site construction
eliminates the demand for subcontractors and the margins
that they incorporate in their quotations. Nonetheless,
the main trade-offs are among the savings in onsite
labor compared to possibly higher costs for materials
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and the increase in logistics costs. Modular construction
also tends to have higher upfront design costs against
lower costs for rework and redesign [54]. However,
apart from the construction costs, there are two more
aspects regarding the cost that are significant to
consider: the full life-cycle costs and the impact that
modular construction can have on them and the cost of
the factory investment itself and how this influences

the overall savings of modular construction.

6. Sustainability Benefits of Modular

Construction
The implementation of modular construction in the

Table 2 Sustainability benefits of modular construction.

built environment can have a substantial impact on
efforts to achieve the “three pillars of sustainability,
the so-called TBL (triple bottom line) that make up
the three pillars of the framework, environmental,
economic and social. These sustainability benefits of
modular construction have been reported in many
studies and are presented in Table 2. The benefits arise
from the more efficient manufacturing and
construction process [56, 57, 59], the improved
in-service performance of the completed building, and
the potential reuse at the end of the building’s primary
life due to the flexibility and durability of modular

construction.

Description References
Speed of construction. Several activities can be performed simultaneously; 5377]’ 74,75, 78,79, 85, 86,

Economy of scale in manufacture, especially in larger projects (dependent on the
production volume) or in repeated projects using the same modular specification;
Saving in design costs due to the client as most of the detailed design is carried out by

the modular supplier;

Reduced overheads in-site infrastructure and management of the construction process
(known as site preliminaries) due to speed of construction;
Compressed project schedules, leading to reduced site management costs for the main

[74, 75, 82, 83, 84]
[74, 75]

[73,75,78,79,81]

gzs:el%r::c contractor and early return on investment for the client; 32,75, 78,79, 81, 84, 85]
High levels of consistency and higher product quality achieved by the factory based
) ; . “ e [32,58,74,75,78,97]
construction process and predelivery checks, leading to reduced rework or “snagging” costs;
Costly delays due to severe weather conditions can be eliminated,; [79, 88]
Higher productivity in manufacture and less work on site, leading to reduction in labor [32, 58, 74, 75, 78, 89, 90,
costs and transportation per unit completed floor area; 97]
Savings in material use due to rationalization of material orders; [74, 78]
Savings in disposal costs due to the reduced amount of waste; [74, 78, 92]
Receiving volume discounts by ordering materials in bulk; [79]
Reduced site and neighborhood disturbance during construction, which is important in [75,78, 79]
urban areas where the adjacent buildings have to function without disruption; o
Reduced air & water pollution, dust & noise; [78, 94]
Better energy performance aqd decrease 1n.C02 emissions due to reduced [32,78., 79, 87, 89, 90, 94]
transportation of labor, materials and machinery on site;
Lightweight, less material use and less waste generation compared to site intensive [37,75,78,79, 80, 87, 95,
) construction; 96]
Env1rf<3nmenta1 Efficient land resource use. Foundation excavation is minimized and there are fewer [78, 79, 87]
Benefits potential wasteful site activities; o
Reduction in quantity of materials delivered on site with considerable economy of use
. . . . o [78, 79, 87]
in production than is achievable on site;
Potential for waste management; [79]
Modular buildings can be easily reused or relocated at reasonable cost; [75, 87, 93]

Wider use of recycled materials (like timber, steel, aluminum, etc.) and greater

opportunities for recycling in factory production;

[75, 78, 79, 80]
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Table 2 to be continued

Increase workforce health & safety;

Improved working conditions on site;

Reduced on-site risks by reducing elevated work and dangerous activities;

[78, 79, 86, 91]
[32, 78, 84, 86]
[32, 79, 84, 86]

Excellent acoustic, thermal insulation and fire safety due to double skin nature of the

construction, which means that each module is effectively isolated from its

Social
Benefits

neighbours;
Health comfort and well-being of the occupants;

Affordability;
Reduced community disturbance;
Aesthetic options and beauty of the building;

Influence of local social progress.

[75, 86]

[75, 86]
[86, 98]

[75, 78, 79, 86]
[86]

[86]

7. Conclusions

The construction sector needs more natural
resources and generates more waste than any other
industry in the world. These place the construction
sector in the spotlight as changes in the design,
construction, use and life cycle assessment of the
sector can result in major improvements in the overall
sustainability impact of the sector. Designing and
built with

sustainability in mind can bring long-term benefits not

constructing in  the environment
only in terms of reduced material use and related
environmental issues, but also in long-term economic
and social wellbeing.

The potential for using modular construction is
acknowledged by the construction sector. Technical,
economic, and organizational factors currently hinder
this potential from being utilized, rendering modular
construction largely untapped. Despite the several
initiatives to unlock modular construction, a lack of
quantitative information restricts the demonstration of
the real advantages to be gained. A key aspect that
must be addressed in promoting modular construction
is a change in the cultural mind-set towards this
method of construction, and the wider collaboration
actors involved in

between all the planning,

construction, maintenance, refurbishment of a
modular building. Research that can better highlight
the economic, environmental, social and technical
benefits of modular construction would enable

designers, contractors and real estate agents to get a

better understanding of how changes in their current
practices could be optimised through modular
construction. Education and training in the wider
skillset

combined with the right policy incentives and

associated with modular construction,

opportunities for market development would empower
their active participation in modular construction. This
would provide the right conditions for modular
construction to become a mainstream practice. In
addition, political strategies that foresee the provision
of incentives to boost modular construction, and the
promotion of legislation for their usage, will help to

realize the potential of this method as an alternative to

traditional construction.
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Abstract: Urban forests being part of the Natural Capital, they provide goods and services for humans, the ecosystem services that
are necessary for their survival. Over recent years, the importance of ecosystem services within urban landscapes has grown steadily.
Determining the amount and the value of the ecosystem services provided by the Urban Forest is the main goal of the “Digital Green
Cadastre” (DGC), a project in progress of survey, classification and mapping of the urban, agricultural and natural green assets. The
DGC records the types of green cover and soil characteristics and utilizes the calculation of the total leaf area for the quantitative
analysis of the botanical heritage, environmental performance and ecosystem benefits, such as water runoff management, air
pollutant removal and urban heat island reduction. The case study of Abbiategrasso—a small town in Italy—is reported.
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1. Introduction this may require non-urban land hundreds of times

. . larger than the area of the city itself [13, 14]. The
The Natural Capital is the entire stock of natural o . L
o ] ) ) ] cities ecological footprint is enormous and the extent
assets, living organisms, air, water, soil and geological . T . .
. . to which cities can sustain themselves in even a
resources, which provides goods and o ] o
. . Lo limited number of ecosystem functions is likely to
services—directly or indirectly—for humans and that . .
. . continue to decline over the next decade. The
are necessary for their survival. The flows of goods ] ] ] .
. ) ) evolution of this negative trend is accelerated by the
and services that the Natural Capital offers daily and ] o )
. _ growing problems deriving from climate change and by
from which humans benefit are indicated by the term i )
. ) the proliferation of land management models that are
ecosystem services [1]. In recent years, the importance . o ) B
: o putting sustainability at risk, entailing—among
of ecosystem services within urban landscapes has ) i
. o others—phenomena of soil consumption and
grown steadily [16]. The percentage of people living . o . .
. . . progressive  qualitative  decline, with  heavy
in cities has increased from about 10 to over 50% in ; . . .
environmental, economic and social repercussions

[10].
A new model of economic and social development

just a few decades [3] and urbanization will continue
to shape the future, as new population growth is

predicted to take place in urban areas. More than 60% . .
. L and a new land management model in the cities are
of the total population is expected to live in cities by . .
. . thus required. Urban forestry emerged in North
2030 [17]. Supporting the well-being of urban L . ;
) . i America in the 1960s as an innovative model for
populations requires a steady and growing flow of
. urban natural resource management [7]. Urban
natural resources imported from rural areas, as well as . .
forestry has since evolved to quantify the structure,
the natural areas needed to treat the waste generated . )
. . . . function and value of urban trees [8, 11], applying
by cities. Ecological footprint analysis documents that
forest ecology and ecosystem management concepts to

Corresponding author: Nicola Noe, PhD, agronomist, urban trees [15, 12]. Now it is common for large cities
adjunct professor of “botany and arboriculture”, research fields:
green spaces in urban environments, plant nutrition, small fruits,
tissue cultures and urban and sport lawns. selection criteria, estimate total urban canopy

to set general urban forestry plans to optimize tree
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coverage and provide long-term goals such as water
runoff management, increase in the value of rainwater
and urban heat island reduction [6, 12].

Ecosystems designed by urban forestry are one of
the most important ecosystem service providers for
the world’s population. However, they are largely left
out of decision making in urban area management,
due to the general lack of awareness of how the
ecosystem services associated with these systems can
be quantified. The failure to give a value to Urban
Forests—and related ecosystem services provided—is
largely due to ignorance of their value to human
well-being and to inadequate socioeconomic valuation
mechanisms. To support the choices of planning and
management of the territory, it is thus necessary to
look for indicators to measure the landscape,
naturalistic and environmental functions that plants
exert through their hypogeal and epigeal apparatuses.
Identification and collection of such indicators enables
us both to calculate the ecological benefits and to
compare different landscape, urban planning and
territorial solutions in terms of the value of the
ecosystem services provided [9].

Many products are available for the acquisition and
management of Urban Forests data, in particular
concerning the management of it. Conversely, there is
much less to the acquisition of data aimed at determining
the environmental performance of the Urban Forests.
To help complete this fundamental step in the process
of determining the value of the Urban Forests, from
2014 the “Digital Green Cadastre” platform (hereafter
“DGC”) is being studied, a project in progress of
survey, classification and mapping of the urban green
natural heritage

cover, agricultural and

(http://www.catastodelverde.it) (Fig. 1).
2. Material and Methods
2.1 The IT Structure of the DGC

The DGC platform for the management of urban
green information is based on two software pillars that

are appropriately put together:

(1) The Google Maps platform, which offers

extremely sophisticated geographic information
systems (GIS) management procedures—web services
in API

mode—and provides a photogrammetric detailed

(application  programming interface)
mapping of the entire Italian territory, as well as the
Street View overviews of almost all national roads,
usable in green survey and mapping.

(2) A spatial geographic database set up on the
MongoDB database, which

complex spatial queries and can guarantee the

allows particularly
management of a substantial information asset, always
in scalable web mode.

The DGC information set is divided into three
classes of objects:

(1) Administrative Zones': define a specific zoning
(municipal perimeter of green areas, cadastral parcels,
area and basin perimeters, zoning of regulatory
plans ...).

(2) Surfaces: include all the green surfaces or in any
case referable to the green management chapter
(woods, cultivated land, lawns, shrubbery,
uncultivated land, horizontal and vertical green
surfaces on buildings ...).

(3) Punctual objects: include all the botanical
entities and the elements related to the theme of green
management, which have a precise localization (trees,
shrubs, games, benches, poles, fountains ...).

The DGC is geometric in nature. Each registered
entity has its own spatial component related to the
alphanumeric information component. In addition to
absolute data on the specific botanical or dimensional

characteristics of the species, punctual objects and

! The “Administrative Zones” are space objects that in many
cases can be derived and not managed internally in the Land
Registry. The municipal boundaries, the cadastral parcels and
the zoning of the General Town Development Plan are
examples of Administrative Zones that may not be duplicated
within the DGC. Unlike the boundaries and the codes of the
green areas imposed by the offices for administrative and
accounting needs, they are zones that find in the Green
Cadastre the most suitable place for their memorization and
management.
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The Digital Green Cadastre

The Digital Green Cadastre (DGC) isapr Ject of survey, classification

and mapping of the urban, agrlcultural and naturai green heritage. i =/
The database of the DGC makes it*possible to query the thematic maps :

of the urban botanical;"agricultural and natural he"',.__'t',age and soils,

to measure their enwronme taI performance antl calculate

-

-
of ecosystem services, to mteract with other terrltoi‘ﬁ%raatabases

Fig. 1 The “Digital Green Cadastre” website (http://www.catastodelverde.it).

surfaces, the DGC also records historical data of
maintenance, diagnostic and phytosanitary interventions.
The three classes of objects are autonomous and
unrelated to each other—if not spatially—or with
respect to the absolute localization on the map.

2.1.1 Logical Structure of the “Administrative
Zones”

The “Administrative Zone” object represented in

113

JSON format, consists of an “ id” identifier, a job
parameter that identifies belonging to a cluster, an
area, a reference municipality, and a GeoJSON format
representation of an area object containing a series of
“properties”.

These properties are free in their number and in
their definition:

e If for example the administrative area is the
cadastral theme, the 3 properties that will indicate a
single particle within the “Codice Belfiore”? are:
“Foglio”, “Particella” and “Subalterno”.

% The Belfiore Code is the Italian National Code (also called:
cadastral administrative code or, improperly, Cadastral Code)
and is a unique identification code assigned to each Italian
Municipality and foreign state.

¢ Ifthe zone is a subdivision of areas for maintenance,
there will probably be at least one identifying field
with the code or the name of the zone.

e If the area is the organization by districts of the
municipality, there will be a field indicating the
number or name of the neighborhood.

The administrative zones can be more than one for
each project, and only serve to localize an area and
create clusters for territorial statistical operations (i.e.
how many plants per area, how much lawn for each
neighborhood, which species and quantity of plants by
species in a park).

Each single node of the network of servers that
make up the DGC can choose to encode these areas
and make them available to other nodes so that users
can use them for their selections.

Between Administrative Zone and Surfaces and/or
Punctual Objects
relationship that is not recorded and maintained

there is a dynamic spatial
between the properties of each individual object. The
rule according to which this plant belongs to this
flower bed arises from the topological relationship of

the precise object “plant” which is spatially contained
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in the object area “flower bed”, and not thanks to a
supposed field “zone” in the definition of the
parameters that define plant object.

2.1.2 Logical Structure of the “Surfaces”

The “Surface” object represented in JSON format

13

consists of an “ id” identifier, a job parameter that

identifies belonging to a context, an area, a reference
municipality, and a GeoJSON format representation of
an area object containing a series of “properties”:

* Genus and Species List (area general): The list of
botanical species is taken from any Trees & Shrubs
searchable database in REST web service mode, and
for which the specifications for free use are provided.

* Area Class List (classe _area): Full Soil, Green
Roof, Green Wall, Flowerpot, Waterproof Surface ...

* Area Type List (area type): Sand Mixture,
Asphalt, Playground, Self-locking paving, Bare soil,
Driveway lawn, Lawn, Group of trees, Group of
shrubs, Hedge, Ground Cover Plants ...

* Event Type List (type): Pruning, Damage,
Phytopathology/Pests, Tree measurements, Planting,
Tree Felling, Fertilization, Lawn cutting, Leaves
collection ...

2.1.3 Logical Structure of “Punctual Objects”

The object “Punctual Object” represented in JSON
format consists of an identifier “ _id”, a job parameter
that identifies belonging to a context, an area, a
reference municipality, and a representation in
GeoJSON format of a punctual object containing a
series of “properties”:

e Aggregation List Row,
Isolated ...

* Growth Habitus List (veg): Tree, Shrub ...

* Event Type List (type): Pruning, Damage,

(status):  Group,

Phytopathology/Pests, Tree measurements, Planting,
Tree Felling, Fertilization ...

One of the most relevant objectives of the DGC is
to determine the ecological and economic value of
ecosystem services provided by Urban Forests. Given
the complexity of acquiring precise data, the objective
of determining the value of the ecological benefits

provided by the plants does not necessarily need to be
pursued through the direct measurement of the
individual environmental performance, but can be
achieved through an estimate of the value of
ecosystem services, with an approach by categories
and models. In this sense, it is noticeable that some of
the most important ecosystem services provided by
plants are related to the extension of the leaf apparatus
[4, 5]: from the outflow of rainwater to the removal of
air pollutants, to the heat absorbed by evapotranspiration,
to the reduction of CO, and the production of O,
through the photosynthetic process [9].

The DGC quantifies selected ecosystem services
starting from a parameter such as the size of the
foliage—in its two-dimensional expression of the
projection—and then transforming it into economic
value as savings on the management.

The crown projection is a measure that is obtained
through  the
interpretation of the aerial photographs. The crown

with  acceptable  approximation
projection, expressed on the surface, multiplied by the
leaf area index (LAI) provides an estimate of the Leaf
Area for each plant or for groups of plants.

Nevertheless LAI is a complex index to calculate
because it depends on numerous factors, from species
to growth stage, from soil conditions to microclimate
conditions, from maintenance to phytosanitary status,
etc. Therefore for the specific purposes a mean LAI
has been adopted for each type of plant cover, lawn,
shrub and tree, also determining sub-categories to
consider the intermediate conditions (Table 1). The
DGC uses the average LAI expected for typology of
green cover which ranges from 0 of the bare ground to
18 of some conifers. Being a relationship between two
surfaces, LAI represents a pure numerical parameter;
it is therefore dimensionless, being measured in m*/m®.
LALI therefore represents the amount of leaf material in
an ecosystem and is geometrically defined as the total
one-sided area of photosynthetic tissue per unit
ground surface area [2].

Total leaf area (m”) = Crown projection (m?) x LAI
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Table 1 LAI applied in the DGC for typology of plant cover.

LAI  Typology of plant cover

0 Bare ground
0.2 Almost bare ground

0.5 Very degraded lawn, armed lawn with self-locking devices

0.8 Slightly degraded lawn

1.0 Lawn in fairly vegetative state, extensive meadows and natural areas (cuttings < 3)

1.2 Non-irrigated lawn in fairly vegetative state (cuttings 3-6)

1.5 Irrigated lawn in good vegetative state (cuttings 6-10)
2.0 Valuable irrigation lawn and sports turf (cuttings > 10)
2.8 Carpeting shrubs (plant density > 10 p/m?)

3.0 Small shrubs (plant density 3-10 p/m?)

32 Medium-sized shrubs (plant density 1-3 p/m?)

35 Large bushes (plant density < 1 p/m?)

4-6 Isolated broad-leaved deciduous trees: small-size trees, columnar trees or trees maintained with short pruning

5 Broad-leaved deciduous wood

6-7 Isolated broad-leaved deciduous trees: medium-size trees, large columnar trees or large trees maintained with short pruning

7-8 Isolated medium-size broad-leaved evergreen trees

7 Deciduous needle-leaved wood
8 Isolated large broad-leaved deciduous trees
9 Evergreen needle-leaved wood
10 Isolated evergreen broad-leaved large trees

12-14 Isolated evergreen needle -leaved large trees

A further refinement of the data can be obtained by
introducing an index of vigour that takes into account
the state of health of the crown. The Index of Plant
Vigour (IPV) ranges from 0 of the almost dead tree to
1 of the healthy plant. Therefore, given the same
species and crown projection, a different total leaf
area may correspond.

Total leaf area (m”) = Crown projection (m”) x LAI
(from DB) x [PV

The amount of the tree leaf area has been used:

* to estimate the volume of meteoric water
intercepted by the canopy before reaching the ground,;
this value provides the basis for all the outflow
calculations and, ultimately, savings for adaptation
and maintenance of the sewage system;

e for the evaluation—through  simulation
models—of the amount of energy in kWh implied by
the presence of vegetation;

* to calculate the interception surface of pollutants,
providing the basis for estimating to removal of

pollutants present in the atmosphere or dissolved in

meteoric waters;

* to calculate the quantity of photosynthesizing
tissue, providing the basis for estimating the reduced
CO; quantity in the photosynthesis process.

In the present survey, the ecosystem services
provided by plants have been estimated with reference
to USDA i-Tree™

(https://www.itreetools.org/)’ and expressed in terms

Forest Service’s
of savings in the management cost for rainwater
interception, microclimate mitigation, air pollutants

removal and CO, reduction.
2.2 Data-Entry in Abbiategrasso (Milan, Italy)

The DGC was applied for the first time in 2014 in
the municipality of Abbiategrasso, where the

following updates of the project were tested (Fig. 2).

3 USDA Forest Service’s i-Tree™ (https://www.itreetools.org/)
is a set of free tools built on science that quantifies the benefits
and values of trees around the world, aids in tree and forest
management and advocacy, shows potential risks to tree and
forest health and is based on peer-reviewed, USDA Forest
Service Research in the public domain.
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Fig. 2

Abbiategrasso municipality boundaries on the left (dark green: naturalistic, yellow: iclua, ple e: urban

and gardens) and Abbiategrasso City boundaries on the right; from the “Digital Green Cadastre” website

(http://www.catastodelverde.it) and Google Maps.

2.2.1 Administrative Data

* Area Code (given automatically by the software).

* Green Space Category (Gardens, Parks, Lawns,
Road Green, Extensive Green, Residential Green,
Playgrounds, Dogs Area, Sports Area, Parking Area,
Vegetable Gardens, Cemetery Green, Green Roofs,
Green Walls, Uncultivated Areas, Woodland, Shrubs
and Shrubland, Orchards, Vineyards, Wood Arboretum,
Waterway Banks, Arable Land, and others).

e Ownership (Public/Private).

* Management (Public/Private/Private for public
use).

* Maintenance (Enter name of the Company).

2.2.2 Area Data

* Area Surface.

¢ Soil characteristics (Full Soil, Green Roof, Green
Wall, Flowerpot, Waterproof Surface).

* Types of surface cover (Mineral/Vegetal).

* Types of mineral material (Asphalt, Decomposed

Granite, Self-binding Limestone, Self-binding Gravel,

Sand Mixture, Playground, Self-locking Paving).

* Types of vegetation cover (Trees in row, Trees in
group, Woodland i.e. Trees in group surface > 2,000
m?, Shrubs in group, Hedge, Ground Cover plants,
Lawns, Bare ground).

* Lawns: non-irrigated extensive lawn (No. of cuts
< 3,

ornamental lawn (6-10 cuts), fine irrigated ornamental

non-irrigated lawn (3-6 cuts), irrigated
lawn (No. of cuts > 10), irrigated sports turf (No. of
cuts > 10), non-irrigated sports turf (No. of cuts > 10).

* Ground Cover Plants: planting layout < 10
plants/m”, > 10 plants/m’.

* Shrubs in group: planting layout < 1 plant/m?, >
1 plant/m’.

* Trees in group: planting layout 1-3 plants/100 m?,
3-10 plants/100 m”, > 10 plants/100 m”.

* Vegetation cover height (m).

* Ground cover vegetation genus and species or
type (pre-digit enter from any Shrub & Trees
database).
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* Events/Notes: date and operation (Pruning,
Damages, Phytopathology-Pest, Plant height, Planting,
Plant removal, Fertilization, Lawn cutting, Leaf
collection, and others).

2.2.3 Punctual Data (Tree/Shrub)

* Object number (given automatically by the SW).

* Status (Group/Row/Isolated).

* Habitus (Tree/Shrub/Other).

* Genus and Species (pre-digit enter from any
Shrub & Trees DB).

* Height (m).

¢ Trunk diameter (cm).

* Crown diameter (m).

* Events/Notes: date and operation (Planting,
Fertilization, Lawn cutting, Leaf collection, Pruning,
VTA

Class, Plant height, Trunk diameter, Crown diameter,

Suckering, Damages, Phytopathology/Pest,

Tree removal, and others).

3. Results and Discussions

The city of Abbiategrasso was used as a test area of
the DGC.
The polygons of the public green areas in charge of

the public administration and related characteristics
AMAGA - COMUNE DI ABBIATEGRASSO i

Plan  satellite  Catasto

il
r

Fig.3 Abbiategrasso (Milan, Italy) (http://www.urbanplan.it/amaga/#).

have been inserted into the platform, followed by the
areal elements (lawns, trees and shrubs in groups) and
punctual elements (isolated trees and shrubs) (Fig. 3).
The Green Balance Sheet of the public urban forest
of Abbiategrasso in charge of the Municipal
Administration (http://www.urbanplan.it/amaga/#) can
be generated in real-time by clicking “STAT.” on and
then “SCHEDE BILANCIO DEL VERDE”. The
results of the data uploaded to the platform up to

March 2021 are reported and analyzed (Fig. 4).

General Data (Census data)

Population 32,537
Abbiategrasso total surface (mz) 47,805,402
Built surface (m?) 1,758,966
Road surface (m?) 1,632,990
Surface with vegetation (mz) 44,413,446
Composition of green surface

Agricultural (m?) 26,240,819
Naturalistic (mz) 7,554,037
Urban* (m?) 1,524,000
Urban Green Surface per inhabitant

() 46.76

* estimated

Y
T

_"



Urban Forest Digital Cadastre 337

AMAGA - COMUNE DI ABBIATEGRASSO (7,

Fig. 4 Urban green areas under investigation.

4. Urban Green Data (from DGC)

of the
administration and object of the present survey are
shown in Fig. 4. They have a total surface of 723,972

m® and 552,911 m’ are classified “lawns” as far as

The Urban Green areas in charge

management is concerned with 67.2% in the class of
“Extensive lawns”, low maintenance lawns requiring
less than 3 cuts per year (Table 2).

Within these areas 6,535 isolated trees are counted
in total. Trees belonging to the following 15 genus
represent 90.52% of the population as follows: Tilia
19.35%, Acer 9.87%, Populus 9.04%, Prunus 7.85%,
Platanus 7.38%, Aesculus 7.12%, Celtis 5.97%,
Cedrus 4.20%, Quercus 4.01%, Pinus 3.69%, Fraxinus
3.62%, Ailanthus 2.46%, Robinia 2.06%, Lagerstroemia

Satellite Catasto

Dati mappa 2019 Google Segnala un errore nella mapp:

1.95%, Liquidambar 1.95%. The remaining 9.48% is
divided into the following genus: Betula, Fagus,
Carpinus, Ulmus, Picea, Magnolia, Sophora, Abies,
Albizia, Cupressus, Chamaecyparis, Morus, Taxus,
Acacia, Araucaria, Eriobotrya, Hibiscus, Ilex, Juglans,
Laurus, Ligustrum, Liriodendron, Olea and Punica.

The great proportion of trees and shrubs are
broad-leaved deciduous, respectively 88.0% and
78.0%. The difference is a higher proportion of
broad-leaved evergreen shrubs (12%) in comparison
to broad-leaved evergreen trees (2%) (Table 3). The
preponderant size class (Fig. 5) of tree population is
the 2nd (63%) and with respect to tree species origin
(Fig. 6) 52% of the trees are from naturalized species.
The actual class diameter and height are in Tables 4
and 5.
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Table2 Lawns. Tree size
1 0,
Extensive lawn (No. of cuts < 3) 67.2% i e R
Extensive lawn (No. of cuts 3-6) 29.4%
Ornamental lawn (No. of cuts 6-10) 3.2%
Fine ornamental lawn (No. of cuts >10) 0.1%

Sports turf (No. of cuts > 10) 0.1%

Table 3 Trees and shrubs.

Trees Shrubs
Deciduous broad-leaved 88.0% 78.0%
Evergreen broad-leaved 2.0% 12.0%
Deciduous conifers 1.0% 1.0%
Evergreen conifers 9.0% 9.0%

Table 4 Tree trunk circumference.

<50 cm 9.31%
50-100 cm 86.51%
100-200 cm 3.22%
200-300 cm 0.76%
>300 cm 0.16%

Table 5 Tree height.

<6m 83.06% Fig. 5 Dimensional class (expected growth: I = very large
6-12 m 12.19% tree species, IV = small tree species).

12-20 m 4.59%

20-30 m 0.12% Tree (s ] rigin

>30m 0.03%

H Ngtive B MNon-native Maturalised
Table 6 Total leaf area.

2

Plant cover (canopy) m %
Lawns 540,064 35.17
Isolated trees 842,544 54.87
Trees in row 93,496 6.09
Trees in group 37,445 2.44
Woods 16,865 1.10
Isolated shrubs 354 0.02
Shrubs in group 520 0.03
Hedges 3,894 0.25
Ground covering shrubs 293 0.02
Bare ground 164 0.01 529%
Total 1,535,639

The DGC calculates the total leaf area using the
surfaces of the lawn areas and the projection of the
foliage of trees and shrubs multiplied by the LAI
according to Table 1. The estimated total leaf area is
1,535,639 m’® (Table 6). Trees contribute for about
58% of the total leaf area (Fig. 7). Fig. 6 Tree species origin.
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Table 7 Total leaf area.

Ecosystem services per year Savings per year

Stormwater interception, runoff management

Air pollutants removal

Micro-climate mitigation, heath absorbed by evapotranspiration
CO, fixed

Total

85,422 m’®
15,074 kg
18,424,274 kWh
5,024,802 kg

€203,303.49
€149,538.11
€2,026.670.14
€33,314.44
€2,412,826.17

Leaf area surface

M Lawns ®Shrubs Trees

58%

Fig. 7 Leaf area surface.

In Table 7 some of the benefits related to the total
leaf area of herbaceous, shrub and tree plants area
reported. The DGC estimation is as follows: 85,422
m’/year of stormwater interception, 15,074 kg/year of
18,424,274 kWh/year of
equivalent heath absorbed by evapotranspiration and
5,024,802 kg/year of CO, reduced. The environmental
effects are economically evaluated in terms of yearly

air pollutants removal,

savings on city management as follows: runoff
management €203,303.49, air pollutants removal
€149,538.11, micro-climate mitigation €2,026,670.14
and CO, removal €33,314.44.

5. Conclusions

The DGC is a project of survey, classification and

mapping of the public and private urban, agricultural
and natural urban forest, which introduces some
important elements of originality and innovation.

The DGC has moved from a quantitative analytical
criterion to a systematic performance model that has
taken as a first reference the ecosystem control of
green facilities, overcoming the
computational/taxonomic criterion in favour of the
formation of final balances and the monitoring of
evolutionary dynamics of the urban forest.

The DGC was therefore shown:

* to be an easy application tool for the acquisition
of botanical data and able to use the most up-to-date
survey and data processing technologies;

* to recover the censuses performed with
traditional methodology and the measurement of the
urban forest;

¢ to deal with other territorial databases;

* to produce a quantitative balance of public and
private urban forest, standardized at national level, in
response to the increasingly pressing demands of
environmental quality, in particular urban;

* to calculate the quantity and economic value of
the ecosystem services provided by the urban forest;

* to support the choice of development models that
recognize the environmental and economic value of
the urban forest and the soil, through the estimate of
the asset value of the urban forest;

* to keep alive the botanical data collected daily in
the area.

The novelty of the DGC approach does not lie in
the IT management and the sharing and publication on
the web of data—which is based on procedures

already widely tested and successfully applied in other
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contexts—but in identifying the performance
parameters and the classification model able to
constitute a reference standard for the municipal urban
green balance [9].

The DGC project identifies in the measurement of
the total leaf area one of the main parameters for the
quantitative analysis of the botanical heritage,
environmental performance and ecosystem benefits.
Using the Leaf Area as the parameter for the
measurement of the botanical heritage and of the
ecosystem benefits makes it possible, for example, to
estimate with acceptable approximation the quantity
of urban greenery. This parameter can be used for a
single plant, but also for larger surfaces covered by
vegetation, in order to measure radically different
situations in terms of ecosystem services provided.

The Abbiategrasso Urban Forest data uploaded on
the DGC have been used to produce on-time the
Green Balance. The Green Balance is crucial for
evaluating not only the amount but—most of all—the
environmental performances of the urban forest. A
very interesting consideration is that, with an annual
cost of maintenance of the public botanical heritage of
around €800,000.00, including leaves collection, the
botanical heritage generates a multiplicity of
ecosystem benefits that should be equally monetized.
On the basis of bibliographic data deriving from
studies that are multiplying in many cities of the world,
the DGC calculates the value of four ecosystem
benefits linked to the total leaf area in terms of saving
on the management of rainwater, reduction of air
pollutants, energy consumption for air conditioning of
buildings and CO, removal, which amounts to about
€2,400,000.00 per year.

The format of the Green Balance can be tailored to
the requirements of the administration or other

stakeholders.
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