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Abstract

Purpose Climate change, environmental concerns, and economic problems pose challenges to the construction sector in Iran,
which must provide affordable solutions while addressing environmental issues. Hence, natural earthen building materials
are critically needed to reduce energy-intensive and costly construction practices dramatically. The purpose of this paper is
to provide a framework for comparing life cycle assessments (LCA) and life cycle costs (LCC), for load-bearing walls of an
single-family affordable housing unit in a desert part of Iran, Ardakan City.

Methods To do so, both LCA and LCC for the unit were performed, considering a cradle-to-site perspective. For this pur-
pose, 22 load bearing wall systems are assessed, including 18 stabilized and unstabilized earthen construction techniques,
such as adobe, rammed earth (RE), and compressed earth block (CEB), in addition to four conventional wall assemblies of
fired brick (FB), autoclaved aerated concrete block (AAC), ceramic block (CB), and concrete masonry unit (CMU). As well
as assessing the environmental impact and life cycle costs associated with the life cycle of each wall, the optimal assembly
of the wall is also examined.

Results Results show that unstabilized earthen walling alternatives have significantly lower environmental impacts than
conventional materials.

Conclusions Sensitivity analysis indicates that by utilizing local materials to the maximum extent possible, impacts
can be further minimized. Considering the results, transportation may even account for a greater proportion of EI than
wall components.

Keywords LCA - LCC - Cradle-to-site - Wall - Earth-based construction - Conventional construction thechniques

Abbreviations CB Ceramic block (hollow clay tile)
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GP. S Gypsum plaster 4+ sand aggregate
GWP Global warming potential

LB Load bearing

LCA Life cycle assessment

LCC Life cycle cost

LCIA Life cycle impact assessment

LCI Life cycle inventory

NaOH  Sodium hydroxide

NBRI National buildings regulations of Iran
RE Rammed earth

SA Stabilized adobe

SB Soil block

SCEB Stabilized compressed earth block
SRE Stabilized rammed earth

SS Sodium silicate

UA Unstabilized adobe

USCEB Unstabilized compressed earth block
URE Unstabilized rammed earth

ICE Inventory of carbon and energy

1 Introduction

Housing, as one of the basic needs of everyone, presents a
particularly challenging situation in emerging economies.
The UN reports that worldwide, the population may reach
9.6 billion by 2050, which will naturally increase housing
demand. In this context, the building sector contributes
39% of CO, emissions related to energy, leading to global
warming (Nejat et al. 2015). Therefore, urbanization and
construction exacerbate the pressure on the environment,
by consuming finite resources, releasing greenhouse gases
(GHG), generating energy, and generating waste (Pomponi
et al. 2017). In recent years, Iran’s population has grown
rapidly, particularly in urban areas. In light of this, Iran’s
government faces a considerable challenge in providing
low-cost housing units for a large population. Observing
the massive growth of new constructions in economies in
transition, some researchers have shown that if nothing is
done, greenhouse gas emissions from buildings will be more
than double over the next few decades (Nematchoua et al.
2020), and on the other hand, Iran ranks first in the Middle
East among the seven most carbon-emitting countries in the
world (GCP 2021). Due to the fact that Iran is following
the global trend of increasing residential demand, there is
an urgent need for affordable and low-carbon strategies to
be integrated into new housing construction (MOE 2022;
MRUD 2022).

Meanwhile, Iran regulations have been developed focus-
ing on operational energy reduction while ignoring the
embodied carbon emission, which means due to increased
energy efficiency policies, buildings are expected to
become more efficient during their operation stage, thereby
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increasing embodied carbon (Pomponi et al. 2017). In order
to address this issue of carbon intensity in the embodied
stage, it is important to select materials and construction sys-
tems that have the least impact on the environment. (Cabeza
et al. 2014). Generally, Iran’s residential built environment
exhibits two main types of construction: contemporary and
traditional. In the former, construction and building tech-
nologies follow conventional construction trends; which uses
highly processed, industrially produced materials (e.g., con-
crete, aluminum, steel, glass), resulting in natural resource
depletion (Bribidn et al. 2011; Fernandes et al. 2014). How-
ever, in the latter, earthen building techniques and earth-
based materials are used, as Iran has a rich history in earthen
architecture. Earthen materials have been shown to have sig-
nificant environmental benefits, although few studies have
examined the impacts of earthen construction techniques on
the environment within the country.

Recently, interest has increased in using natural building
materials, especially earthen building materials, which are
minimally processed and naturally low carbon (Morel et al.
2001). Compared to other building materials, bio-based and
earthen materials exhibit (a) thermal inertia and compression
strength; (b) greater resistance to insects, fungus, and rodents
than cellulose materials; (c) potential abundance at and near
the construction site; (d) diverse building forms and construc-
tion techniques, including sculptural monolithic assemblies
and modular components (Racusin and McArleton 2012).
There is substantial evidence that earthen materials can sig-
nificantly reduce the impact of buildings on the environment
(Arrigoni et al. 2017; Christoforou et al. 2016; Fernandes
et al. 2014; Melia et al. 2014; Reddy 2009; Reddy et al. 2010;
Reddy and Jagadish 2003; Sanz-Calcedo et al. 2012; Serrano
et al. 2013; Shukla et al. 2009).

A quantitative comparison of several materials by
Fernandes et al. (2014), Bribian et al. (2011), and Melia et al.
(2014) indicated that vernacular and natural materials have
lower carbon dioxide emissions and embodied energy than
conventional materials. In addition, these studies emphasized
the importance of using locally sourced and low-processed
materials to reduce environmental impacts. Existing earthen
construction LCA studies now include environmental impact
assessments of construction techniques such as rammed earth
(Fernandes et al. 2019; Morel et al. 2001; Serrano et al. 2013),
cob (Estrada 2014; Kutarna et al. 2013), adobe bricks (Binici
et al. 2005; Christoforou et al. 2016; Shukla et al. 2009), earth
plasters (Melia et al. 2014; Morel et al. 2001), compressed
earth blocks (Fernandes et al. 2019), and earthbags (Cataldo-
Born et al. 2016). As well as environmental advantages,
Morel et al. (2001) and Ramesh (2012) concluded that
socioeconomic benefits can be derived from local materials,
including a reduction in construction costs and the building of
local economies by paying local costs for materials and labor.
Typically, stakeholders and developers justify their decisions
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based on the cost of a project. In the case of sustainability,
costs have always been seen as a significant barrier, since
environmentally friendly materials are believed to increase
costs by 30% (Ross et al. 2007). Therefore, cost—benefit
analyses are helpful for demonstrating the environmental
advantages of different environmentally friendly wall
configurations, thus encouraging more people to use them.
The literature reviewed generally compares alternative EWs
based on their EI (Ioannidou et al. 2014; Monteiro and
Freire 2012). This paper aims to fill the gap in the scientific
literature regarding the environmental impact of earth-
based construction methods compared to conventional wall
configurations in Iran. It focuses on a fundamental component
of the structure: the load bearing (LB) walls.

Thus, this paper presents a simplified LCA and LCC
for an single-family low-cost house comparing four con-
ventional and 18 earth-based LB wall solutions aimed at
identifying environmentally preferable solutions. Based on
this, the life cycle analysis of a single building was exam-
ined from a construction-focused viewpoint, encompassing
stages A1-A4. Cradle-to-site analysis is applied to several
walling methods, considering all processes, from the raw
material extraction through the production phase and the
transportation of the end product to the site. With a func-
tional unit of 1 m? of a wall assembly, this study can be
used to compare and analyze the system in the future while
accounting for operational considerations. In addition, rank-
ing of comparing solutions and presenting acceptable alter-
natives will be presented. Using the results, this study will
facilitate the future promulgation of regulations allowing
architects and engineers to select adequate and sustainable
wall systems.

2 Materials and methods

This research methodology is composed of three main sec-
tions; the first is the description of an affordable housing
unit as a case study. The structure of the case building is
supported by load-bearing walls, which are analyzed in
this paper, as presented in Table 1. Then, data collection
and life cycle inventory for alternative walling methods are
considered, where a selection criteria (will be described in
Sect. 2.2) is used to identify all wall configurations. Thirdly,
a simplified LCA and a life cycle cost analysis (LCC) are
being investigated. Using equal weights for each of the two
categories, a scoring system is developed, and LB walls are
ranked based on their final score.

2.1 Description of the case study

The geographical area of the present study is Ardakan
County (32°18'36" N, 54°01'03"” E), one of the largest

counties in Yazd Province, located in the middle of the
central desert of Iran. A case study is derived from thesis
research done by the first author, which was undertaken
to propose a model of an affordable housing for Afghan
refugees in Yazd, Ardakan as one of the most significant
transitional settlements in Iran.' The main objective of the
thesis was to investigate a passively and affordably designed
housing unit (ground floor area of 96.75 m? and wall height
of 3 m), with an earthen structure (adobe). This research
suggested a common housing type for refugee families, as
the extended family type is still going on among them and
proposed a solution to help the Iranian government put the
displaced community on the road to permanent housing.

2.2 Data collection for wall alternatives

Economic feasibility and environmental impacts are the pri-
mary criteria and alternative construction methods. Thus, it is
essential to use and develop low-cost and low-carbon solutions
to address these challenges. In order to carry out a comparative
assessment, the calculations were performed for conventional
and earth-based walling systems, so 22 LB wall systems were
selected; four of them are conventionally used in Iranian low-
cost housing, while the other 18 walls are classified into preva-
lent earthen construction systems: adobe, rammed earth, and
compressed earth block. Each of the LB wall systems included
in this LCA and LCC was analyzed according to the constituent
materials, as detailed in the following subsections.

2.2.1 Conventional construction techniques

As a primary concern with affordable housing, costs must
be kept to a minimum. Over the last decades, the govern-
ment of Iran has tried to deal with low-cost housing by
implementing some housing development patterns such as
“supportive” housing, “rental” housing, “social” housing,
and “Mehr” housing (Sobhiyah and Radaiee 2015). These
examples of low-cost housing in Iran are mainly constructed
with fired brick (FB, 10x20x 5 cm?), ceramic hollow block
(CB, 20%x20x10 cm3), autoclaved aerated concrete (AAC,
20x60x20 cm3) block, and concrete masonry block (CMU,
hollow-celled, 20 x20x 10 cm3), which are considered in the
present research as conventional construction techniques.
The wall configurations used for this method were devel-
oped based on the NBRI,? where construction operations

! It is important to highlight that only the schematic design of the
case study has been derived from the first author’s thesis, not the
detailed designed prototypes.

2 NBRI consists of 22 issues covering all the legal, technical, and
executive regulations from design to construction. All new buildings
in Iran must be aligned with NBRI issues.
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Table 1 Based case affordable

Description

housing unit description

Load Bearing walls (External & Internal)

should be designed, implemented, and supervised in accord-
ance with this technical, executive, and legal guideline
(NBRI 1390). The 9th issue® of NBRI has established the
minimum thickness for of the load-bearing (LB) walls of
buildings as 0.2 m (NBRI 1392).

A building wall is not only a single-component load-
bearing wall, but it also commonly consists of many layers
in order to meet comfort standards. Thus, a wall configura-
tion, regardless of its primary structure, has exterior and
interior plaster layers depending on whether it is internal
or external. For the interior face of conventional walls,
interior plaster is gypsum plaster (GP) of 1 cm thickness
and a 0.2-cm final finishing layer (GP. F), which is in direct
contact with the habitable space. The indoor substrate is 2
cm of a combination of gypsum and sand (GP. S), plastered
before the finishing layer. This mortar is cheaper, because
of the lower price of sand. FB, AAC, CB, and CMU as
the structure are covered with three cement-based layers
in the outdoor surface. The external walls are composed
of cement mortar (CM) as the outdoor substrate with a
general ratio of 1:3 (cement:sand mix) and a thickness
of 1.5 cm followed by a 1-cm cement plaster (CP) (1:1:6
cement:lime:sand mix), which helps provide a smooth
surface for the finishing layer. Outdoor finishing is 0.3
cm of cement plaster (CP. F) with a ratio of 1:1/2:4 1/2
(cement:lime:sand mix). The configuration of the conven-
tional walls is shown in Table 2.

2.2.2 Earth-based construction techniques

In Ardakan, with desert climate — cold winters and hot-
dry summers — selecting walling construction techniques
require not only consideration of the cost to meet the low-

cost criterion, but also common local construction methods
that are environmentally efficient. Backing on the historical

3 Design and construction of buildings with reinforced concrete.
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architecture of the desert part of Iran, Ardakan highlights
the potential of earthen architecture to be used for con-
structing affordable residential buildings (Dormohamadi
and Farahza 2013). Earthen materials are abundant and
locally available materials that are used without requir-
ing extensive skills or tools and are primarily associated
with low cost, rapid pace, and low environmental impacts
(Racusin and McArleton 2012).

The present study investigates the most common earthen
construction techniques, namely adobe, rammed earth, and
compressed earth block, which are divided usually into two
types: stabilized and unstabilized materials. Due to the lack
of a local database in Iran, data on embodied carbon coef-
ficients (EC) were obtained from the inventory of carbon
and energy (ICE). However, there is limited data for earthen
materials, and in the absence of required data, information
is derived from the literature review. Table 3 shows eight
papers selected among the literature reviewed — including
references mentioned in Table 3 and Ben-Alon et al. (2021);
Narayanaswamy et al. (2020); Mateus et al. (2020); Oti and
Kinuthia (2012); Dabaieh et al. (2020) — based on the goal
and scope of the paper in assessing embodied carbon and sys-
tem boundary; thus, all selected papers have studied carbon
dioxide equivalent (CO,eq) emissions during the embodied
stage with a system boundary from cradle to site (A1-A4),
which is the same as this study. The functional unit was con-
verted to that of the present paper if needed.

Earth construction techniques have two main limitations:
If the earth used to manufacture them is not suitable, their
compressive strength will not be sufficient to meet structural
requirements (Ouedraogo et al. 2020), and regardless of the
type of earth used in their manufacture, these materials have
some durability issues: They degrade under certain atmos-
pheric conditions, particularly when they come into contact
with water (Laborel-Préneron et al. 2017).

Both limitations can be minimized by using stabiliz-
ing methods that enhance their strength and durabil-
ity by improving their physical-mechanical properties
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Table 2 Configuration of the Wall type Fired Brick AAC CB CMU
conventional wall alternatives. / Thickness / cm 1 2 3 4
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substrate ; |
CLP 15
Outdoor CPF 03

(Dormohamadi and Rahimnia 2020). Many studies have
been conducted regarding earthen materials focusing on
both chemical and physical stabilizations (Guillaud et al.
1995; Rigassi 1985; Toure et al. 2017), and different addi-
tives have been used in the stabilization of earthen mate-
rials: from natural substances like straw (Aranda-Jiménez
and Sudrez-Dominguez 2014) to industrial byproducts and
geopolymers (Narayanaswamy et al. 2020). Despite this,
Portland cement has always been the most widely used sta-
bilizer (Elahi et al. 2020; Houben and Guillaud 2008). Lime
(both aerial and hydraulic) is also commonly used in stabi-
lizing earthen materials (Malkanthi et al. 2020), which has
a much lower environmental impact than Portland cement
(Cabrera et al. 2020).

The environmental impacts of cement manufacture, par-
ticularly carbon dioxide emissions, have led researchers
to explore alternative binders for concrete and stabilized
earth materials in recent years. One alternative approach is
alkali-activated (A-A) binders, also known as geopolymers*
(Narayanaswamy et al. 2020). Alkali-activated materials
offer the opportunity to reduce carbon dioxide emissions
during manufacture, in comparison to cement and lime
(Narayanaswamy et al. 2020).

Stabilized earth construction, including compressed
earth masonry units and rammed earth walls, has become
well-established as a contemporary building material in
many countries (Narayanaswamy et al. 2020). Thus, to

4 Alkali-activated materials are produced by a reaction of alumino-
silicates under alkaline conditions (Provis 2018).

present a comprehensive life cycle assessment, this study
will consider both unstabilized and stabilized earthen
materials. In this paper, a variety of stabilizers are consid-
ered, including straw, cement, and lime, as well as alkali-
activators, such as fly ash® (FA), ground granulated blast
slag(’ (GGBS), sodium silicate (SS), sodium hydroxide
(NaOH), and calcium hydroxide (CH). The following sub-
sections include an overview of the earth-based walling
methods considered in this work: adobe, rammed earth,
and compressed earth block. Table 4 illustrates the physi-
cal characteristics of the walls.

Adobe wall Unfired clay bricks or adobes were typically
used as load-bearing materials in masonry structures.
They are usually produced by mixing clay/silt-rich soil,
stabilizers like organic fibers (e.g., straw or animal hair)
to primarily improve the mechanical properties, and water
to a plastic consistency. This study applies the figure of
CO,eq for stabilized adobe brick (SA) using wheat straw
as fiber additive taken from Christoforou et al. (2016). The
soil to straw volumetric reference composition of adobe
bricks investigated in this study comprises 70% clay rich
soil and 30% straw (Christoforou et al. 2016). The scenario
of this study considered the on-site production of adobe
bricks using locally available soil and transported straw
(Christoforou et al. 2016).

> A by-product of coal combustion.

6 A slightly treated by-product of iron and steel production com-
monly used as a supplementary cementitious material in concrete.
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The adobe wall configuration in this study uses two dif-
ferent plaster layers: a base (leveling) plaster and a finishing
plaster. This data are derived from a comparative study of the
environmental performances of conventional (hydraulic lime
and cement) and earth plasters done by Melia et al. in 2014.
The earthen base plaster mixes Italian natural materials: clay,
sand, and vegetal fibers (rice straw). Finishing plaster is an
indoor product used to coat vertical and horizontal surfaces.
It is a mix of clay, sand, and a vegetal additive — a food-
grade, semi-synthetic compound used as a rheology modifier
and water retention agent (Melia et al. 2014). The stabilized
adobe wall, as illustrated in Table 4, includes the following
layers, listed from interior to exterior: 0.3 cm clay finish-
ing plaster (CL.F), 1.5 cm clay plaster (CL.P), 40 cm adobe

structure consisting of 2 bricks, each measuring 20X20x 5
cm, and finally 1.5 cm clay plaster.

Rammed earth wall Rammed earth (RE) requires mainly
clay-rich soil, sand, and gravel, without fiber, and a small
amount of water for optimal compaction (Ben-Alon et al.
2021). This study compares the environmental performance
of six rammed earth solutions, one of which is unstabilized
(URE), while the others are stabilized (SRE) with cement,
lime, and two alkali-activators, namely fly ash and GGBS.
RE materials using alkali-activatiors as alternatives to
cement stabilization possess adequate structural and dura-
bility characteristics for low-rise construction (Meek 2020;
Meek et al. 2021).
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The data to analyze the CO,eq of target LB walls are
obtained from ICE and a study by Fernandes et al. (2019).
The rammed earth wall section, illustrated in Table 4, was
designed according to common practice and code require-
ments (NMAC 2015). Rammed earth walls are mostly 60 cm
thick and assumed to have no plaster (Table 4), which is the
common practice to achieve the desired aesthetic effect of
rammed earth components (Ben-Alon et al. 2021).

Compressed earth block Compressed earth block or CEB
is masonry manufactured with a mixture of raw earth and
a stabilizer, like lime, cement, asphalt, or gypsum, using
the compression or pressing of the combination inside a
mechanical or hydraulic press (Roux Gutiérrez et al. 2015).
CEB masonry provides better durability and strength than
adobe structures, and the units of CEB masonry can be
industrialized (Villa 2018). This research conducts a com-
parative study in evaluating the environmental properties of
an unstabilized CEB wall (USCEB) (Cabrera et al. 2020),
eight CEB walls (SCEB) stabilized with different percent-
ages of lime and cement (Cabrera et al. 2020; Dahmen et al.
2018; Fernandes et al. 2019), as well as two alkali-activated
walls with industrial precursors namely sodium silicate (SS),
sodium hydroxide (SH), and calcium hydroxide (CH) (Dahmen
et al. 2018; Roux Gutiérrez et al. 2015). As shown in
Table 4, CEB walls with bricks measuring 15x30X9 cm
are 30 cm thick and the same as RE walls, have no plaster.

2.3 LCA methodology

To determine the environmental impact (EI) of alternative
walls, a process-based life cycle assessment (LCA) based on
the LCA framework stated in the ISO 14040 series is con-
ducted (IOFS 2006a). The following subsections will include
four steps: (1) goal and scope, (2) life cycle inventory (LCI),
(3) life cycle impact assessment (LCIA), and (4) interpreta-
tion of results (IOFS 2006b). To achieve the study’s purpose,
the goal and scope were identified in the first step. Some ele-
ments of the study were included, such as the system bound-
ary and functional units. In the second step, the LCI was set
up, where the data were generated. Afterward, the LCIA was
performed, in which the impact category was selected. Finally,
the interpretation of the results was undertaken to establish a
comparative study between carbon dioxide equivalent (CO,eq)
emissions for the two investigated walling categories, conven-
tional and earthen construction methods.

2.3.1 Goal and scope definition

The aim of this study is to quantitatively assess the environmen-
tal impacts and cost efficiency of 22 alternative load-bearing
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walling systems for the given low-cost housing model and to
determine whether and to what extent earth construction tech-
niques can assist in saving money and reducing greenhouse gas
emissions in the context of Iran. Four conventional (industrial)
wall assemblies are compared with 18 earthen walling methods
in the study. Conventional construction techniques have been
adopted as the base cases, because they are solutions widely
used in Iranian low-cost building practices.

This study was motivated by the lack of literature on the
environmental and cost benefits of earthen materials in Iran.
The application of this study is to achieve low-carbon, sus-
tainable built environments by mitigating the environmental
impacts and clarifying the hotspots of the studied wall con-
figurations (Pakdel 2022). A further objective of this study
is to investigate sensitivity analysis and how transportation
(A4) affects the environmental impact and cost—benefit of the
different walling systems.

Due to the lack of a database to conduct whole-life car-
bon assessments in Iran, results might vary widely depend-
ing on the different datasets used. Therefore, for develop-
ing the LCI, this study uses the published LCA studies,
and ICE developed by Bath University. There have been
studies in Middle East countries and Iran that demonstrate
the usefulness and reliability of this database (Hammond
et al. 2011a, b; Pakdel et al. 2021).

Some simplifications have been employed in the LCA
model. Based on the approach used in other LC studies
of similar scope (Galan-Marin et al. 2015; Nemry et al.
2010), the embodied energy as well as the operational
stage have not been included.

Functional unit (FU) This functional unit is a physical
element; it is easy to conduct, understand, and compare.
According to previous studies (Chau et al. 2015; Valencia-
Barba et al. 2021), this criterion has assured reliable results
from functional units. The functional unit used for this work
is 1 m? of load-bearing wall for the low-cost housing unit.

System boundary (SB) The study covers the life cycle from
cradle to construction site, including raw materials supply
(A1), transport (A2), manufacturing (A3), and transport to
the construction site (A4) (Lutzkendorf and Balouktsi 2016).
The system boundary is defined following the environmental
product declaration for construction products. Nevertheless,
the LCI considers material production and transportation,
rather than operation (B1-B7) or end-of-life (C1-C4). Dur-
ing post-construction life cycle stages in Iran, there is a great
deal of variability and uncertainty, which, in turn, led to the
establishment of the boundary between systems Al and A4
(i.e., cradle to the site). This system boundary provides tools
for researchers to contribute to a better understanding of
the construction stages (Gamez-Garcia et al. 2018). Figure 1
illustrates the system boundary of this research.
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Fig. 1 System boundaries for
the proposed study, which ®
encompasses Al-A4
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2.3.2 Life cycle inventory analysis

The life cycle inventory (LCI) of the study was carried
out after the samples and their physical characteristics had
been defined. Then, all the components required to build
each type of wall were quantified independently. Tables 2
and 5 detail the inventory analysis for each constituent
material in each of the wall assemblies for stages A1-A3
and A4. The material volumes calculated for each wall
include the whole required for the walling of the prototype.

Material production (A1-A3) In order to assess the product
stages (A1-A3), Revit Architecture software was used to prepare
a BIM model and a bill of quantity was extracted. Accordingly,
material quantities (by weight) required to construct each ele-
ment of the LB wall were determined and multiplied by embod-
ied carbon coefficients (ECCs) to obtain the total carbon of the
structure. The ECCs of material production have been calculated
using the following equation by taking into account the density
of materials and carbon emission coefficients:

Ely a3 = Y o(EC; X V) x 107 (1

where El is an environmental impact for material production
i in kilograms of carbon dioxide equivalent per kilogram
material, EC; is carbon emission coefficients in carbon diox-
ide equivalent, V; is the quantity of material in kilograms,
and # is the number of materials.

Aioyoeg o)

il
D 2

60*20*20 20*20*10 20*10*10

h-Ta)
= = s Sl 3o
Q Q © Q) a =
=) =) g3 o3
7] c 7} g
Z = A=) ac
S a g =)
o =§ o

= S

=

@

Ed o=h

20*20*s

The calculation results were expressed in metric tons of
carbon dioxide equivalent, which represents the main unit
of the potential impact of the global warming category.
Table 5 shows the numbers and the quantities of materi-
als for each alternative wall proposed for the studied case
within the boundaries established (A1-A3, and A4).

Transportation (A4) A4 is evaluated based on the weight of
the materials (in 1000 kg/1 tonnes) and distance from the
supplier to the site (in kilometers/km); thus, the number of
travels and fuel consumption were accounted. According
to the information from consulting with different providers
based in Ardakan, materials are mainly provided from differ-
ent suppliers inside of the Yazd Province; however, in some
cases, including straw or alkali-activators, they are obtained
from outside the province. Distances were calculated by
starting with the location of each material’s supplier, moving
to Ardakan’s headquarters, and finishing on the construction
site. Using geo-referenced maps and Google Maps’ route
optimizer, distances were calculated. Even though the vehi-
cle was empty, the return distance was included in the calcu-
lation. Following this procedure, ten supplier companies (in
or out of Ardakan City) and three distributors (in the city)
were selected, and their two-part distance was estimated, as
presented in Fig. 2.

Details from Table 6 and Eq. (2) are used for the evalu-
ation of transportation EC in liter-kilometer for each wall:

@ Springer
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Ardestan

Tehran

Sodium Silicate, Sodium hydroxid,
Calcium hydroxid, Kaolin
(35°44'19.81'N  51° 6'15.62"E)

Di: 590 km / IDi: 581 + 12 km

Senario C (50km)
Y S
__ Senario D (100 km)

- GGBS: Ardestan Cement Factory
(33°6'26.28'N 52° 3'35.23"E)
Di: 244km / IDi: 234 + 8.8 km

Ardakan
- Soil Mine
(32°20'8.59"N  54°4'29.36'E)
Di: 8 km / IDi: 12 + 2.6 km
- Fired Brick Kiln
(32°20'8.59'N  54° 429.36'E)
Di: 8 km / IDi: 12 + 2.6 km
- AAC Block - Ardakan Glass Factory
(32°20'0.72'N 53°55'25.82'E)
Di: 16 km / IDi: 7.8 + 8.8 km
- Lime: Ardakan Lime Factory
(32°2118.71'N 53°49'0.80'E)
Di: 28 km / IDi: 19 + 8.8 km
- Fly Ash: Chadormalou mining and Industrial co

ShahreKord
Straw

(32°1619.50'N 50°52'16.14°E)
Di: 370 km / IDi: 359 + 7.2 km

(132°23'19.32'N  53°45'1.68'E)
Di: 39 km / IDi: 30 + 12 km

Low Cost House (Site)

Naeen

(32°43'53.50'N 53° 5'32.54 E)I
Di: 130km / IDi: 122 + 8.8 km

Cement Factory

(31°53'16.56'N  54°25'33.97"E)

- Yazd Gypsum Factory
(32°0'8.33"N 54°14'50.09'E)

Di: 44 km / IDi: 50 + 8.8 km
- Ceramic Block

e Factory to Site e Factory to Store
Di: 69 km / IDi: 69 + 2.6 km Di i) (InDirect = IDi 1)

(32°18'31.22'N 54° 2'25.98"E)

Store to Site
(InDirect = IDi 2)

Fig.2 The location of the construction site and suppliers, a schematic estimated distance from supplier to headquarters and then to the site

n W, i
TFa, = Yo, (int(1 + 4

———— )X Dy: XFVy: X2
LVehicleM,-) Mi MiX2)  (2)

where TF,, is total fuel consumption in the A4 stage, W,,,
is the quantity (weight) of the materials, L Vehicle ,;; is the
load capacity of the vehicle that carries material i, D, is
the distance traveled for each material in kilometers, and
FV,,; is the consumed fuel in the vehicle for transporting
the material i in liter. For the transport of the components
of the LB wall, the following lorries were considered: A
diesel-powered 10-tonne truck is used for the transportation
of high-quantity materials like those of structures; The use
of a Euro 3 mini-truck with 5-tonne capacity was consid-
ered for the transportation of stabilizers, while a 2-tonne
diesel-powered pickup is used to transport the other ancil-
lary materials, namely alkali-activators. Each of the three
vehicles consumes 69, 35, and 15-L diesel every 100 km,
respectively. There is a Euro 4 standard for diesel in Iran
(NIOPDC 2022). The final CO,eq emission for the A4 stage
will be calculated using Eq. (3). For final carbon emission
calculations, Eq. (4) was used to calculate the A1-A4 stages.

El,, = TF,, X fuel conversion factor (3)

where El,, is the environmental impact for transportation of
material in kilograms of carbon dioxide equivalent per kilo-
meter distance, the fuel consumption is in liter-kilometer,
and the fuel conversion factor is in kilograms of carbon diox-
ide equivalent. In the absence of local information, this study
utilizes the average CO,eq factor per liter-km recommended

@ Springer

by the UK government for company reporting, which is
2.7 kg CO,/t km (Environment and Affairs 2021).

Elgina = Ely_a3 + Elyy @

El,,_A3is the carbon emissions at the A1-A3 stages, and
El,, is the carbon emissions at the A4 stage.

2.4 Life cycle impact assessment (LCIA)

The LCIA compares the environmental impacts and risks
associated with inventory results (IOFS 2006a). This impact
assessment was conducted based on selected environmental
impact factors that are relevant to the study’s objectives and
scope (IOFS 2006b). Environment impacts can be divided
into three categories: ecosystem impacts, human impacts,
resource depletion, and other subcategories. For the purpose
of assigning LCI results to impact categories and calculat-
ing potential impact indicators, it is necessary to select an
impact category for analysis. The following is a simplified
comparison of carbon emissions based on Iran’s interna-
tional commitments to reduce GHG emissions.

A discussion of the highest and lowest EI in LB walls
will be presented in this section. In addition, EI per each
of the target life cycle stages (A1-A3, A4) and per each
conventional wall’s component is investigated. The final
contribution of 22 wall configurations to GHG emissions
can provide insight into EI mitigation opportunities.
According to the results, USCEB has the highest environ-
mental performance with 270.3 kg CO,eq per functional
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Table 6 Transportation data and
fuel consumption for each wall
alternative

Wall type Types of raw materials Total weight Distance Vehicle Number Total fuel

used of each type of
category travels
Tonne km Lit

1 FB FB 62.97656 14.6 Truck 7 14,103.6
Cement (CM, CP) 13.785 130.8 M.truck* 3 27,468
Gypsum (GP.S, GP, GP.F) 5.376 58.8 Pick up 3 5292

2 AAC Cement (CM, CP) 13.747 130.8 M.truck 3 27,468
AAC 31.365 16.6 Truck 4 9163.2
Gypsum (GP.S, GP, GP.F)  8.8648 58.8 M.truck 2 8232

3 CB Cement (CM, CP) 13.785 130.8 M.truck 3 27,468
CB 47.05076 71.6 Truck 5 49,404
Gypsum (GP.S, GP, GP.F) 5.376 58.8 Pick up 3 5292

4 CMU CMU 35.4934 130.8 Truck 4 72,201.6
Cement (CM, CP)
Gypsum (GP.S, GP, GP.F)  8.8648 58.8 M.truck 2 8232

5 SA Adobe 118.5666 14.6 Truck 12 24,177.6
Straw 35.56998 366.2 Truck 4 202,142.4
Earth (CL.P, CL.F) 9.5776 14.6 M.truck 2 2044

6 URE RE 174.89 14.6 Truck 18 36,266.4

7 SREI1 Cement 5% 8.74467 130.8 M.truck 2 18,312
RE 174.8934 14.6 Truck 18 36,266.4

8 SRE2 Lime 3% 5.246802 27.8 M.truck 2 3892
RE 174.8934 14.6 Truck 18 36,266.4

9 SRE3 Cement 6% 10.493604 130.8 M.truck 3 27,468
Lime 2% 3.497868 27.8 Pick up 2 1668
RE 174.8934 14.6 Truck 18 36,266.4

10 SRE4 GGBS 8% 13.991472 242.8 M.truck 3 50,988
Lime 2% 3.497868 27.8 Pick up 2 1668
RE 174.8934 14.6 Truck 18 36,266.4

11 SRES Fly ash 8% 13.991472 42 M.truck 3 8820
Lime 2% 3.497868 27.8 Pick up 2 1668
RE 174.8934 14.6 Truck 18 36,266.4

12 UCEB CEB 91.0602 14.6 Truck 10 20,148

13 SCEB1 Cement 4% 3.642408 130.8 Pick up 2 18,312
CEB 91.0602 14.6 Truck 10 20,148

14 SCEB2 7% calcium hydroxide 6.374214 593 M.truck 2 83,020
CEB 91.0602 14.6 Truck 10 20,148

15 SCEB3 6.5% lime 5.918913 27.8 M.truck 2 3892
CEB 91.0602 14.6 Truck 10 20,148

16 SCEB4 Cmt.5% 4.55301 130.8 Pick up 3 11,772
CEB 91.0602 14.6 Truck 10 20,148

17 SCEB5 Cmt. 10% 9.10602 130.8 M.truck 2 18,312
CEB 91.0602 14.6 Truck 10 20,148

18 SCEB6 Cmt.20% 18.21204 130.8 Truck 2 36,100.8
CEB 91.0602 14.6 Truck 10 20,148

19 SCEB7 Lime. 5% 4.55301 27.8 Pick up 3 2502
CEB 91.0602 14.6 Truck 10 20,148

20 SCEB8 Lime. 10% 9.10602 27.8 M.truck 2 3892
CEB 91.0602 14.6 Truck 10 20,148

21 SCEB9 Lime. 20% 18.21204 27.8 Truck 2 7672.8
CEB 91.0602 14.6 Truck 10 20,148
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Table 6 (continued)

Wall type Types of raw materials Total weight Distance Vehicle Number Total fuel
used of each type of
category travels
Tonne km Lit
22 SCEBI10 1% sodium silicate 0.910602 593 Pick up 1 41,510
2.5% sodium hydroxide 2.276505 593 Pick up 2 83,020
CEB 91.0602 14.6 Truck 10 20,148

“Mini truck

unit, followed by SCEB7 with 335.5, and SCEB3 with
346 kg CO,eq, respectively, while the least favorable con-
struction method is SA with 3043.6 kgCO,eq due to geo-
graphical limitations.

2.5 Life cycle cost (LCC)

It is essential to consider the cost of construction materials
when selecting materials for affordable housing. Economic
comparison of earth-based construction methods with con-
ventional systems is thus highly relevant when assessing
whether sustainable alternatives are likely to be adopted in
the construction marketplace.

Based on the study’s system boundary, it is beyond the
scope of this study to examine the costs of heating and cool-
ing throughout the life cycle, and the cost assessment only
covers manufacturing and transportation. According to pre-
vious studies, a building’s total Life Cycle Cost (LCC) is
calculated as the sum of all costs associated with each phase
of the building’s life cycle (Atmaca 2016; Ioannidou et al.
2014). A cost estimate for each type of wall can be obtained
using Eq. (5). According to this equation, in September
2022, 1 US dollar ($) equaled 316,200 Iranian rials.

Fig.3 Cost of travel based on
vehicle type and distance

47.43$

+15.8$

Production cost + Transportation cost

Costyp w($) = Currency

Materials costs were estimated based on official govern-
ment price lists (1401 versions) published by Plan and Budget
Organization (PBO 2022), as well as price estimates from
different material stores in Ardakan City. Costs associated
with transporting materials from the distributor to the con-
struction site are calculated on the basis of tonne-kilometer.
Figure 3 illustrates an additional charge for distances greater
than 100 km and 300 km.

2.6 Scoring system

To understand the overall comparison between perfor-
mances of different wall configurations for an afford-
able housing unit in Iran, a scoring section is developed.
Few studies have established scoring tools to assess the
final performance of their studied materials or construc-
tion methods (Dickson and Pavia 2021; Pakdel 2022). All
walling systems are ranked based on their values for EC
carbon and cost efficiency using RANK.EQ function syn-
tax in Excel spreadsheets. The ranks in each category are
assigned considering the best case as the reference and
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ordered from starting the lowest to the highest. Thus, the
lowest embedded carbon walling material is the best case,
and the rest were ordered simultaneously. It is important
to note that the lower the EC and cost for each wall, the
better its performance. Since the study aimed to evaluate
affordable housing, the priority of ranking walls is life
cycle cost and then EC. Walls with lower costs perform
better. As such, walling systems are ranked in order of
highest cost to lowest cost.

3 Results and discussion

In this part, the preliminary results and the analysis are pre-
sented in four main sub-sections.

3.1 Comparative assessment of environmental impacts

Life cycle impact assessments establish a connection
between the primary inputs into a system and the poten-
tial environmental impacts of products and processes
analyzed. To highlight the potential environmental
advantages of using local earthen materials, a compara-
tive LCA between unstabilized and stabilized earthen
walling systems and conventional wall assemblies is car-
ried out based on the functional unit of 1 m? of a wall.
It should be noted that wall 8 (SRE2) stabilized with
3% lime is removed from the analysis as the EC out-
put does not conform to other studied cases. It can be
related to different reasons like the context, so wall eight
is not considered in the subsequent analyses too. Figure 4
shows the results of CO,eq emissions per A1-A3 stages
for the 22 LB wall systems.

Fig.4 CO,eq emissions emitted 35
per A1-A3 stages for each wall
assembly 30
25
.50 18556
~ 15/68
A4
o0
-

CB I %
£

'S
URE I o
(=)

SRE1 I

The best-performing wall was selected as a reference
wall, wall 5 (SA). Based on the assumption that these walls
are equivalent to the reference wall, the following four wall-
ing systems have been selected. Thus, the LB walls with the
most favorable values were earth-based systems, including
walls 5 (SA), 12 (UCEB), 6 (URE), 13 (SCEBI1), and 22
(SCEB10), contributing to 0.62, 1.68, 4.2, 4.23, and 4.59
kg CO,eq emissions, respectively. Two of these walls (6 and
12) are not stabilized made of pour soil, wall 5 is stabilized
with straw as a low-carbon bio-based material, wall 13 is
stabilized with the lowest amount of cement among studied
cases, and wall 22 eliminates conventional cement using
alkali-activators of sodium hydroxide and sodium silicate
as stabilizers. The embodied carbon of the cement is signifi-
cantly higher than that of NaOH and SS, due to the carbon
released during the calcination phase of producing cement
(Worrell et al. 2001).

As mentioned in Sect. 2.2.2., walls 10 (SRE4), 11
(SRES), 14 (SCEB2), and 22 (SCEB10) use alkali-activated
binders of GGBS, FA, CH, and NaOH plus SS, respectively,
to eliminate cement. Due to the weight of rammed earth
walls, which is substantially higher than adobe, CEB, and
conventional building systems, ECs are not too low in walls
10 and 11. With a much lower weight of CEB, wall 14 shows
almost the same EC as the latter; this can be explained by
studying the chemical properties of the precursors.

In search of the most negative value for environmental
performance, Fig. 4 illustrates the minimum value in walls
18 (SCEB6) and 21 (SCEBY), constituting 20% cement and
20% lime, respectively, and both emitting 29.22 kg CO,eq.
This is followed by 15.44 in wall 17 (SCEBS5) and 15.41
in wall 20 (SCEBB8); these walls are stabilized with 10%
cement and 10% lime, respectively. According to Cabrera
et al. (2020), the stabilization of CEB with lime or cement,
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even in small amounts, has a great responsibility for adverse
environmental impacts. Interestingly, Lime replacement with
cement was not found to significantly reduce the environ-
mental impact of CEB stabilization (Cabrera et al. 2020).

Three conventional walls, FB, AAC, and CB, are the
next significant contributors to the EI with 18.56, 15.68,
and 14.74 kg CO,eq. The calcination process is responsible
for most of the greenhouse gas emissions from the materi-
als. In the case of FB, it is the energy required to heat the
kiln causing CO, emissions, while in the case of AAC, CO,
is emitted during the heating of the kiln, as well as during
clinker production, an intermediate step in cement manufac-
ture (Gibbs et al. 2001). Prior studies indicate that cement
contributes 90.7% of the total embodied carbon of concrete
blocks (Nisbet et al. 1997; NREL 2021). CO, emissions
result from CB firing temperatures of over 1300 °C and the
high carbonate content of their raw materials (limestone and
clay) (Damtoft et al. 2008).

3.1.1 The El per each life cycle stage and each component

The contribution of each module to the EC is illustrated in
Fig. 5 to help us understand how each module impacts the
environment. There is a significant difference in EC between
the product stage (A1-A3) and the transportation stage (A4).
According to previous research, most significant environ-
mental impact occurs in the product stage (A1-A3), fol-
lowed by the subsequent stage (A4) (Escamilla et al. 2018;
Gamez-Garcia et al. 2018; Valencia-Barba et al. 2021). Nev-
ertheless, the results of this study indicate that module A4 is
the largest contributor to the embodied carbon of each wall
assembly. It is due to the lack of agricultural and industrial
facilities in the studied area. Thus, most stabilizers for earth-
based walling systems are not locally available and must be
transported; so, material transportation to the site results in
fuel consumption and environmental impacts in this module.

Fig.5 CO,eq emissions emitted
per each life cycle stage for each
wall assembly (A1-A3 and A4)
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w
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Consequently, the transport values stand out by contributing
most to all systems. Figure 5 shows that A4 is the significant
impact source, accounting for 98-99% of the carbon emis-
sions of studied wall assemblies.

The contribution of A4 to EC of wall 5 is the most signifi-
cant share among all cases with 617.58 kg CO,eq, which is
due to the long-distance traveled and the number of travels.
The straw represents 30% of the total SA weight. Module
impact is significantly impacted by the addition of this stabi-
lizer. To reduce this, other local fibers could be used, or the
fibers could only be used in critical situations to improve the
consistency of the soil. The value of transportation EC for
walls 22, 14, and 10, referred to as alkali-activated blocks,
are following substantial proportions with 391.43, 279.12,
and 240.58 kg CO,eq. As shown in Fig. 2, obtaining alkali-
activated stabilizers from outside the province requires long
distances to be traveled. Both walls 18 and 21 have the same
amount of stabilizers; however, the EC for wall 18 is signifi-
cantly higher due to the cement factory’s distance compared
to the lime plant. On the other hand, the best values among
all LB walls are shown by unstabilized wall systems, with
wall 12 presenting the least figure for A4. Wall 6 influences
environmental performance more through material quan-
tity than type; considering the thickness of the wall and the
weight of the earth, transportation takes up a greater propor-
tion of the budget.

3.1.2 Comparison of the total El of different wall
configurations

The comparison of total carbon dioxide equivalent per func-
tional unit among all 22 wall systems is shown in Fig. 6.
Overall, the difference in environmental performances of
unstabilized earth-based materials on the one hand, and
conventional and stabilized earthen wall assemblies on the
other, stems mainly from direct CO, emissions during the
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Fig.6 Cost assessment at each
stage of the life cycle
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calcination process in cement manufacturing, heating the
kiln, or burning of primary structural materials.

As shown, the unstabilized earth has a minimum contribu-
tion to the overall EI of the wall. This is also confirmed by
Arrigoni et al. (2017) and Cabeza et al. (2013). In earth-based
wall assemblies stabilized with less prevalent additives and
hardly available materials in desert parts such as industrial and
herbaceous additives, transportation EC is intriguingly higher
than other walling systems. Therefore, wall configurations sta-
bilized with even low amounts of alkali activators or straw are
several times more carbon intensive than unstabilized ones.
Greenhouse gas emissions for producing 1 FU of SA (3043.63
kg CO,eq) are about 11 times more than UCEB (270.31 kg
CO,eq). According to Reddy and Jagadish (2003), in the case
of earthen construction, transportation EC could be higher
than that of product stage.

Excluding A4 module, herbaceous and alkali-activated
stabilizers showed low impacts compared with cement and
lime. This indicates that reducing and replacing cement and
lime content are effective ways to reduce the embodied carbon,
even where embodied energy of the alkali activators is similar
(Dahmen et al. 2018).

3.2 Cost-benefit assessment

Life cycle cost is investigated in two subsections, including
cost assessment per each life cycle stage and each compo-
nent and total cost of different wall assemblies.

3.2.1 Cost assessment per each life cycle stage
and each component

Figure 7 illustrates the detailed costs per life cycle stage for
each LB wall sample. Materials are the most cost-demanding
factor in every wall type, with SA and SCEB10 being the
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most expensive types. The high figure for SA originates from
the high cost of both straw and adobe, as straw is preferred to
be used for animal feed in Iran, while producing adobe sam-
ples is labor-intensive. As shown in Fig 7, alkali activators
used as stabilizers are another leading cost driver for stabi-
lized earth blocks. Alkali-activated walls, namely walls 22,
11, 14, and 10, respectively, have the most significant figures
for material cost among earth-based walls because geopoly-
mers are expensive in Iran. Walls 16, 17, and 18, with 5%,
10%, and 20% cement, have a gradual price increase. A similar
trend can be demonstrated for walls 19, 20, and 21 with 5%,
10%, and 20% lime. Although walls stabilized with cement and
lime have lower figures compared to alkali-activated walls, the
results show that replacing lime and cement with geopolymer
alternatives has high-cost implications.

Overall, regarding earth-based walls, RE walls are much
more cost-intensive than CEB configurations, as RE walls
weigh more. In comparison to other LB walls, the UCEB
wall has the lowest material cost. Conventional walling
systems do not differ significantly in cost, while CMU and
AAC, as cement-based types, are more expensive than FB
and CB, which are burnt earth-based materials. It is impor-
tant to note that transportation costs vary depending on each
wall’s weight. According to the results, CMU has the lowest
transportation cost with $316.25, while RE walls and SA
have the highest.

Figure 7 shows the initial cost of different walling materi-
als. Again, it is evident that alkali-activated walls plus SA
are more expensive alternatives than other stabilized earth-
based walls. Alkali-activated stabilizers’ availability and
distribution should therefore be considered when assessing
what benefits they represent in terms of reducing greenhouse
gas emissions (Meek et al. 2021). Additionally, the main
structures account for a significant portion of the overall
costs of the prototype house walls.
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3.2.2 Total cost of different wall configurations

Figure 8 illustrates LB wall costs. UCEB is the lowest-cost
beneficiary with $4.43, followed by SCEB4 (4.88), and
SCEBI1 (4.93). The most expensive wall is SA, with an
average price of $29.41, followed by alkali-activated walls,
SCEB10, SRES5, SRE4, and SCEB2.

3.3 Sensitivity analyses

An LCA model is subject to sensitivity analysis at the LCIA
stage in order to assess the uncertainty of the model by creat-
ing hypothetical scenarios and examining their impacts. This
analysis increases the reliability and robustness of the final
result (IOFS 2006a; Pakdel 2022).

Many factors affect the uncertainty of an LCA (Pomponi
et al. 2017). However, in the case of this research, the main
limitation is the lack of local data and using different exist-
ing sources of data for earth-based materials. The results
of those studies cannot be applied directly to other build-
ings outside the scope of their studies because the results
are highly dependent on the geographical regions, different
sources of data, the system boundaries, assessment methods,
and building material types (Almeida et al. 2015), especially
for non-conventional materials like earthen ones. The fact
that the present study does not use actual data in a specific
regional context may lead to a wide range of variability.
Hence, the reduced accuracy of the results does not allow a
transparent comparison between materials within the Yazd

@ Springer

Contribution of each walling constituent

context. The same type of issue was also addressed by Arri-
goni et al. (2017).

As depicted in Fig. 5, the inputs with the greatest influ-
ence on the LCIA are the transportation distances of con-
stituent materials, the average wall thickness, and the num-
ber of acquired stabilizers. Furthermore, various factors
affect the transportation distance of construction materials
in each project, such as geographical limitations, material
distributors, and price. This sensitivity analysis assesses
direct and indirect transportation, and the impact of site
location on carbon dioxide emissions, and cost benefits of
different walling systems.

Hence, the sensitivity analysis is illustrated through four
scenarios based on different travel distances. The base route
model (in the “Rammed earth wall” section) follows indirect
(IDi) transportation — scenario A — considering two-part
distances. New alternative scenarios are established and
compared with the original model: (B) direct (Di) transpor-
tation eliminating distributor and calculating the one-part
distance from supplier to the construction site, (C) direct
transportation considering an average distance of 100 km for
those transported beyond this diameter, and (D) direct trans-
portation calculating an average distance of 50 km for those
transported beyond 50 km diameter. In the second and third
scenarios, only distances beyond the intended diameter have
changed to 50 and 100 km, respectively, and other distances
have remained unchanged. Altered figures in scenarios C
and D are highlighted in Table 7. Similar approaches have
been used in previous research (Gamez-Garcia et al. 2018;
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Valencia-Barba et al. 2021). The distance for each group of
materials in different scenarios is as presented in Table 7
and Fig. 2.

Based on the results in Fig. 9, a significant CO,eq varia-
tion exists between different scenarios, highlighting the impor-
tance of the transportation stage (A4). The El is influenced by
transportation protocols, supplier choices, respective distances,
and fuel consumption. Due to the reduced travel distances, EI
decreases continuously from scenario (A) to scenario (D). This
pattern is sharper for materials provided from far distances
outside the province, notably SA and SCEB10.

The high dependence of the environmental impacts
of earth-based construction techniques on the amount of
acquired soil demonstrates the benefits of using on-site
subsoil. The soils available from foundation excavation or
nearby excavation projects can be used for this purpose.
This scenario provides the added benefit of avoiding trans-
portation impacts. Finally, the results show that the envi-
ronmental benefits of materials are strongly linked to the

Total Cost per FU (US $)

local availability of their constituent materials, especially
those that are heavier.

According to Fig. 10, the cost of walls exhibits a similar
trend, despite the lower slope. A decrease in the distance
also results in a decrease in costs. If the component is a
local material and the stabilizer materials make up a rela-
tively small component of the total mass, the transportation
contribution is not extreme compared to the total cost. The
potential to use local materials for the bulk of plain wall
components significantly increases the relative benefit of
earth-based mixes over business-as-usual building materials
(Meek et al. 2021).

In Iran, adobe is a pertinent bio-based material, and the
results of LCIA and LCC show that straw is the only factor
leading to high EC and cost. Thus, the sensitivity analysis
has also considered unstabilized adobe (UA) without straw,
as shown in red in Figs. 9 and 10. Interestingly, it is observed
that the range of EI and cost dropped, while the distance
traveled for straw was eliminated. Therefore, selecting local
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Table 7 Estimation of construction material providers’ locations

Wall type Supplier Store A: indirect B: direct C: direct (100 km) D: direct (50 km)
Producer store to Producer to site Producer to site Producer to site
to store site

Indoor finishing  CL.F Soil mine. Ardakan  Brick et al. store 12 2.6 8 8 8

GP.F Gypsum factory. Cement et al. store 50 8.8 44 44 44
Yazd
Indoor substrate  GP.S Gypsum factory. Cement et al. store 50 8.8 44 44 44
Yazd
GP Gypsum factory. Cement et al. store 50 8.8 44 44 44
Yazd
CL.P Soil mine. Ardakan  Brick et al. store 12 2.6 8 8 8
Structure AAC Ardakan glass Cement et al. store 7.8 8.8 16 16 16
factory
FB Fired brick kiln. Brick et al. store 12 2.6 8 8 8
Ardakan
CMU Cement factory. Cement et al. store 122 8.8 130 100 50
Naeen
CB Ceramic block. Yazd  Brick et al. store 69 2.6 69 69 50
RE Soil mine. Ardakan Brick et al. store 12 2.6 8 8 8
SA Soil mine. Ardakan  Brick et al. store 12 2.6 8 8 8
CEB Soil mine. Ardakan  Brick et al. store 12 2.6 8 8 8
Additives Cement Cement factory. Naeen Cement et al. store 122 8.8 130 100 50
Lime Lime factory. Cement et al. store 19 8.8 28 28 28
Ardakan
GGBS  Cement factory. Cement et al. store 234 8.8 220 100 50
Ardestan
FA Chadormalu Co. Industrial products 30 12 39 39 39
Ardakan store
Straw Shahrekord Straw Store 359 7.2 370 100 50
SS Industrial products Industrial products 581 12 590 100 50
Co. Tehran store
NaOH Industrial products Industrial products 581 12 590 100 50
Co. Tehran store
CH Industrial products Industrial products 581 12 590 100 50
Co. Tehran store
Outdoor substrate CM Cement factory. Cement et al. store 122 8.8 130 100 50
Naeen
CP Cement factory. Cement et al. store 122 8.8 130 100 50
Naeen
CL.P Soil mine. Ardakan ~ Brick et al. store 12 2.6 8 8 8
Outdoor finishing CP.F Cement factory. Cement et al. store 122 8.8 130 100 50

Naeen
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Fig.9 CO,eq emissions from 700/00
the transportation stage sensitiv-
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suppliers and local materials can significantly impact EI and
cost reduction.

3.4 Scoring and interpretation of life cycle

Final scores revealed the best wall performance; thus,
the rank for the cost and EI, as well as the overall rank
of all 22 LB walls, are given in Fig. 11, considering the
priority of EI and cost indexes. According to the results,
the best walling performance to build an affordable house
belongs to UCEB with the first rank, followed by SCEB7,
and SCEB3, as the next ranks with 5% and 6.5% lime.
Intrestingly, SA and SCEBI10 are, respectively, the worse
building materials.

Our results imply that walling using materials far away
from the construction site has the most significant impact on

e=@==)]- SCEB9

e=@==)2- SCEB]() em@mm?3-TUA

the environment (attributed to the A4 module). In contrast,
locally available materials have a lesser impact on the envi-
ronment. Architects and engineers can utilize Fig. 11 to select
the wall with the highest performance within each category.
Overall, the life cycle impacts of unstabilized earthen
materials are substantially better than those of conventional
or industrial-based materials. According to previous stud-
ies, material choice may affect the embodied energy of
building materials and their carbon footprint (Cabeza et al.
2013). Other studies have also shown the benefits of devel-
oping unfired clay bricks over traditional fired clay bricks
regarding environmental, economic, and energy efficiency
effects (Oti and Kinuthia 2012). Despite this, these alterna-
tive technologies have been limited because of the incorrect
assumption that buildings with high energy efficiency are
also more expensive to build and, therefore, less attractive to

Fig. 10 Cost analysis based on 1200/00
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Fig. 11 Scoring of total EC 3500/00 35/00
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developers from an economic standpoint (Hastak et al. 2003;
Hastak and Halpin 2000).

4 Conclusion

An LCA and LCC for a single-family housing unit designed
for refugees in Ardakan City, Iran (hot and arid weather),
was performed, considering a cradle-to-site perspective.
This study compared the embodied carbon emissions and
cost benefits of earthen construction LB walling methods
(adobe, RE, CEB) with those of conventional construction
systems (FB, AAC, CB, CMU). A systematic approach was
used from an environmental point of view to identify and
rank different earthen and conventional wall configurations
for Iranian affordable housing. Twenty-two LB walls were
selected based on traditional and contemporary earthen
construction methods and Iran’s current practice for low-
cost housing. With few LCA studies in Iran, this study fills
in a scientific gap regarding whether earthen materials are
cost-effective and low-emission. Therefore, the study’s
results reinforce the idea that LCA and LCC are crucial not
only to avoid problem shifting but also to identify the most
significant lifecycle processes, materials, and hotspots for
improvement in new houses. From the results of this study,
the following conclusions were drawn:

e Overall, the life cycle impacts of unstabilized earthen
walling methods are substantially better than those of
stabilized or conventional industrial systems, as the best
overall wall performance configuration is UCEB.

e Sensitivity analysis considering different transportation
scenarios indicated that stage A4 performs a signifi-
cant role in reducing emissions within the cradle-to-site
life cycle. Considering the results, transportation may

@ Springer

[——JTotal Cost () —@=Total Rank

even account for approximately 70 to 95% of EI than
wall components: limiting the transportation distance to
local resources will significantly affect the environmen-
tal footprint of a walling system. Moreover, the impacts
of additive materials could be reduced if an alternative
material with a less energy-intensive production system
could be used.

e For earthen walling techniques, stabilizers, even in small
percentages, stood out as having a high contribution to
the environmental impacts. Generally, the stabilizers
mentioned in this report are produced industrially rather
than locally, contain chemicals, require long distances
for transportation, and usually do not meet the criteria
for regenerative materials.

e Concerning conventional walling alternatives, the high
rate of GHG emissions relates mainly to the kiln and cal-
cination. Results indicate that cement and lime materials
have a significant environmental impact (attributed to the
use of coal for the firing process).

e Unstabilized construction methods can be promoted as
environmentally friendly walling systems if decision-
makers and local consumers are aware of green issues.

Choosing construction options that have lower embodied
impacts is extremely important. In order to reduce the envi-
ronmental impact of buildings in hot and arid climates, data
on the environmental impact embodied in materials should
be freely available in the marketplace, for instance, through
product environmental footprint (PEF) schemes or wide-
spread environmental product declaration (EPD). A system
such as this will be of great benefit to architects, engineers,
and households as they consider the environmental impacts
of their decisions.

The future research of a complete LCA will demonstrate
the various environmental impacts, including embodied
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impacts, construction, occupancy, and end-of-life stages.
Considering earthen materials’ low thermal resistance,
they should be not only evaluated as insulation materi-
als, but also as thermal storage materials. Lastly, future
research should examine building lifecycle costs at higher
resolutions as well as a broader range of social impacts
in order to assess the overall sustainability of a variety of
building options.
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