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Abstract
A novel process for the production of angular-shaped high strength fly ash aggregates from an energetic, and environmen-
tal perspective is presented in this paper and compared with the production of natural aggregates. This study is significant 
because there is an increasing demand for aggregates and no published research addressing the environmental impact assess-
ment of fly ash aggregate manufacturing. For the fly ash aggregate production, all technical, energetic, and financial aspects 
of the production process were evaluated at the pilot-scale production plant. Whereas, for the natural aggregate production 
process, site-specific data is used. The environmental impacts of aggregate production processes were assessed using SimaPro 
and the impact analysis methodology IMPACT 2002 + from the “cradle to gate.” The results demonstrate that the production 
of fly ash aggregates is more desirable than natural aggregates for all environmental impact categories. Using fly ash for 
aggregate production avoids the impacts due to inert landfilling and extraction of basalt. The findings show that diesel and 
electricity are the primary sources of energy used to produce aggregates and they are principally answerable for the detri-
mental effects on respiratory inorganics, global warming, and non-renewable energy. A sensitivity analysis recommends that 
fly ash aggregate is preferable for all impact categories if the distance between the lime source and the production plant is 
less than 350 km. The comprehensive life cycle inventory and impact analysis aid in the decision-making process for further 
improvement in the production procedure of fly ash aggregates and similar life cycle assessment studies.
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Introduction

Construction industry in India is one of the largest consum-
ers of natural resources. The predominant materials used 
in the construction sector are sand, stones (as aggregates), 
soil (for bricks), and limestone (for cement). On the other 
hand, current construction practices are moving toward 
more sustainable approaches with greener alternate materi-
als. Recycled materials have gained attention as sustainable 

alternatives to natural aggregates in various civil construc-
tion works owing to their environmental and commercial 
benefit.

The alternative materials commonly used in construc-
tions instead of natural aggregates/materials are construc-
tion and demolition (C&D) waste, reclaimed concrete 
aggregates (RCA), crushed brick, fly ash aggregates, and 
industrial waste, such as slags, fly ash, glass, rubber, glass 
fibers [1–10]. Ottosen et al. [11] utilized the sewage sludge 
ash as a replacement of sand in concrete after extraction of 
phosphorous (P) from it. For the construction of roads in the 
United Arab Emirates warm-mix asphalt, reclaimed asphalt 
pavement, recycled construction waste, and blast furnace 
slag were used as a replacement of conventional materials, 
and its life cycle assessment (LCA) was carried out. The 
findings showed that there was a significant decrease in 
environmental impact for all parameters, including carbon 
dioxide equivalent, energy consumption, nitrogen oxides 
equivalent, particulate matter 2.5 equivalent, acidification, 
and land use [12]. C&D waste was successfully reused as 
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substitutes for the natural aggregates in the manufacture of 
concrete kerbs with the fixed concrete recycling plant [13]. 
Similarly, a systematic environmental life cycle assessment 
study for reprocessing of C&D waste was presented by Jain 
et al. [14]. They found that coordinated recycling offers to 
reduce urban India's negative environmental impact simul-
taneously reducing the demand for virgin natural materials. 
Huanga and Chuieha [15] demonstrated the reuse potential 
of fly ash from municipal solid waste incineration and its life 
cycle assessment. Furthermore, Hossain et al. [16] presented 
the life cycle assessment for the production of natural and 
recycled aggregates and reported that use of recycled aggre-
gates instead of natural aggregates can reduce around 51% of 
total environmental impacts. Rosado et al. [17] evaluated the 
environmental effect of natural aggregates and a combina-
tion of natural aggregates-reclaimed concrete aggregates for 
use as base and subbase materials of pavement, demonstrat-
ing that the natural aggregates-reclaimed concrete aggre-
gates combination has positive environmental effect metrics.

A study of scientific literature shows that there are LCA 
studies on the management of C&D waste [18–22] and some 
studies on the recycling process of C&D waste [23–27]. 
Additionally, some studies reported LCA of C&D wastes 
used as material for the construction of roads and the pro-
duction of concrete [16, 28–31]. Parameters like energy 
use, water consumption, emissions, and health concerns are 
reviewed and analyzed in various case situations.

Furthermore, Gomathi and Sivakumar [6] have reported 
a quite good performance of concrete made with artificial 
fly ash aggregates. Similarly, lightweight fly ash aggregates 
are utilized in high-grade concrete and lightweight concrete 
[7, 32]. Nayak [33] specified that fly ash aggregates could 
find promising applications in the construction of roads and 
embankments. Shahane and Patel [34, 35] stated that hot 
water cured fly ash aggregates are tough, strong, hard, and 
durable, meeting the requirements for road and structural 
concrete aggregates. So far, several researchers have con-
firmed the usage of fly ash aggregates as a step in protecting 
the environment.

Among the different alternatives to natural aggregates, 
the production of artificial aggregates with fly ash is one 
of the potential options. The primary purpose of this 
preference is to reduce natural resource exploitation and 
increase the utilization of fly ash. Due to inferior quality 
of the coal available in India a tremendous amount of ash 
in the range of 30–45% of coal is being produced [36]. On 
the other hand the increasing demand for aggregate in the 
construction industry, and indications that a detailed sci-
entific study may make a significant input for improving 
the sustainability of the Indian construction sector are the 
motivating factors behind this research. As a result, several 
regulatory, technical, economic, and environmental issues 
of fly ash management must be investigated, particularly 

for the production of novel materials from it to enhance the 
sustainability construction sector. Construction of a 1 km 
long and 7 m wide (two lanes) road requires about 8500 tons 
of stone aggregates. Production of 1 cubic meter of concrete 
requires about 1.7 tons of stone aggregates. Aggregates nor-
mally fill 70–80% volume of cement concrete and asphalt 
concrete; hence, alternative aggregates to substitute natu-
ral aggregates would significantly reduce natural resource 
extraction and its associated environmental implications 
[37]. According to 12th five-year plan of India the need of 
construction industry for stone aggregates will reach roughly 
10.3 billion tonnes [38]. These figures show a large need for 
aggregate in constructions and using marginal aggregate in 
a developing country could be a way to combine economics 
with environmental sustainability [17].

There is no published research addressing the environ-
mental impact assessment of fly ash aggregate manufactur-
ing and no adequate site-specific data is available to generate 
a comprehensive LCA investigation on the production of 
fly ash aggregate. The first goal of the study is to produce 
a complete life cycle impact assessment (LCIA) based on 
primary data that can help local decision-makers to choose 
alternative construction materials. It also aims to formulate 
a comprehensive and scientific analysis of the possible envi-
ronmental impacts for the production of alternative aggre-
gate, which aids in the decision-making process for further 
improvement in the production procedure of fly ash aggre-
gate and similar LCA studies.

Methodology

This study's LCA approach is based on the International 
Organisation for Standards (ISO) 14040 [39], which has 
been applied in various previous research [16, 17, 37]. 
SimaPro® 9.0.0.49 LCA software was used to examine 
the impact of inventory elements on the environment and 
compare fly ash aggregate (FA) and natural aggregate (NA) 
production methods through four key phases:

1.	 Defining the goal, scope and system boundaries for LCA
2.	 Product selection and process inventory (i.e. inputs and 

outputs)
3.	 Assessment of an inventory's environmental impact data
4.	 Results interpretation and suggestions for enhancement

Goal and scope definition

The goal of this work is (1) to draft a regional life cycle 
impact assessment (LCIA) for production of fly ash aggre-
gate (FA) in India and compare it with that of natural aggre-
gate (NA). And (2) to conduct a comparative life cycle 
assessment (LCA) on the production of FA and NA based 
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on the essential data collected from a pilot-scale production 
plant of fly ash aggregate and a basalt quarry, both are situ-
ated in Gujarat state of India (Appendix A- Fig. Ia).

The resulting LCIA will assist the local decision-mak-
ers to choose the most environmental friendly construc-
tion material. Additionally, it will be helpful for upcoming 
LCA studies on fly ash utilization. The fly ash aggregates 
may substitute natural aggregates for various construction 
applications in a ratio of 1:1 and the production of 1 ton of 
aggregate is defined as the functional unit for this reason.

The Indian energy mix is characterized by an extensive 
use of fossil fuels (about 60% (Appendix A- Fig. IIa)) [40]. 
Therefore, calculating the environmental impact associated 
with power usage in each stage of the FA and NA production 
Indian Energy mix is considered. The author has developed a 
novel method for the manufacture of angular-shaped fly ash 
aggregate. All the optimum parameters, e.g., binder content 
and its type, time, temperature and type of curing, pressure 
required for casting of fly ash blocks, etc., are find out and 
used in this study [34, 35]. After critical market survey, all 
technical, energetic, and financial aspects of the production 
process were evaluated at the pilot-scale production plant, 
and similar data was used in this study (Appendix A- Table 
Ia to Va). Data on natural aggregate production procedure 
was collected from the aggregate manufacturers in the basalt 
quarry. The concept was to gather detailed and first-hand 
data on quarry equipment operation, electricity, water uti-
lization, and transportation distances that reflected actual 
production parameters of local natural aggregates (Appendix 
B- Table Ib to VIIb). The SimaPro® 9.0.0.49 computer soft-
ware was used to perform the LCA assessment. At the same 
time basic data for secondary processes were taken from 

the Ecoinvent v.3.5 (2018), US LCI (2015), and EU & DK 
Input Output (2010) databases and was updated with Indian 
data wherever applicable. Figure 1a and 1b demonstrates the 
system boundaries schematically for FA and NA production, 
respectively. Capital properties such as the infrastructure of 
the FA and NA manufacturing facilities, buildings, equip-
ment, and vehicles, and their maintenance were purposely 
eliminated because no credible data is available. IMPACT 
2002 + life cycle impact assessment method has been used 
in this study. This method offers a viable application of the 
combined midpoint and endpoint approach and has already 
been used in other similar work [17, 21, 37]. The method 
used 15 impact categories: carcinogens, noncarcinogens, 
respiratory effects, photochemical oxidation, ionizing radia-
tion, ozone layer depletion, aquatic ecotoxicity, terrestrial 
acidification/nitrification, terrestrial ecotoxicity, aquatic 
eutrophication, land occupation, aquatic acidification, global 
warming, mineral extraction, non-renewable energy; and 
four damage categories: human health, ecosystem quality, 
climate change, resources.

Life cycle inventory

Case I: Production of fly ash aggregates (FA)

The location selected for this study is Reliance thermal 
power station, Hazira, Surat, Gujarat, India. The aggregate 
production plant is within the premises of the power station 
with a distance of 0.1 km from fly ash silos. The plant used a 
total area of 6000 m2 with a production capacity of 40 tons/
day. Raw material required for the plant is fly ash, which is 
available free of cost within the plant premises. Hydrated 

Fig. 1   System boundaries for a production of fly ash aggregates, b production of natural aggregates
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lime has been transported from the source of lime, which is 
located 200 km from the production plant. The total burden 
associated with hydrated lime for its production and trans-
portation to the plant has been considered in this study. The 
hydrated lime is transported to the factory and examined 
before being separated in silos.

The first step of fly ash aggregate production consists 
of mixing fly ash and lime with an appropriate percentage 
(98% fly ash + 2% lime) in a dry state. The dry materials 
(i.e., fly ash and hydrated lime) are transferred to the mixer 
by a screw conveyor from silos. Then the optimum quantity 
of water is added to it by effective means of the spray noz-
zle and mixed thoroughly in high shear bled mixer. After 
mixing, the rectangular blocks of size 230 mm × 110 mm 
× 60 mm were prepared using a hydraulic static press. Four 
blocks are produced in a single stroke and 35 tons of pressing 
force is applied on each block. The block-making machine 
produces an average of 960 blocks/h. The production plant 
is operated in 3 shifts, each shift consisting of 6.7 working 
hrs.; likewise, 19,296 numbers of the block are prepared per 
day. Next, prepared blocks are placed in a curing rack (500 
blocks/rack) manually, and these racks are transferred into 
the hot air room with the portable crane. After the 6 h of hot 
air curing at a temperature of 50 °C crude blocks in racks 
are kept in the hot water bath for 24 h. at a temperature of 
75 °C. Then, blocks are stockpiled at ambient temperature 
for 24 h. These blocks are fed into a vibratory feeder by 
a wheel loader and crushed by a horizontal shaft impact 
crusher. Finally, crushed material passes through a vibrating 
screen which produces different sizes of fly ash aggregates 
according to the construction requirement. The produced 
fly ash aggregates are stacked in the open-air. All the equip-
ments are powered by electricity, and some engines require 
lubricating oils. The total electricity consumption during the 

production process has been correlated with the functional 
unit. The burden of raw material losses of 1% is considered 
in the present study.

Similarly, distance of aggregate transport to the consumer 
may vary with location and hence, it is not considered in 
the study. The avoided burdens of the fly ash landfilling and 
land-derived materials (basalt) due to the replacement of 
natural aggregates with fly ash aggregates have also been 
considered. As per the above data, Table 1 shows the direct 
and avoided burdens of each process for the production of 1 
ton of fly ash aggregates.

Case II: Production of natural aggregates (NA)

The quarry considered for the study is located in Degam vil-
lage of Valsad district in Gujarat, India with a total area of 
5,00,000 m2 out of which 3,00,000 m2 are consist of exploi-
tation area. The basalt type of rock is obtained from this 
quarry, which further reduces to different particle sizes of 
natural aggregates for various construction uses. The quarry 
yields 1600 ton/day aggregates, working for 16 h./day and 
25 days/month. The system boundaries for production of 
natural aggregates with different stages and related equip-
ment usage are schematically shown in Fig. 1b. The total 
water use for the perforation process is 6000 lit/day.

The basalt rock is perforated with a drill rig machine, 
after which explosives are positioned in the quarry and the 
rock is retrieved. Subsequently, the rock is loaded into a 
truck of 18 ton load capacity by using a hydraulic exca-
vator having a load capacity of 3m3. The basalt process-
ing facility is located at approximately 2 km from the pit. 
After transporting 2 km distance, this basalt is loaded into a 
vibrating feeder and crushed by a primary jaw crusher. Next, 
this crushed rock goes through a conical crusher (secondary 

Table 1   Direct and avoided burdens of each process for production of 1 ton of fly ash aggregates and natural aggregates

Process Fly
ash (ton)

Basalt
(ton)

Explosive
(g)

Hydrated 
lime (ton)

Diesel
(kg)

Lubricat-
ing oil 
(kg)

Electricity
(kWh)

Water
(L)

Distance
(tkm)

Fly ash aggregates
Raw materials – – – 0.02 – – – 270 4
Mixing and compaction – – – – – 0.001 8.950 – –
Curing – – – – 0.850 – 0.850 180 –
Crushing and screening – – – – 0.265 0.002 0.624 – –
Avoided impact (inert landfilling) 0.98 – – – – – – – –
Avoided impact (land derived materials) – 1.00 – – – – – – –
Natural aggregates
Basalt extraction – 1.05 150 – 0.041 0.019 – 0.07 –
Truck loading – – – – 0.265 0.017 – – –
Handling/transport – – – – – – – – 2.1
Crushing and screening – – – – 0.005 7.252 3.75 –
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crusher) and a vibrating screen, which produces aggregates 
of various sizes as per the requirements. Lastly, the material 
goes via a tertiary crusher where good shape of aggregates 
of different particle sizes are produced. Several conveyor 
belts are used to transfer the material between the various 
crushers and a water sprinkler system is used to reduce dust 
dispersion. The equipments are powered by electricity and 
some engines require lubricating oils. The total power con-
sumption in the manufacturing process has been fitted with 
the functional unit. The burden of aggregate losses is mini-
mal and has not been considered in the study. Table 1 shows 
the direct burdens of each process for the production of 1 
ton of natural aggregates.

Result and discussion

Impact assessment

To evaluate the critical sources of the impact associated with 
various production processes detailed life cycle analysis has 
been carried out and impact assessment and damage assess-
ment (midpoint and endpoint categories) are interpreted in 
the present work. The findings are applicable only if the 
limitations and assumptions of the present work are taken 
into deliberation. Appendix A Table VIa shows the charac-
terization results by impact category for production of fly 
ash aggregates (FA) and natural aggregates (NA). The pro-
duction of FA exhibited excellent performance in terms of 
environmental impact in fourteen out of fifteen categories 
when compared to the case of NA production, demonstrat-
ing the benefits of utilization of fly ash aggregates. The NA 
contributes 21.60 kg CO2 eq in the global warming mid-
point category which is about four times higher than that 
of FA production. The results also illustrated that the FA 
conserved around 89% of non-renewable energy compared 
to NA. Even though the materials and production procedures 
are different, the physical and mechanical characteristics of 
FA and NA are comparable. Indeed, current research sug-
gests that FA is a viable alternative material for the construc-
tion industry, particularly, for pavement applications as its 
performance is similar to that of NA [34, 35].

The life cycle impact assessment has also been executed 
according to the mandatory elements and normalization 
in person*year. The analysis of the normalized impacts of 
FA and NA production shows that six impact categories, 
namely, noncarcinogens, respiratory effects, terrestrial eco-
toxicity, land occupation, global warming, and non-renewa-
ble energy, contribute about 98% of the total environmental 
impacts (Appendix A- Fig. IIIa and Appendix B- Fig. Ib). 
Consequently, these categories are chosen as the emphasis 
of the investigation. Comparable results were also presented 
for mix recycled aggregate production and recycled concrete 

aggregate production by Rosado et al. [17] and Martinez-
Arguelles et al. [37].

Normalized results of selected impact categories for FA 
are given in Fig. 2a. Among the production process of fly 
ash aggregate raw materials consumption and mixing and 
compaction have a significant contribution to the respira-
tory inorganics, global warming, and non-renewable energy. 
This is due to the utilization of energy for the production 
process of hydrated lime from limestone, diesel consump-
tion during transportation of hydrated lime from source to 
production plant, and electricity utilization in mixing and 
compaction processes. Similarly, during the mixing of raw 
materials very fine particles of fly ash and lime remain sus-
pended in the air which contributes to respiratory inorganics. 
In addition, crushing and screening also contribute to the 
respiratory inorganics, global warming, and non-renewable 
energy category. On the contrary, the production of 1 ton of 
fly ash aggregate avoids the disposal of 0.98 tons of hazard-
ous fly ash through landfilling and mining of 1 ton of basalt 
mineral. This significantly reduces the environmental impact 
of non-renewable energy, global warming, land occupation, 
terrestrial ecotoxicity, and respiratory effects categories.

The normalized findings of the impact assessment for 
production of natural aggregate are shown in Fig. 2b. The 
more significant influence of the categories “global warm-
ing”, “non-renewable energy” and “respiratory inorganics” 
for NA production are due to the basalt mining, crushing and 
screening. The emissions of ammonia, nitrogen oxides, and 
particulate matter (< 2.5 mm) due to the use of diesel, explo-
sive, and fine suspended particles of basalt during crushing 
and screening are the chief contributors to “respiratory inor-
ganics” as per the data obtained from SimaPro. Furthermore, 
the crushing and screening process has a significant impact 
on the global warming and non-renewable energy catego-
ries due to the consumption of higher electricity throughout 
these processes. As expected, the basalt extraction also influ-
ences the “terrestrial ecotoxicity” due to aluminum mining 
for making explosive and “land occupation.” In fact, latest 
studies also show that the use of fossil fuels seems to be the 
chief contributor for the global warming, respiratory inor-
ganics, and nonrenewable energy categories [17, 37, 41].

The impacts of electricity consumption associated with 
the mixing and compaction process for FA production 
(Fig. 2a) and crushing and screening operations for NA 
(Fig. 2b) production are found to be relatively higher than 
that of other processes. This is due to the Indian electricity 
mix (as shown in Fig. IIa Appendix A). The Indian electric-
ity is characterized by a large use of fossil fuels, i.e., coal, 
lignite, gas, and diesel (about 59%). The use of fossil fuels 
acts as a major cause of “global warming” and “non-renew-
able energy” categories. According to Ruan and Unluer [42], 
energy was identified as the primary factor with the greatest 
impact on the environment of cement manufacturing also.
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The production process and transport distance (200 km) 
of hydrated lime, as well as electricity consumption for 
mixing and compaction of raw materials for FA production 
contribute on the most significant scale (90%) to “global 
warming” (Fig. 3a). The related CO2 emission is about 
5 kg CO2 eq/t for the production of hydrated lime (which 
includes the production processes of mining, transport, 
crushing, screening, calcination, hydration, etc.) and its 
transport and 13 kg CO2 eq/t for mixing and compaction 
process. Likewise, basalt extraction and crushing and 
screening of NA contribute on the largest scale to “global 
warming” (95%) with CO2 emissions of 4.42 kg CO2 eq/t 

for basalt extraction and 10.33 kg CO2 eq/t for crushing 
and screening of NA (Fig. 3b).

Figure 4a shows that the consumption of diesel for the 
transport of lime and the utilization of electricity (hard 
coal) for mixing and compaction contribute 15% and 45% 
to “non-renewable energy,” respectively. Additionally, 
the production and utilization of 1 ton FA in construction 
activity result in avoided impacts due to inert landfilling 
and extraction of 1 ton basalt. Ultimately, major impacts 
related to “global warming” and “non-renewable energy” 
categories are avoided.

Fig. 2   Normalized impact 
assessment for a Fly ash 
aggregate, b natural aggregate 
production
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Similarly, Basalt extraction, truck loading, handling/
transport, and crushing and screening contribute about 
28%, 8%, 3%, and 60%, respectively, to the “non-renewa-
ble energy” category (Fig. 4b). The higher contribution of 
crushing and screening is due to the use of hard coal for 
electricity production.

The normalized outcomes of the environmental impacts 
of the two examined scenarios are shown in Fig. 5a. The syn-
thesis of fly ash aggregates benefits all the selected impact 
categories since it avoids the primary environmental burdens 
as indicated in the preceding section.

A similar comparison based on damage catego-
ries normalized results is shown in Fig. 5b. The overall 

performance of fly ash aggregate production appears 
superior, as it has significant environmental benefits in 
the damage categories of human health, ecosystem qual-
ity, and resources, while the natural aggregate production 
process has a negative impact on the climate change and 
human health category. Furthermore, when compared with 
recycled concrete aggregates in LCA studies [17, 37, 41], 
the production of fly ash aggregates has the most environ-
mental benefits in all impact and damage categories.

Fig. 3   Contribution analy-
sis for the impact category 
global warming for a Fly ash 
aggregate, b Natural aggregate 
production
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Interpretation

For realistic sensitivity analysis of a LCA two criteria 
are mostly used, i.e., examining the impact of variation 
in a few key parameters and proposing a set of substitute 
possibilities to the base scenario [17, 21]. In this study, 
the first principle has been used by concentrating on a key 
factor, i.e., the maximum distance between the source of 
lime and the production plant. The aim was to determine 
the maximum transport distance of lime for which the 

environmental implications of fly ash aggregate produc-
tion are comparable to that of the NA production. The 
analysis was carried out within a fixed distance of the 
basalt quarry from the crushing and screening facility at 
2.1 ton-km and then, the distance between the source of 
lime and the production plant was gradually increased. 
The impact on “global warming” for production of FA 
and NA was found to be same for lime transport distance 
of 7 ton-km (which is obtained for distance of 350 km 
between source of lime and FA aggregate production 

Fig. 4   Contribution analysis 
for the impact category non-
renewable energy for a Fly ash 
aggregate, b Natural aggregate 
production
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plant) as shown in Fig. 6a. If the distance between source 
of lime and aggregate production plant is less than 350 km 
then impact of FA on “global warming” was found to be 
lower than that of NA, whereas, impact of FA and NA on 
“non-renewable energy” was found to be lower for lime 
transport distance of 39tkm (Fig. 6b). This indicates that 
impact of lime transport distance on “global warming” 
is found to be more than the impact on “non-renewable 
energy.”

Limitations and future work

The findings of this work could be improved in a num-
ber of ways by subsequent research. The LCA study is 
very complex and it takes considerable effort to gather 
primary data for each of the unit processes. Several unit 
processes were modeled in the study through ecoinvent, 
US LCI and EU & DK input output databases. Although 

Fig. 5   Comparison normalized 
results for FA and NA produc-
tion a impact assessment, b 
damage categories
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the Indian quantum energy data have been used to set these 
processes according to local conditions, output of input 
from ecoinvent, USLCI and EU & DK databases may not 
be representative of an Indian scenario. Capital properties 
such as the infrastructure of the FA and NA manufactur-
ing facilities, buildings, equipment, and vehicles and their 
maintenance were purposely eliminated because no cred-
ible data was available. Another area of improvement is 
the process of manufacturing of fly ash aggregates. In spite 
of the differences in production methods, comparisons 
must only be valid when materials are similar according 
to their mechanical and physical characteristics. Working 
efficacy of production plants can have main effect on life 
cycle assessment.

Conclusions

The environmental impact of fly ash aggregates has been 
carried out with a standardized LCA procedure and cor-
related with natural aggregates production in view of the 
increasing interest of national agencies, to use artificial 
aggregates for construction of civil infrastructures. The 
findings point to some important implications are given 
below. The findings are applicable only if the limitations and 
assumptions of the present work are taken into deliberation.

The hydrated lime production, transport of lime to the 
production plant, and mixing and compaction are the chief 
contributors to “respiratory inorganics,” “terrestrial eco-
toxicity,” “land occupation,” “global warming,” and “non-
renewable energy” impact categories for fly ash aggregates 
production scenario. It is hence essential to check the envi-
ronmental performance of each alternative source of lime 

and improvement is the process of manufacturing fly ash 
aggregates.

The higher impacts of natural aggregate are due to the 
processes that utilize diesel and electricity and contribute 
to “respiratory inorganics,” “global warming,” and “non-
renewable energy” categories. As Indian electricity mix is 
characterized by a bulky use of fossil fuels (about 60%) the 
process that uses electricity (in both cases) makes a signifi-
cant contribution to the “global warming” and “non-renewa-
ble energy” categories. Conversely, the application of renew-
able energy for the production of fly ash aggregates will 
result in fewer effects on the environment than the current 
usage of fossil fuels, which reflects well for national efforts 
to cut GHG emissions and transition to a green economy.

The overall performance of fly ash aggregate production 
looks to be much better, as it has noticeable environmental 
benefits in all the damage categories of human health, eco-
system quality, climate change and resources. The utilization 
of a huge quantity of fly ash for the production of aggregate 
avoids the impacts due to inert landfilling and extraction of 
basalt.

The sensitivity analysis specifies that fly ash aggregate 
is the preferable alternative to natural aggregates for all 
the analyzed impact categories when the distance between 
the lime source and the aggregate production plant is up to 
350 km. Alternatives to diesel-powered heavy-duty vehi-
cles need to be investigated in as much detail as possible, 
especially those that use 100% electricity, biofuels, or both.

The presented results can be beneficial for further 
improvement in the proposed fly ash aggregate production 
process and similar LCA studies. Measures should be taken 
as a result of this study, to reduce CO2 emissions by adopt-
ing and using green energy at aggregate production plants.

Fig. 6   Relationship between the impact categories and transport distance of lime and natural aggregates
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