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A B S T R A C T   

Life cycle assessment (LCA) methodology was applied to assess five locally developed mix designs for a 20 m low- 
height noise barrier (LHNB) categorized as: precast Portland cement concrete (S0-baseline scenario), two precast 
geopolymer composites (S1; S2), and two additive-manufactured geopolymer composites (S3; S4). The objective 
of the study is to carry out a LCA study of the mix designs, to identify environmental hotspots and evaluate the 
influence of durability and service life on the LCA results. Environmental impact categories assessed are global 
warming potential (GWP), fossil depletion, photochemical ozone formation, and acidification. Results show that 
when a fixed service life of 40 years is chosen for all mix designs, S4 is the most environmentally sustainable with 
73% reduced GWP when compared to S0. When sensitivity analysis was used to determine the effect of varying 
service life (10–40 years) on S1–S4; S4 shows equivalent to better environmental performance than S0. 
Carbonation was considered and result shows up to 8% of CO2 uptake can be achieved. In conclusion, S4 depicts 
solutions and concepts that result in environmental improvement potentials for a LHNB from geopolymer 
composites. The results from this study supported decision-making and guided in the development a 20 m LHNB 
from 83% industrial side-streams and 0.3% alkali activator maintaining a 10 dB absorption capacity.   

1. Introduction 

Railway traffic noise, has become a recurrent but much underrated 
pollutant in modern-day environments and can cause negative effects 
such as communication interference, effects on social conduct, sleep 
disturbance, and hearing and concentration loss for neighboring resi-
dents (Valdebenito and Dahmen, 2013). Railway traffic noise arise from 
different sources, most significant is the amount of contact between the 
rail and the train wheel due to irregularities that cause vibration pro-
ducing noise known as rolling or traffic noise (Vahtera, 2011). This can 
be disturbing if noise levels in the vicinity is low. Noise is measured in 
decibels (dB) on a logarithmic scale. However, for the human ears to 
respond to the frequency range involved, it is measured using an 
A-weighted scale (dBA) (Transport Roads and Maritime Services, 2016). 

Railway traffic noise has more sound energy at high frequencies and 
its reduction is essential for a higher quality of life. The noise can be 
combated by preventing noise generation at source through various 
technical solutions or by incorporating noise abatement measures such 
as noise barriers. Noise barriers can be developed using different ap-
proaches such as Portland cement concrete, (PCC), steel and aluminum 

etc. (Bendtsen, 2010). For railway tracks, low-height noise barrier 
(LHNB) is becoming popular. LHNB as shown in Fig. 1 are a type of noise 
barrier with a nominal height between 85 cm and 110 cm above the rail 
surface (Vahtera, 2011). LHNB are sited close to the rail track to dampen 
the impact of the rolling noise from the rail-wheel collision and their 
efficacy is determined by the insertion loss, which evaluates the sound 
pressure before and after incorporating the LHNB (Valdebenito and 
Dahmen, 2013). LHNB differ from regular noise barriers with regards to 
location, altitude, urban visibility, and construction costs. They do not 
obscure views from the train windows and have so far been built for 
testing purposes in Finland. LHNB are designed on a case-by-case basis 
due to changing track geometry and must meet at least the Finnish A3 
category for sound absorption which is 8–11 dB (Liikennevirasto, 2017; 
Vahtera, 2011). Despite all these considerations in developing efficient 
LHNB, their environmental sustainability remains an open question. 

While some studies have addressed the acoustic and non- acoustic 
aspects of LHNB and generally noise barriers (Bendtsen, 2010; Transport 
Roads and Maritime Services, 2016; Vanhooreweder et al., 2017), and 
fewer studies have focused on sustainable materials in development of 
noise barriers (Abbas et al., 2011; Arenas et al., 2017; Asdrubali, 2006; 

* Corresponding author. 
E-mail addresses: Mariam.Abdulkareem@lut.fi (M. Abdulkareem), Jouni.Havukainen@lut.fi (J. Havukainen), Jutta.Nuortila-Jokinen@lut.fi (J. Nuortila-Jokinen), 

Mika.Horttanainen@lut.fi (M. Horttanainen).  

Contents lists available at ScienceDirect 

Journal of Cleaner Production 

journal homepage: www.elsevier.com/locate/jclepro 

https://doi.org/10.1016/j.jclepro.2021.129169 
Received 2 January 2021; Received in revised form 20 September 2021; Accepted 23 September 2021   

mailto:Mariam.Abdulkareem@lut.fi
mailto:Jouni.Havukainen@lut.fi
mailto:Jutta.Nuortila-Jokinen@lut.fi
mailto:Mika.Horttanainen@lut.fi
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2021.129169
https://doi.org/10.1016/j.jclepro.2021.129169
https://doi.org/10.1016/j.jclepro.2021.129169
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2021.129169&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Cleaner Production 323 (2021) 129169

2

Louise Rose Joynt, 2005; Oltean-dumbrava and Richards, 2016), there 
has been very limited research on their life cycle assessment (LCA). A 
study on environmental assessment of noise barriers by Valdebenito and 
Dahmen (2013), documented environmental performance of a sound 
structure comparing a vegetative sound structure and PCC noise barrier. 
The environmental assessment performed was limited to the production 
phase and did not include the use and end-of-life phases. The assessment 
of potential environmental impacts of noise barriers cannot be based on 
the evaluation of any single phase of the technology, but from raw 
material extraction, via construction, service life of the final products as 
well as end-of-life. 

LHNB and generally noise barriers are traditionally produced from 
PCC for their simple design and construction (Abbas et al., 2011). 
Environmental sustainability of PCC is highly dependent on cement, 
which is the key binding material with an estimated 4.1 billion tons of 
global production in 2016 (CEMBUREAU, 2017). Consequently, there 
have been variety of studies on improving environmental sustainability 
of PCC such as using recycled materials during production (Brennan 
et al., 2014; Marinković et al., 2017; Raut et al., 2011; Turk et al., 2015), 
substitution with geopolymer composite (Abdulkareem et al., 2019; 
Habert et al., 2011; Luukkonen et al., 2018; Weil et al., 2009), and 
employing additive manufacturing in construction (Nematollahi et al., 
2017; Panda et al., 2017; Panda and Tan, 2018; Van Damme, 2018). 

Geopolymers are generally used to depict low calcium alkali acti-
vated aluminosilicate binders and are produced by reacting solid 
aluminosilicate raw materials (precursor) with an alkali activator to 
form a hardened binder. These precursors can be in the form of natural 
raw materials such as metakaolin, or as industrial side-streams with a 
high Si/Al ratio such as coal fly ash (CFA) and granulated blast furnace 
slag (GBFS) (Davidovits, 1994; Provis, 2018). Integrating industrial 
by-products in the production of geopolymer composites by reusing and 
recycling waste materials as secondary raw materials, helps to avoid 
problems of waste disposal and associated environmental burdens. 

Additionally, additive manufacturing is a technology for building 
three-dimensional (3D) elements from a 3D computer-aided design 
model. Advantages of 3D fabrications include more flexibility, increased 
innovations, faster construction, risk mitigation, high material resource 
efficiency, and cost effectiveness (Huang et al., 2017). 3D printing has 
an advantage of manufacturing customized products, while maintaining 

similar performance and functions. However, environmental perfor-
mance of AM is still debated. While some consider AM as a sustainable 
solution due to the near zero waste achieved during building, other 
consider AM as not less wasteful, as it is reported to consume an esti-
mated 100 times higher specific energy than traditional manufacturing 
(Liu et al., 2018; Výtisk et al., 2019). 

In this paper, we investigate life cycle assessment (LCA) study of a 
pilot scale low-height noise barrier (LHNB) made from Portland cement 
concrete (PCC) and geopolymer composites. For piloting purposes of 
new materials and structures, these kinds of low-height structures are 
suitable due to lower material consumption and manufacturing effort 
when compared to high structures. Also, there is less manual work when 
the manufacturing has not been developed in full scale. The LHNB 
prototypes are predefined designs, and the objective is to analyze their 
environmental performance based on different mix designs, life cycle 
phases, and construction techniques using LCA methodology. 

2. Materials and method 

Life cycle assessment (LCA) methodology is a standardized and 
established to quantify environmental performance and potential im-
pacts of a product or service throughout its life cycle from extraction of 
raw materials to its end-of-life phase (EN ISO, 14040, 2006; EN ISO 
14044, 2006). A product interacts with the environment in several ways 
all through the different life cycle phases, with each phase demon-
strating a different environmental strain. As a systematic approach, LCA 
consists of four major phases which are addressed in different sections of 
this article: goal and scope definition (section 2.1); inventory analysis 
(section 2.2); impact assessment (section 2.3); and interpretation phase 
(section 3) (see Fig. S1 in the supplementary material). 

This LCA study analyses five different LHNB scenarios, a reference 
LHNB scenario using precast PCC and four alternative LHNB geopolymer 
composites scenarios using precast and additive manufacturing con-
struction methods. The geopolymer composites LHNB scenarios are 
developed mainly from wastes materials and industrial by-products such 
as coal fly ash (CFA), granulated blast furnace slag, bottom ash, bio ash, 
crushed steel slag, fine and coarse tailings. These are described in detail 
in section 2.1.1. The principal function of the LHNB is to protect 
neighboring residents from excessive noise produced by railway traffic. 

Fig. 1. Low-height noise barrier in Finland (Liikennevirasto, 2017).  
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The pilot LHNB analyzed in this study is 20m in length with a 10 dB 
absorption capacity. It is situated in the railway track of the city of 
Lappeenranta in Finland, where it will be in full operation. Acoustic and 
non-acoustic performances of a LHNB can depreciate over the duration 
of its working life due to exposure to different environmental conditions 
and other factors. Due to this, service life of the noise barrier can be 
defined as the duration it functions trouble-free with no visible change 
in insertion loss or appearance (Morgan et al., 2001). 

Desirable service life for PCC noise barrier is averagely 40 years 
(Environmental Protection Department Highways Department, 2003; 
Parker, 2006). On the other hand, there is limited information on service 
life estimation for geopolymer composite noise barriers. Amorim Júnior 
et al. (2021) investigated durability and service life of metakaolin-based 
geopolymer with respect to chloride penetration. The service life of the 
geopolymer concrete based on Fick’s second diffusion law and using the 
age influence coefficient 0.4 and 0.6 was estimated in the range 12–13 
years and 39–45 years, respectively. However, the author stated the 
service life prediction is used prospectively due to lack of good accuracy. 
Due to differences in mix designs, the LHNB geopolymer composite 
scenarios may have different service lives and due to limited studies on 
the parameters needed to calculate service life of the geopolymer com-
posites, 40 years of service life is assumed for all scenarios in this paper. 
However, sensitivity analysis for service life (10–40 years) of the geo-
polymer LHNB scenarios is conducted. When the LHNB depreciates and 
can no longer fulfill its function, the LHNB modules are demolished, 
crushed, and landfilled. Carbonation is also taken into consideration to 
determine potential CO2 savings that can be achieved during the use and 
end-of-life phases. 

2.1. Goal and scope definition 

The goal of this study is to carry out an LCA of five different LHNB 
mix designs made from either PCC or geopolymer composite and to 
evaluate the impact of product system changes on their environmental 
performance. The reasons for carrying out this study is to support 
decision-making in the development of a LHNB. The functional unit is a 
20 m LHNB with 10 dB absorption capacity. Although, the LHNB have 
the same function, differences in mix designs will influence their dura-
bility and service life which will further influence the effectiveness of 
their function over time. In this regard, the functional unit is adapted to 
include compressive strength and service life of the concretes to yield a 
more consistent interpretation and assessment of results (Marinković 

et al., 2021; Vieira et al., 2018). This is achieved by applying two in-
dicators. The first indicator is defined as the ratio of environmental 
impact category to compressive strength (MPa) at 28 days of a 20 m long 
LHNB (Equation (1)). The second indicator is defined as the ratio of 
environmental impact category to compressive strength (MPa) at 28 
days and service life (years) of a 20 m long LHNB (Equation (2)) (Müller 
et al., 2019; Vieira et al., 2018). 

Indicator1 =
Environmental impact category

MPa⋅20m
(1)  

Indicator2 =
Environmental impact category

MPa⋅20m⋅years
(2) 

System boundary as shown in Fig. 2 comprise all life cycle stages 
from cradle to grave. Processes include raw material extraction and 
secondary material production, construction, transportation, and utili-
ties (energy). Precast and additive manufacturing construction methods 
are investigated in this study. Transport includes distribution of mate-
rials required for construction of the LHNB from suppliers to factory to 
place of erection. The use stage includes usage of LHNB. At the end-of- 
life, the LHNB is demolished and landfilled. Capital equipment are 
excluded unless they are already incorporated in the unit processes of 
the background system. The primary data of the product system is 
provided by developers of the LHNB. Where primary data could not be 
acquired, secondary data were sourced from literature. S0, S1, S2, S3, 
and S4 as shown in Fig. 2 are the different LHNB scenarios and are 
further discussed in the next section 2.1.1. 

2.1.1. Scenario description 
Different mix designs were developed for precast and additive 

manufactured (AM) LHNB as described in the five scenarios below.  

• S0 – Precast PCC  
• S1 – Precast geopolymer composite  
• S2 – Precast geopolymer composite  
• S3 – AM geopolymer composite  
• S4 – AM geopolymer composite 

S0 represents the reference scenario which all other scenarios are 
compared against. S1 and S2 describes two different precast geopolymer 
composite mix designs while S3 and S4 illustrates two different AM 
geopolymer composite mix designs as shown in Table 1. The materials 

Fig. 2. System boundary depicting processes considered during the life cycle phase of the low-height noise barrier.  
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needed for construction of S0 include cement, water, fine and coarse 
aggregates while materials required for construction of S1 – S4 are 
alkaline activator, precursors, water, fine and coarse aggregates as 
detailed in Table 1. The precursors used in S1 and S4 are mainly CFA and 
GBFS which have gone through beneficiation process while precursors 
for S2 combines GBFS and metakaolin, and precursor for S3 combines 
calcium aluminate cement and metakaolin. The fine aggregates are 
made up of fine tailings in all scenarios except S4 in which milled bio fly 
ash was used. Coarse tailings and bottom ash were used in S0, S2, and S3 
respectively, as coarse aggregates while S1 contained bottom ash and 
crushed steel slag. Other materials include water and polypropylene 
fiber. 

2.1.2. Preparation of pilot scale low-height noise barrier modules 
In preparation of the pilot scale geopolymer composite LHNB, the 

activation reagent is prepared by weighing the solution reagents and 
then blending for a few minutes. The solution is left to dissolve 
completely and cooled. The geopolymer composite is prepared by 
weighing and mixing the dry ingredients. The activation reagent is 
poured into the dry mixture, stirred, and subsequently poured in molds 
or in a 3D printer with continuous mixing. The air bubbles are removed 
with a vibrator after casting. The products are cured at room tempera-
ture for 7 days shielded with a plastic film cover. The excess casting and 
other pieces are disposed with normal aggregate waste. This 
manufacturing applies to the geopolymer composite scenarios that are 
examined in this study (APILA Group, 2020). 

According to preliminary product requirements, LHNB must be in 
two parts, a separate top of barrier and the foundation modules (Vah-
tera, 2011). For the precast LHNB, the modules are casted indoor and 
then transported to a construction site. The height of one module is 90 
cm, a slab is placed 10 cm above ground surface making the total height 

of the LHNB to be 100 cm. The slab is not included in this study since it is 
same for all scenarios. The weight of one module as shown in Fig. 3 is 
330 kg, and for a 20 m long LHNB 45 modules are used. The modules are 
attached to each other with stainless steel rebar welded to the caps 
screwed into the lifting anchors of the modules. The thickness of the 
LHNB is 150 mm which fits the Finnish standard concrete thickness (at 
least 100 mm) of a noise barrier (Liikennevirasto, 2017). 

For the additive manufactured LHNB, the module is printed in fac-
tory and transported to the site for assembling. The weight and height of 
one module as shown in Fig. 4 is 57 kg and 45 cm, respectively. Two 
modules stacked on each other are needed to reach a 90 cm height and a 
slab is placed 10 cm above the ground making the total height of the 
barrier 100 cm. For a 20 m long LHNB, 90 modules are used. The module 
is hollow in shape and filled with 58.28 L of crushed aggregate per 
module. For 90 modules, 5245 L of crushed aggregate is utilized. The 
thickness of the concrete is 295 mm. 

2.1.3. Carbonation (CO2 uptake) 
Carbonation “is a chemical reaction by which CO2 penetrates con-

crete and reacts with hydration products, forming mainly calcium car-
bonate” (Andersson et al., 2019). When cement is produced, most of the 
CO2 emitted is due to combustion of fuels required in production of 
cement and to some extent from calcination of limestone. The calcina-
tion reactions are reversible, thereby, CO2 is absorbed into the concrete 
by a process referred to as carbonation. Carbonation is dependent on 
several factors such as the process lasting many years as it is a slow 
process. Other factors include CO2 availability (as concrete must be 
exposed to CO2 in air to carbonate), transport of CO2 molecules into 
concrete (which can make carbonation rate faster when concrete is 
crushed), temperature, humidity, and porosity. Thus, considering 
carbonation in emission calculation of concrete is important (Stripple 
et al., 2018). 

Carbonation reaction occurs in several steps but the main reaction is 
the reaction between the calcium and carbonate ions which takes place 
in water phase in the pore solution in the concrete, making water and 
moisture an important part of carbonation (Andersson et al., 2019). It is 
documented that half of the emissions that comes from raw materials 
required to produce concrete, can be reabsorbed during carbonation 
process of concrete during the use phase and partly in the end-of-life 
phase (Stripple et al., 2018). A report by Stripple et al. (2018) details 
carbonation reaction steps and has documented three different CO2 
uptake calculation methodologies based on complexity and accuracy. 
These different methods relate to an annual CO2 uptake. In this study, 
the simplified methodology presented by Stripple et al. (2018) will be 
used to calculate the CO2 uptake in the LHNB use and end-of-life phases. 

Table 1 
Mix designs of the different scenarios (APILA Group, 2020).  

Constituent S0 S1 S2 S3 S4 

Cement 27%     
Calcium aluminate cement    4%  
Activator  10% 15% 19% 0.3% 
Waste precursor (CFA and GBFS)  25% 4%  37% 
Metakaolin   9% 13%  
Fine aggregates 9% 13% 19% 13% 17% 
Coarse aggregates 52% 45% 48% 43% 30% 
Water 12% 6% 4% 6% 16% 
Polypropylene fiber 0.14% 0.14% 0.14%   

CFA – coal fly ash; GBFS – granulated blast furnace slag. 

Fig. 3. Pilot precast LHNB module for the UIR project (Concept design by Design Reform ltd, 2020).  
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For the use stage, two alternative CO2 uptake calculations are pro-
vided to handle uncertainty.  

• Alternative A: annual CO2 uptake for the use stage is estimated as 
“0.20 multiplied by the reported emission from calcination of 
consumed cement clinker”  

• Alternative B: annual CO2 uptake for the use stage is estimated as 
“0.15 multiplied by the reported emission from calcination of 
consumed cement clinker” 

For the end-of-life phase (demolishing, crushing and storage).  

• annual CO2 uptake is estimated as “0.02 multiplied by the reported 
emission from calcination of consumed cement clinker”. 

Alternatively, if both the amount of annual concrete recycling and 
annual crushed concrete used as secondary raw material is known, the 
CO2 uptake in the end-of-life and secondary use phase can be individ-
ually calculated as 10 kg CO2/m3 concrete (Stripple et al., 2018). 

2.2. Life cycle inventory (LCI) 

LCI is where data is collected and compiled on elementary flows for 
all processes in the product system. LCI data for sodium hydroxide, 
polypropylene fiber, transportation, cement, electricity, and water were 
sourced from GaBi database. LCI for sodium silicate and calcium 
aluminate cement were respectively sourced from Ecoinvent database 
and environmental product declaration by Cimsa Cimento (CIMSA, 
2015). Pedigree matrix is applied to assess the quality of data utilized in 
this study. More information of the data quality can be found in the 
supplementary material (see Table S1). The data source for the different 
processes is shown in Table 2 below. 

Data quality indexes are evaluated based on five independent char-
acteristics namely, reliability, completeness, temporal correlation, 
geographical correlation, and further technological correlation, respec-
tively as shown in the brackets (x,x,x,x,x). Each independent charac-
teristic is scored between 1 and 5 quality levels (1-excellent; 5-poor) 
(Weidema et al., 2013). 

To produce metakaolin, kaolin is calcined at 2.5 MJ/kg of thermal 
energy from natural gas (Heath et al., 2014; NLK, 2002). LCI data for 

kaolin is reported in GaBi database. LCI data for beneficiating fly ash, 
tailings and crushed steel slag were sourced from local companies pro-
ducing these materials. Energy consumption for processing tailings and 
crushed steel slag is 0.011 MJ/kg and 0.063 MJ/kg respectively while 
energy consumption for processing bio fly ash and CFA is 0.045 MJ/kg 
and 0.11 MJ/kg, respectively. GBFS goes through the processes of 
granulation, drying, crushing and grinding (Marceau et al., 2007). Thus, 

Fig. 4. Pilot additive manufactured LHNB element for the UIR project (Concept design by Design Reform ltd, 2020).  

Table 2 
Data source and quality.  

Type of data Source Data quality 
indexes Pedigree 
matrix 

Sodium hydroxide GaBi database 2019 – EU-28: Sodium 
hydroxide (caustic soda mix, 100%) 

(3,3,2,2,2) 

Sodium silicate 
solution 

Ecoinvent database – EU-28: Sodium 
silicate production, hydrothermal 
liquor, product in 37% solution state 

(2,2,5,1,1) 

Portland cement Cement (CEM I) [Minerals] (3,3,4,4,5) 
Metakaolin Kaolin calcination (Heath et al., 2014; 

NLK, 2002) 
(3,3,2,3,3) 

Water GaBi database 2019 – EU-28: tap 
water 

(3,3,4,4,3) 

Electricity GaBi database 2019 – FI: electricity 
grid mix 

(3,3,4,3,4) 

GBFS GBFS beneficiation (Marceau and 
VanGeem, 2003) 

(2,3,5,4,1) 

Coal fly ash Locally sourced (1,2,1,1,1) 
Tailings Locally sourced (1,2,1,1,1) 
Calcium aluminate 

cement 
Cimsa Cemento (CIMSA, 2015) (2,2,1,4,2) 

Crushed steel slag Locally sourced (1,2,1,1,1) 
Crushed stone GaBi database 2019 – DE: crushed 

stone 16/32 ts 
(3,3,2,3,2) 

Transportation GaBi database 2019 – Truck-trailer, 
Euro 5, 34–40 t gross weight/27 t 
payload capacity 

(3,3,2,2,2) 

Diesel GaBi database 2019 – Diesel mix at 
filling station 

(3,3,2,3,3) 

Landfill GaBi database 2019 – Inert matter 
(unspecific construction waste on 
landfill) 

(3,3,2,2,3) 

Polypropylene 
fiber 

GaBi database 2019 – EU-28: 
Polypropylene fibers 

(3,3,2,4,2)  
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materials and energy required to process GBFS were modelled according 
to data from Marceau and VanGeem (2003). Data on electricity re-
quirements for dissolving alkaline activator is 0.0084 kWh/kg (Pas-
suello et al., 2017) and mixing of constituents is locally estimated to be 
0.0045 MJ/kg. Electricity requirements for 3D printing is locally esti-
mated to be 7 MJ/t (Jäppinen, 2017) while data for precast is estimated 
to be 2.16 MJ/t (Tahvanainen, 2020). It is assumed that limited to 
no-maintenance and repair activities are required. The distance covered 
for the different materials used in the LHNB scenarios can be found in 
Table S2 of the supplementary material. 

2.3. Life cycle impact assessment (LCIA) 

The LCIA phase is where information from LCI is translated to 
environmental impact scores and categories. In this step, an overview of 
significant environmental impact categories for LHNB is conducted. The 
relevant environmental impact categories in assigning LCI results to 
environmental issues according to different literature studies (Estévez 
et al., 2006; Kawai et al., 2005; Kikuchi and Kuroda, 2011; Zhang et al., 
2006) are global warming potential (GWP) (kg CO2 eq.), fossil depletion 
(ADP_FF) (kg oil eq.), photochemical ozone creation potential (POCP) 
(kg NOx eq.), and acidification potential (AP) (kg SO2 eq.). These envi-
ronmental impact categories are selected as they are associated with 
environmental issues related to concrete production such as fossil and 
resource depletion, emissions to air, water, and land (Chen et al., 2010; 
Stajanca and Estokova, 2012). Environmental performance modelling 
was conducted using GaBi 9.2.0.58 software and selected method was 
ReCiPe 2016 v1.1 (midpoint hierarchist timeframe). ReCiPe indicators 
provide information on the environmental issues associated with inputs 
and outputs of the product system at both midpoint and endpoint level. 
It also provides characterization factors for a variety of elementary flows 
for different environmental impacts (Výtisk et al., 2019). It is a widely 
adopted method due to its robustness (Hischier et al., 2010). 

2.4. Sensitivity analysis 

Sensitivity analysis is applied to evaluate the influence of modelling 
assumptions and choices in a product system (EC-JRC, 2010). Service 
life of geopolymer composite was assumed to be 40 years same as PCC. 
However, due to material differences in the mix designs of the LHNB 
scenarios, sensitivity analysis was conducted for the geopolymer com-
posite (S1 – S4) in range 10 years–40 years to determine the influence of 
changes in service life on the environmental performance of the geo-
polymer composite LHNB scenarios. 

3. Results 

The LCIA results generated are based on the environmental assess-
ment of the different LHNB scenarios (see Table 1). These results illus-
trate the environmental impacts of the LHNB in their different life cycle 
phases. 

In the production phase, with respect to GWP, S1, S2, S3 and S4 had 
44%, 7%, 32% and 96% lower global warming effects respectively, 
when compared to S0. With respect to ADP_FF, S1, S2 and S3 have 33%, 
123% and 36% increased oil extraction respectively while S4 has 87% 
decrease, respectively, when compared to S0. With respect to POCP, S1, 
S2, S3 and S4 had 41%, 17%, 47% and 94% lower formation of photo-
chemical oxidants, when compared to S0. Finally, with respect to AP, S1, 
S2, and S3 have respectively, 10%, 62%, and 27% potential increase in 
atmospheric deposition of acidifying compounds while S4 has 96% 
decrease when compared to S0. Still in the production phase, regarding 
GWP, cement is the most significant contributing material in S0 (90%). 
In S1, alkali activator and transportation were the most significant 
contributor at 80% and 16% respectively. In S2, alkali activator and 
metakaolin were the significant contributors at 70% and 19% respec-
tively. Regarding S3, sodium silicate, metakaolin and CAC contributed 

59%, 19% and 13% respectively. While in S4, transportation, aggre-
gates, and alkali activator were the most significant contributor at 39%, 
38%, and 11%. With respect to ADP_FF, cement (70%) and trans-
portation (21%) mostly contributed to S0. Alkali activator and trans-
portation contributed 73% and 16% respectively, to S1. In S2 and S3, 
alkali activator contributed 61% each and metakaolin contributed 24% 
and 29% to the scenarios, respectively. In S4, transportation and ag-
gregates contributed 33% each. With respect to POCP, cement and 
transportation contributed 84% and 15% respectively to S0. Alkali 
activator and transportation are the most significant contributors to S1 
at 70% and 27% respectively, S2 at 71% and 17% respectively, and S3 at 
69% and 14% respectively. In S4, transportation and aggregates had 
93% and 19% contribution, respectively. Finally, with respect to AP, 
cement (91%) is also the most significant contributing material in S0. 
Alkali activator is the most significant contributing material in S1 
(90%), S2 (91%), and S3 (75%). In S4, transportation and aggregates 
contributed 45% and 26%, respectively. Other materials had minimal 
contribution lower than 10%. Visual representation of contribution of 
the input materials and energy to the respective impact categories in the 
production phase can be found in the supplementary material (see sec-
tion B: LCIA results – contribution analysis in the production phase). 

In the use phase, carbonation as discussed in section 2.1.3 is taken 
into account, and alternative B is used to calculate the annual CO2 up-
take for more conservative results. Calcination emission from cement is 
estimated to be approximately 49% (Stripple et al., 2018). For the 
geopolymer scenarios which have no cement content, CO2 uptake is not 
calculated. This is because of the limited data availability for the CO2 
uptake of CFA and GBFS. Although, CO2 uptake for GBFS has been 
estimated to be 35 kg CO2/ton, it is recommended to include these ad-
ditions when advanced CO2 uptake methodology is applied. Since, 
simplified CO2 uptake methodology is applied in this study, CO2 uptake 
for scenarios with cement content (S0 and S3) are the only ones 
considered. Also, since minimal to no-maintenance and repair activities 
are expected during the usage of LHNB, the emissions in the use phase 
are limited to activities leading to carbonation and CO2 uptake. Thus, 
annual CO2 uptake for S0 and S3 is estimated to be 270 and 27 kg CO2 
eq./20m, respectively. 

In the end-of-life phase, LHNB are demolished and transported to 
landfill. Emissions from demolition, crushing, and landfill are compa-
rable for all the scenarios since the weights of the LHNB are equivalent. 
Annual CO2 uptake is also considered in the end-of-life phase and esti-
mated to be 36 and 4 kg CO2 eq./20m for S0 and S3, respectively. 

Fig. 5 presents the LCA results of the LHNB scenarios and on the 
secondary axis is the respective compressive strength (MPa at 28 days) 
of the scenarios. For the overall LCA results, S2 has the highest GWP 
emissions, with 0.35% increase above S0, while S1, S3 and S4 have 37%, 
26% and 89% lower GWP emissions compared to S0. With respect to 
ADP_FF, S1, S2, and S3 have 28%, 107% and 31% increased oil con-
sumption respectively, while S1 has 76% decrease in oil consumption 
compared to S0. With respect to POCP, S1, S2, S3, and S4 have 36%, 
15%, 41%, and 83% lower potential of formation of photochemical 
oxidants when compared to S0. With respect to AP, S1, S2, and S3 have 
9%, 54%, 24%, respectively, potential increase in atmospheric deposi-
tion of acidifying compounds while S4 has 85% decrease, when 
compared to S0. 

When comparing the total LCA results with compressive strength, the 
LHNB mix designs produced different compressive strengths, with S0 
having the highest strength (32 MPa) and S4 with the lowest strength 
(13 MPa). For a more consistent interpretation and assessment of results, 
environmental performance results with respect to compressive strength 
and service life was conducted and is discussed further in the next 
section. 

3.1. Compressive strength related LCIA results 

The environmental performance of the LHNB scenarios is analyzed 
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with respect to compressive strength using Indicator1 (see Equation (1) 
in section 2.1). S2 has the highest emissions in the respective environ-
mental impact categories, while S4 has the best environmental perfor-
mance with this indicator as shown in Fig. 6. 

3.2. Service life related LCIA results 

For further consistent interpretation of results, the environmental 
performance of the LHNB scenarios is analyzed with respect to 
compressive strength and service life using Indicator2 (see Equation (2) 
in section 2.1). As in the previous section, S2 is the worst scenario with 
this indicator while S4 has the best environmental performance as 
shown in Fig. 7. The limitation to this analysis is assumption of 40 years 

of service life for all the LHNB scenarios. As a result, a sensitivity 
analysis was conducted and is detailed in the next section. 

3.2.1. Sensitivity analysis 
The LHNB scenarios are made up of different mix designs with 

different materials which results in different compressive strength which 
can also influence the service life of the LHNB scenarios. Since PCC noise 
barrier has a desirable service life of averagely 40 years and an uncer-
tainty on the service life of the geopolymer composites LHNB, a sensi-
tivity analysis was conducted to determine how changes in the service 
life (10–40 years) of the geopolymer composite LHNB scenarios influ-
ence the LCA results. As shown in Fig. 8, the service life of S0 remains 
constant, thus, the environmental performance remains constant 

Fig. 5. Life cycle impact assessment results of the LHNB scenarios.  

Fig. 6. Life cycle impact assessment results with respect to compressive strength of the LHNB scenarios.  
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whereas the environmental performance of the geopolymer composite 
scenarios is varied according to 10–40 years of service life duration. 

With regards GWP, S4 has the best environmental performance with 
lower GWP emissions than S0 at the different years. The environmental 
impacts of S1, S2, and S3 is higher than S0. However, the environmental 
impacts of S1 and S3 becomes equal to S0 at 38 years and 32 years of 
service life respectively. With respect to ADP_FF and AP, only S4 has 
equivalent or better environmental performance than S0 whether it last 
10 years or 40 years. With respect to POCP, S1, S2 and S3 have worse 
environmental performance when compared to S0. However, S1 and S3 
become of equivalent environmental performance to S0 at 40 years and 
25 years of service life while S4 remains environmentally favorable than 
S0 at the different years. 

4. Discussion 

It is essential to assess environmental impacts that will presumably 
occur during a product’s life cycle and as such, it is possible to identify 
potential environmental problems and solutions. Resources and energy 
are much consumed in producing a LHNB. Thus, LCA of LHNB was 
achieved by analyzing different mix designs and proffering insight into 
details regarding their potential environmental impacts. 

The assessment carried out shows that the production stage is the 
most significant life cycle phase. The major environmental problem 
associated with the reference scenario S0 (PCC LHNB) is due to cement 
production which has been known to be a major environmental 
pollutant (Andrew, 2018; Crossin and Carre, 2012). Most of the 

Fig. 7. Life cycle impact assessment results with respect to service life of the LHNB scenarios.  

Fig. 8. Life cycle impact assessment results with respect to changing service life of the geopolymer composite LHNB scenarios.  
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environmental impacts from the production phase of the geopolymer 
composites LHNB S1–S4, originated from alkali-activator. Studies have 
shown that there is a possibility to produce alkali activator from 
silica-rich chemically modified waste products such as rice husk ash and 
waste glass without compromising on their mechanical properties (Tong 
et al., 2018; Vinai and Soutsos, 2019). Environmental assessment study 
by Abdulkareem et al. (2021), further demonstrated that environmental 
improvements are achieved from this substitute (Abdulkareem et al., 
2021). Furthermore, transportation emissions were significant during 
production of S4. Transportation emissions is of importance due to 
environmental burden from long distance transportation of materials. 
Thus, most of the materials are transported only within regional scale 
(averagely 200 km). 

When the environmental impact categories were initially assessed 
without considering compressive strength and service life (Fig. 5), S0 
(PCC LHNB) had the worst environmental performance in GWP and 
POCP, while S2 had the worst environmental performance in ADP_FF 
and AP. When the environmental impacts were assessed with respect to 
compressive strength (Fig. 6), S2 had the worst environmental perfor-
mance in all assessed impact categories followed by S1. Finally, when 
the environmental performance of the LHNB mix designs were assessed 
with respect to a fixed 40 years’ service life (Fig. 7), S2 also had the 
worst environmental performance followed by S1. One of the limitations 
of this study is not calculating the specific service life of the different 
scenarios for a more consistent result, however, sensitivity analysis was 
conducted to determine effect of differences in service life on the overall 
results. When the service life of the geopolymer composites (S1–S4) 
were varied from 10 to 40 years due to uncertainty in the service life of 
geopolymer composites (Fig. 8), only S4 showed equivalent to better 
environmental performance than S0. Overall, S4 had the best environ-
mental performance. These differences in results shows the significance 
of including compressive strength and service life for a more consistent 
interpretation of results. 

Furthermore, Arenas et al. (2017) investigated noise properties of fly 
ash-based geopolymers and found the sound absorption of fly ash-based 
geopolymers is similar to commercial products. The study highlighted 
that sound absorption coefficient is dependent on ratio of aggregates to 
binder and not on the type of binder, activating solution ratio, and/or 
aggregates so far, the size distribution of the aggregates is alike. The 
study further highlights that sound absorption of a material depends on 
the thickness of a specimen, and a 120 mm thickness of material is 
appropriate as road traffic noise barriers which corresponds with the 
Finnish standard thickness for concrete noise barrier which is at least 
100 mm (Liikennevirasto, 2017). Together, the standard thickness cor-
roborates with the thickness of the precast LHNB (S0–S2) which is 150 
mm and the thickness of the AM LHNB (S3 and S4) which is 295 mm (see 
section 2.1.2). Also, the specific mass of the LHNB scenarios is compa-
rable with a safety marginal inclusive in the design. 

S4 illustrates improvement potential in developing LHNB from 83% 
industrial waste materials and maximizing the efficient use of resources 
using AM construction method. The integration of AM in geopolymer 
makes it a superior and sustainable alternative to precast PCC (Yao et al., 
2020) due to increased flexibility. This is also highlighted in this study 
comparing S2 and S3. Although, both mix designs are comparable, S2 
had worse environmental performance than S3, as the later was con-
structed through additive manufacturing, with a unique hollow shape 
resulting in flexible LHNB development and lesser material consump-
tion. Whereas S2 was produced in the traditional construction method 
resulting in more material consumption. Although, the environmental 
desirability of AM from carbon and energy viewpoint varies depending 
on how the printing is executed (Saade et al., 2020), other uniqueness 
include complexity-achievement and reduced hazardous exposure of 
workers etc. (Saade et al., 2020). Conversely, the shift to AM can lead to 
loss of jobs due to less manpower needed. There is still an open question 
on AM revolutionizing traditional construction, however, it can be said 
that AM will transform construction to highly sophisticated structures 

with improved environmental performance. 

5. Conclusion 

This study explores the environmental performance of five mix de-
signs of low-height noise barriers (LHNB) from Portland cement con-
crete and geopolymer composite recipes, using LCA methodology. With 
compressive strength and service life (40 years) as indicators in assess-
ing the environmental performance of the LHNB, S4 had the best envi-
ronmental performance due to lower amounts of chemicals, virgin 
materials, and using additive manufacturing construction method 
whereas S2 had the worst environmental performance of the LHNB. 
When compared to S0, a potential decrease in emission between 40% 
and 73% is achieved in S4 in all assessed environmental impact cate-
gories. When compared to S1, a potential decrease in emission between 
60% and 78% is achieved in S4. When compared to S2, a potential 
decrease in emission between 63% and 81% is achieved in S4. Finally, 
when compared to S3, a potential decrease between 37% and 72% is 
achieved in S4 in all the assessed environmental impact categories. Due 
to possibly different service lives of the geopolymer composites LHNB, 
sensitivity analysis carried out by varying the service lives of the LHNB 
geopolymer composites from 10 to 40 years and the result shows that 
only S4 has equivalent or better environmental performance compared 
to S0 at the different years. 

The environmental hotspot of S0 is cement while alkali activator is 
the hotspot for S1, S2, and S3. Transportation emissions is the hotspot of 
S4. Based on the simplified methodology in calculating CO2 uptake 
(Stripple et al., 2018), 270 and 27 kg CO2 eq./20m can be absorbed 
during the use phase in S0 and S3, respectively, while in the end-of-life 
phase, 36 and 4 kg CO2 eq./20m can be absorbed in S0 and S3, 
respectively. 

S4 depicts solutions and concepts that result in environmental 
improvement potentials for a low-height noise barrier. This study 
highlights that although, geopolymer composites may be considered a 
low carbon alternative to Portland cement, this conclusion highly de-
pends on the quantity of alkali activators in the mix design, its durability 
and service life. The results from this study supported decision-making 
and guided in local development of LHNB from geopolymer compos-
ites, by minimizing the use of alkali activators and natural precursors 
(metakaolin) in a mix design. These results show the possibility of 
developing a geopolymer composite LHNB from 83% industrial wastes 
and by-products and 0.3% alkali activator. 
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green concretes for structural use. J. Clean. Prod. 154, 633–649. https://doi.org/ 
10.1016/j.jclepro.2017.04.015. 
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