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Abstract — The study compares traditional burnt clay brick with fly ash brick in Pakistan, based on cradle
to gate environmental performance, using an attributional LCA. The functional unit chosen in the plant was
1000 brick of the standard size at the plant gate. The model was developed in openLCA 2.6.1 using the
ReCiPe 2016 Midpoint (H) method. Foreground inventory data were obtained from secondary sources,
limited primary information and production estimates from literary sources, and ELCD datasets and proxy
processes were used to represent background systems. Transportation, construction, use and end-of-life
stages were not included and fly ash was assumed to be an industrial by-product with zero burden. Fly ash
bricks reduced global warming potential from 466.72 to 197.41 kg CO2-eq per 1000 bricks, representing a
57.7% reduction. The reduction of fine particulate matter formation was 95.8%, for fossil resource scarcity
92.3%, for terrestrial acidification 96.0% and for water consumption 56.6%. Burnt clay bricks showed coal-
fired kiln operation as the primary hotspot, while cement production and electricity generation were the
primary hotspots for the fly ash system, respectively. The human carcinogenic toxicity and ionising
radiation were, however, higher in the case of fly ash bricks. Overall, fly ash bricks had smaller impacts in
most categories at the production stage, while more regional primary data and transport modelling and
alternative allocation scenarios are required to enhance the comparative assessment for future use.
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I. INTRODUCTION

The brick masonry system continues to be the most popular construction system in developing economies
due to its availability, durability and suitability for low rise construction. However, it has a high sensitivity
to the manufacturing route in terms of its environmental performance. The traditional burnt clay bricks need
to be extracted, shaped, dried and high-temperature kiln fired in the bricks. Comparative brick LCAs show
that the firing stage is a key production hotspot since it consumes significant amounts of thermal energy
and releases greenhouse-gas and air-pollutant emissions [1], [3]. In Pakistan, the technology used in the
kilns and the type of fuel used has a direct impact on environmental performance [2].
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The idea of alternative masonry units is to decrease these burdens by not firing and by using secondary
resources. In the context of this, fly ash bricks are of relevance as the by-product of coal-based electricity
generation can be mixed with cement, sand and water, compacted and cured without the use of a kiln.
Studies of the environmental impacts of non-fired and secondary-material masonry products generally
indicate that they result in lower environmental impacts during the production stage than conventional fired
masonry products, though the degree of difference in these benefits varies with the type of binder used,
electricity supply, allocation choices and the boundaries of the study [4]— [6].

Life Cycle Assessment (LCA) is a structured way of assessing these trade-offs. The four main phases of
LCA according to ISO 14040 and ISO 14044 are goal and scope definition, LCA inventory analysis, LCA
impact assessment and interpretation [7],[8]. A cradle to gate boundary is appropriate for construction
products if the goal is to compare the burdens at the production stage. ReCiPe 2016 offers midpoint
indicators for climate change, formation of particulate matter, acidification, resource scarcity, toxicity,
ecotoxicity, eutrophication, impacts on ozone, ionising radiation and water consumption [9].

Although much discussion has taken place in Pakistan about the pollution caused in relation to the
brickkilns, and cleaner brickkilns are available, a brick-level LCA data on burnt clay bricks and fly ash
bricks is still limited. This study thus examines if cradle-to-gate environmental impacts of fly ash brick
production are lower than that of burnt clay brick production when a consistent functional unit and
modelling approach is used. The goals are to compare the midpoint impacts between the two product
systems, recognize the dominant contributing processes and draw conclusions from the results for
sustainable material selection in Pakistan.

II. MATERIALS AND METHOD

A. Research Design, Functional Unit and System Boundary

The study used an attributional, comparative cradle-to-gate LCA consistent with the principles of ISO
14040 and ISO 14044 [7], [8]. Attributional modelling was used to compare the environmental burdens for
the two brick systems during the production stage. A functional unit was introduced at the plant gate to be
defined as 1000 standard size bricks and all inventory flows and impact results were normalised to this
functional unit.

The system boundary included raw-material inputs and upstream background processes and
manufacturing energy used in the production up to the plant gate. Construction, use and end-of-life stages
were excluded. The final model was also free from transportation. The treatment of fly ash was done
according to the cut-off or zero-burden approach, which means that the fly ash did not receive a burden
from upstream electricity generation from coal-fired power plants, and the fly ash material and energy needs
were represented for brick production. This assumption is reported explicitly because allocation choices
impact the comparative LCA results [11].

B. Life Cycle Inventory and openLCA Model

The model was developed to openLCA version 2.6.1 [10]. The foreground inventory data were based on
secondary sources, minimal primary information, and production estimates from literature. In the first stage,
other commercial databases were considered, but in the final stage the model was based upon ELCD
background datasets and proxy processes that lacked a direct data set. The main modelled inputs, outputs
and direct emissions for the functional unit are summarised in Table 1.
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Table 1. Foreground inventory used for the functional unit of 1000 bricks

Flow Unit Burnt clay brick | Fly ash brick
Product output kg 2900 2500
Clay kg 4000 -
Hard coal kg 153.7 -
Electricity kWh 4 37
Water m3 3.500 1.333
Fly ash kg - 1250
Cement kg - 250
Sand kg - 1000
Direct fossil CO2 emission kg 401.4 Not modelled
Direct p?itllgu&frf crission kg 1.02 Not modelled
Direct SO2 emission kg 3.20 Not modelled

The model used 4000 kg of clay, 153.7 kg of hard coal, 4 kWh of electricity and 3.500 m3 of water for
1000 burnt clay bricks, and the model product output was 2900 kg. The total direct emissions measured in
the system were: 401.4 kg of fossil CO2, 1.02 kg of particulate matter with acrodynamic diameter less than
10 pum and 3.20 kg of SO2.

C. Life Cycle Impact Assessment and Interpretation

The environmental impacts were determined for both product systems based on the ReCiPe 2016
Midpoint (H) method [9]. Conventional brick firing is very energy-intensive, and other indicators that were
used for the assessment were fine particulate matter formation, scarcity of fossil resources, acidification,
ecotoxicity, eutrophication, scarcity of minerals, effects on ozone, toxicity and ionising radiation, and water
consumption. Using contribution-tree and process-network outputs from openLCA, the main contributors
to the global warming impacts of each brick system were identified.

Results were interpreted in a comparative context in the defined model and not as absolute values on
environmental performance of all brick production in Pakistan. Limitations of the data and methodology
are: use of generic ELCD background data, use of a proxy cement process, limited region-specific primary
data, and zero-burden treatment of fly ash. Such restrictions are especially important when considering
categories that are sensitive to the upstream background data.

I11. RESULTS

A. Life Cycle Impact Assessment Results

The ReCiPe 2016 midpoint results for the functional unit of 1000 bricks are displayed in Table 2. In the
majority of the categories the burnt clay bricks produced higher values. The two main exceptions were
human carcinogenic toxicity and ionising radiation for which the modelled outcome for the fly ash brick
system was higher.

Table 2. Life Cycle Impact Assessment results for 1000 bricks

Impact category Unit Burnt clay brick | Fly ash brick
Fine particulate matter formation kg PM2.5 eq 0.990 0.042
Fossil resource scarcity kg oil eq 94.85 7.31
Freshwater ecotoxicity kg 1,4-DCB 0.00493 0.00102
Freshwater eutrophication kg P eq 2.31E-05 1.72E-05
Global warming kg CO2 eq 466.72 197.41
Human carcinogenic toxicity kg 1,4-DCB 0.00717 0.01367
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Impact category Unit Burnt clay brick | Fly ash brick

Human non-carcinogenic toxicity kg 1,4-DCB 0.9295 0.8802
lonizing radiation kBqg Co-60 eq 0.589 2.455

Marine ecotoxicity kg 1,4-DCB 0.0171 0.00689

Marine eutrophication kg N eq 0.000209 0.000121

Mineral resource scarcity kg Cu eq 0.00103 0.000804
Ozone formation (human health) kg NOx eq 0.170 0.0548
Ozone formation (terrestrial ecosystems) kg NOx eq 0.1717 0.0550

Stratospheric ozone depletion kg CFC11 eq 1.04E-05 9.55E-06
Terrestrial acidification kg SO2 eq 3.397 0.136
Terrestrial ecotoxicity kg 1,4-DCB 7.103 5.934
Water consumption m3 3.182 1.380

B. Key Comparative Indicators

Burned clay bricks reached a GWP of 466.72 kg CO2-eq, whereas fly ash bricks reached a GWP of
197.41 kg CO2-eq, which is a 57.7% reduction in the fly ash system. The formation of fine particulate
matter (PM2.5-eq) was reduced by 95.8%, from 0.990 to 0.042 kg PM2.5-eq. The fossil resource scarcity
declined from 94.85 to 7.31 kg oil-eq, a 92.3% decrease, while terrestrial acidification declined from 3.397
to 0.136 kg SO2-eq, a 96.0% decrease. The volume of water used was reduced from 3.182 m3 to 1.380 m3

representing a reduction of 56.6%.

Burnt Giay

Fig. 1. Global warming potential comparison of burnt clay and fly ash bricks for the functional unit of 1000 bricks.
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The overall LCIA profile was the same in the majority of categories. All freshwater ecotoxicity,
freshwater eutrophication, human non-carcinogenic toxicity, marine ecotoxicity, marine eutrophication,
mineral resource scarcity, both ozone-formation indicators, stratospheric ozone depletion and terrestrial
ecotoxicity were lower for fly ash bricks. Human carcinogenic toxicity, however, went up from 0.00717 to
0.01367 kg 1,4-DCB in the fly ash system, and ionizing radiation up from 0.589 to 2.455 kBq Co-60-eq in
the fly ash system.

C. Contribution Analysis

The global warming impact for burnt clay bricks was dominated by the brick-production process,
especially the direct emissions from operation of coal-fired kilns. The use of hard coal provided the thermal
energy for firing and was linked to the high level of fossil CO2 emissions, particulate and sulfur emissions.
Electricity contributed to the modelled global warming burden in a relatively small way, with the largest
hotspot identified in the thermal firing stage.

The pattern of fly ash bricks was other. There were no direct combustion emissions from the
manufacturing process and the majority of the global warming footprint was upstream. The biggest
contribution was from cement production, followed by electricity generation. The fly ash was also
represented as a zero-burden industrial by-product, so it was not apportioned for any of the burden of the
upstream coal-power generation. As a result, the environmental hotspot moved from the direct combustion
of burnt clay in clay brick manufacturing to upstream processes involving the use of binders and the use of
electricity in the making of fly ash bricks.

1v. DISCUSSION

The results show clear environmental benefits of the fly ash bricks in the production stage for the
assumptions that have been assumed in this study. The greatest gains were seen in groupings that are more
closely related to combustion, such as global warming, fine particulate matter formation, resource scarcity
of fossil resources, and terrestrial acidification. This trend is in line with the basic distinctions between the
manufacturing processes. The traditional burnt clay brick has to be fired at high temperatures, while the fly
ash system has no need to fire in a kiln, thus eliminating the biggest direct source of fossil-fuel usage and
combustion emissions for the modelled system.

This interpretation is in line with published brick LCAs. Dabaieh et al. identified significant embodied
energy and carbon savings in the production of sun-dried bricks by using high-temperature firing [1]. In
conventional brick production, firing is also identified as a very common environmental hotspot by the
review of Ramos Huarachi et al. [3]. In Pakistan, Rauf et al. demonstrated that the design of the kiln and
choice of fuel significantly affect the impacts related to brick production [2]. This evidence is extended to
a direct cradle-to-gate comparison of a coal-fired clay route and a non-fired fly ash route for one functional
unit and one LCIA method.

The results are also consistent with the general literature on alternative and secondary-material masonry.
The life cycle impact of eco-efficient brick systems with alternative resources was reported as lower by
Zhang and Biswas [4] and environmental advantage of brick with secondary materials was reported by
Hossain et al. and Tam et al. [5], [6]. As per the current model the use of fly ash results in resource
conservation and skips the firing stage which is energy consuming. However, this benefit is somewhat
conditional on the allocation assumption that regards fly ash as a zero-burden by-product.

Fly ash bricks are not impact free. After the removal of kiln firing, cement is the main contributor of
global warming in the alternative system and electricity adds to that. This 57.7% reduction in global
warming potential is thus model dependent and not a theoretical maximum benefit due to the way this
model calculated the GWP, given a particular amount of binder content and background processes. There
are additional opportunities to decrease production-stage footprint, such as lower cement content, blending
or alternate binders, and more efficient curing and lower-carbon electricity generation.

The higher findings of human carcinogenic toxicity and ionizing radiation are significant too, as they
illustrate burden shifting. A substance that compares favourably with others in the environmental areas of
climate, air pollution and fossil resources does not automatically perform well in other environmental areas.
These higher emissions are mainly related to upstream cement and electricity processes and not to direct
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emissions from fly ash brick production. The absolute values of these categories should be interpreted with
caution because they are sensitive to the generic background datasets and proxy processes used.

The size of the comparison alters because of methodological decisions. In the first case the by-product
fly ash was considered as a zero-burden; more burdens of coal-power generation can be allocated to fly ash
using alternative allocation rules, which will increase the impacts of fly ash brick system [11]. Secondly,
transport was omitted, while the long-distance sourcing of fly ash, cement or sand may impact comparative
performance. Third, due to the limitations in data access, ELCD and a proxy cement process were used,
and this background information is not fully representative of the Pakistani production environment. The
actual values are then to be interpreted with the range and data assumptions given.

The cradle-to-gate boundary also restricts the ability to directly compare with studies that analyze entire
wall systems and/or buildings. Asman et al. reported on applications of compressed-earth brick (CEB) and
fired-clay brick (FCB) [12]; Muneron et al. and Mahlan et al. reported on the performance of walling
systems or buildings as a whole [13], [14]. Some of these studies can involve varying amounts of materials,
varying interaction at the operating stage of the facility or stages downstream. It is therefore most suitable
to use the present results for production-stage material comparison and cannot be regarded as a full cradle-
to-grave ranking.

The overall impact for Pakistan is double. If brick production is still based on coal-fired kilns, there is a
potential to substitute them with non-fired fly ash bricks to reduce the GHG emissions, impacts on
particulate matter, fossil-resource consumption and acidification in the modelled production stage.
Simultaneously, the utilization of more efficient burning technologies in the kilns and use of less polluting
fuels in burnt clay production can be improved [2]. Compliant alternative masonry products and industrial
by-products can be used in support of policy and procurement, but attention should be given to the
engineering performance and quality requirements of the applications, in addition to the environmental
benefits.

Future evaluations could enhance the representativeness of the region, with collection of primary plant-
level data on quantity of materials, fuel use, electricity, water, binder composition, and production yields
from multiple local plants in Pakistan. There needs to be a clear modelling of transport, and a sensitivity
analysis of alternate rules for allocating fly ash, electricity mixes and cement sets. The boundary could be
expanded to cover construction, service life and end-of-life to allow for a more complete comparison, and
economic and social indicators could help to support a broader evaluation of sustainability.

v. CONCLUSION

A comparative cradle-to-gate LCA was used to evaluate traditional burnt clay and fly ash bricks for a
functional unit of 1000 bricks. The impacts in most of the evaluated categories were lower when using the
completed openLCA 2.6.1 model and ReCiPe 2016 Midpoint (H) for fly ash bricks. The GWP reduced
from 466.72 to 197.41 kg CO2-eq, the formation of PM decreased by 95.8%, the use of fossil resources
decreased by 92.3%, the acidification of the terrestrial environment decreased by 96.0% and the
consumption of water decreased by 56.6%. This was mainly due to the elimination of the use of coal fired
kilns in the fly ash production.

The two systems generate their environmental burdens in different ways, as indicated by the contribution
analysis. The impacts generated by burnt clay brick were dominated by the direct coal combustion in the
firing of the kiln and the impacts generated by fly ash brick were dominated by the upstream cement
production and electricity generation. The key opportunity for improvement in the brickmaking operation
is therefore no longer in making more efficient kilns and using a substitute for the brick fuel, but in
optimising binders and using cleaner electricity in the fly ash system. The higher value for human
carcinogenic toxicity and ionising radiation further illustrates that reducing the carbon content does not
necessarily reduce environmental impacts in all categories.
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