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Objective  

The objective of this study is to develop a cohesive, unified dataset of life cycle inventories 

needed to quantify the effects of material, energy, waste, and emission flows on the 

environmental impacts of concrete. In this work, a set of environmental impact assessment 

models that capture specific materials and technologies used in the production of cement and 

concrete in California is developed. The models developed will consider greenhouse gas (GHG) 

emissions, air pollutant emissions (namely, NOX, SOX, PM2.5, PM10, VOCs, and CO), and water 

demands (both water consumption and water withdrawals) for the key components of cement 

and concrete production in California. The structure of the data will allow for tailoring of inputs 

to capture variations in different regions around the world, allowing for assessment of imported 

constituents. 

 

1. Introduction 

The objective of this work is to formulate life cycle environmental impact models of concrete 

production in California. Models developed will be open source, so alterations can easily be 

implemented. Currently, the primary means for environmental impact comparisons in 

procurement for materials such as concrete rely on data like those from Environmental Product 

Declarations. While these are an invaluable tools, they have known weaknesses in: (i) quality of 

data used; (ii) inconsistencies in information used and provided; (iii) clarity of definitions and 

applications of cut-off rules [1]. All of these weaknesses can lead to incomplete and/or difficult 

to compare assessments. As such, creating a more a robust means to assess concrete mixtures in 

California is critical to quantifying the effects of mitigation strategies. The primary consideration 

for environmental impact mitigation strategies discussed in other deliverables will focus on three 

GHG emissions: CO2, CH4, and N2O. However, because of potential implications of GHG 

mitigation strategies on other environmental impacts [2], leading to potential co-benefits or 

unintended consequences, this work will also benchmark the six criteria air pollutants stipulated 

by the United States Environmental Protection Agency (namely, NOX, SOX, PM – here we 

examine PM2.5 and PM10 –, Pb, CO and ground-level O3 – here we capture a main precursor 

VOCs) [3], as well as energy demand for production, and both water consumption and 

withdrawals (referred to herein as water demand). 

2. Methods 

The environmental impact assessment models developed for this work considers flows 

associated with raw material acquisition through concrete production (i.e., a cradle-to-gate 
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assessment), see scope outline in Figure 1. At each stage of assessment, material and energy 

inputs as well as emission outputs are quantified addressing both process-derived (i.e., from a 

raw material resource, such as PM from materials as they are ground, or calcination reactions) 

and energy-derived emissions (i.e., emissions from the production and/or use of energy 

resources, including transportation-related emissions). Water demands were also considered 

based on energy-derived and process-derived flows. As has been well established, there is an 

energy-water nexus in which water use requires a certain degree of energy and different energy 

resources require varying amounts of water for certain processes or result in water consumption 

through evaporation in cooling towers [4]. Each of these factors were addressed in the tool. 

 

 
Figure 1. Simplified process flow diagram to show the scope of the assessment 

 

For this analysis, three key GHG emissions were quantified: CO2 emissions, CH4 emissions, 

and N2O emissions. These emissions flows were examined concurrently using 100a GWPs from 
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the Intergovernmental Panel on Climate Change (IPCC) [5]. Modeling assumptions and data 

sources for each constituent considered and processing, such as concrete batching, are discussed 

individually below. 

Cement Production. Energy-derived emissions for cement production are predominantly 

from kiln energy requirements and electricity demands. Due to high variability in material 

resource acquisition and the propensity for cement plants to be placed at quarries with the 

majority of natural resources required [6], transportation of raw materials to the kiln was 

considered negligible. For this tool, kiln efficiency by type was based on data from [7], using on 

values reported for the world average in the year 2016. California kilns are reported as nearly or 

entirely preheater/precalciner kilns [6,8]. As such, those highly efficient kilns are modeled as the 

default selection, but other kiln types can be selected as suited. The electricity requirements, by 

kiln type, are based on data from the Portland Cement Association (PCA) [6].  

Process-derived emissions for cement production include both calcination emissions as well 

as emissions of air pollutants from the processing of raw material and kilning. The calcination 

emissions calculated are based on stoichiometry, assuming 65% lime content in clinker and 5% 

gypsum in cement. The process-derived air emissions calculated as cement manufacturing 

emissions total emissions minus energy-derived emissions using data from [9–11]. Water 

consumption and withdrawals are based on median data from a recent publication [12] 

Mineral admixtures. Several mineral admixtures were incorporated into this tool, namely: 

limestone filler, gypsum, natural pozzolans, interground limestone, fly ash, blast furnace slag, 

and calcined clay. For the limestone filler, to be mixed in with other concrete constituents, the 

energy demand was based on [13]. The energy demand was adapted to reflect electricity use at 

each processing stage, with the default using the California electricity grid. This adaptation was 

made using lower heating value (LHV) factors from [14]. Process-based air emissions for the 

limestone filler were based on [15] and the water demand from [12]. For this work, the energy 

demand and process-based emissions for gypsum and natural pozzolans were modeled as the 

same as those for as limestone filler. The water demands were based on median values for the 

production of each of these materials as reported by [12]. 

A model for interground limestone, which is limestone ground in with the manufacturing of 

cement, was developed based upon the limestone filler model. Namely, this interground 

limestone was modeled using the energy required for the limestone filler with an additional 

electricity demand for grinding. The additional griding electricity was approximated  at the lower 

end of clinker electricity demand (30% of the 110 kwh/t reported by [16], which is on the lower 

end of energy reported by [17]). The lower end was selected because limestone is softer than 

clinker, even though studies have shown that intergrinding, especially in a laboratory setting 

could lead to higher processing times to achieve the desired gradation. No additional process-

based PMs or water demands were modeled for the interground limestone beyond those modeled 

for the limestone filler. 

Two primary industrial byproduct mineral admixtures were modeled: fly ash and blast 

furnace slag. The fly ash was modeled as not requiring any energy inputs, which is based on an 

assumption published by the United States Environmental Protection Agency (USEPA) [18]. 

While the degree to which it is done varies, the transport of fly ash sometimes includes the use of 

water, which was incorporated based data from [12]. For granulated blast furnace slag, the 

energy demand for the production of reactive slag was based on an industry Environmental 

Product Declaration (EPD) [19]. The water demand for this admixture was based on the same 
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report. For the purposes of this work, shale ash was incorporated as an additional mineral 

admixture; however, it is modeled as having the same impacts as fly ash. 

Finally, the production of calcined clay as a mineral admixture was considered. The thermal 

energy and electricity demands to produce this as a reactive material were based on [20]. The air 

pollutant emissions were based on those reported for cement (accounting for differences in 

quantity of raw material needed and without calcination emissions). Water demands were based 

on [12]. 

Aggregates. For fine and coarse aggregates, energy demand was based on a report from the 

PCA [21], with slightly lower energy demands being reported for fine aggregates. The process-

based air emissions from [15] and water demand from [12]. Process-based air emissions in this 

case captured factors such as particulate matter from practices including crushing, grinding, 

sieving. Water demand incorporated process-related water consumption such as that for dust 

suppression. 

Chemical admixtures. Six chemical admixtures are modeled in this work: (a) plasticizers and 

superplasticizers; (b) air entrainers; (c) hardening accelerators; (d) set accelerators; (e) water 

resisting admixtures; and (f) retarders. For each of these (a-f), energy demands and water 

demands were based on EPDs from the European Federation of Concrete Admixtures 

Associations Ltd.: [22], [23], [24], [25], [26], and [27], respectively. Process-based emissions 

were not modeled. 

Batching. Batching of the concrete constituents listed above was considered for additional 

energy-derived impacts as well as process-derived impacts. The energy demand for batching was 

based on a report from the Lawrence Berkeley National Lab [28], which stipulated approximate 

electricity consumption for the process. Process-based emissions for batching, as well as 

aggregate transfer, cement unloading, SCM unloading, hopper loading, and mixture loading were 

based on [29]. Based on available data, uncontrolled air emissions were modeled for batching, 

aggregate transfer, and hopper loading. For SCM unloading, controlled emissions were modeled. 

While there were limitations in the dataset, for cement unloading and mixture loading controlled 

emissions were modeled; these were based on estimates using controls as a fraction of total 

emissions reported by [29]. Water demands were from [12]; including the energy-derived 

emissions and the water as a constituent (modeled as requiring a 1:1 factor of the water required 

for the batch itself). Despite it being a primary constituent in concrete, water was modeled as not 

requiring any energy to get to the site. While this is an underestimate in most cases, the 

variability in energy demand and associated emissions with getting the water to the concrete 

manufacturing site was considered too great to include. 

Transportation. For this model, three modes of transportation (truck, rail, and ship) are 

included. For transportation by truck, energy demand is based on the average value reported by 

[30]. For energy demand for the other modes and air emissions for all three modes, inputs were 

based on medians from distributions fit to data from [31,32]. For these distributions, a single 

point was used if there was only one datum, a uniform distribution was used if there were two 

data, a triangular distribution was used if there were three data, and a lognormal distribution was 

used for four or more data. Water consumption and withdrawal were based on medians of the 

distributions reported in [12] for each of these transportation modes. It should be noted, no 

process-based emissions were considered in the transportation models; all energy demand, air 

emissions, and water demand are a function of energy production and use. 

Thermal energy. The use of thermal energy, predominantly in the cement kilns, is a large 

contributor to total energy demand, air pollutant emissions, and energy-related water demand. To 
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capture the GHG and air pollutant emissions associated with this energy use, median values are 

taken from distributions for GHG emissions and air pollutant emissions from estimates and 

modeling assumptions by energy resource in [33]. Median values for water consumption and 

withdrawal by thermal energy resource are used from estimates and modeling assumptions by 

[12]. The default thermal energy mix modeled in the tool is based on national statistics reported 

by the United States Geologic Survey (USGS) [10]; however, this can be updated as desired by 

the end-user. 

Electricity. As with thermal energy, the resources used in the production of electricity 

contribute to GHG and air pollutant emissions as well as water consumption and withdrawal. To 

model these, the GHG emissions by energy resources are taken as the medians from distributions 

presented by [33]. Air pollutant emissions by energy resource are based on the same estimates 

and modeling assumptions discussed in [33], again reflecting medians of the distributions. Water 

consumption and withdrawal are based on the medians of distributions presented in [12]. For the 

baseline scenario, all processes requiring electricity were modeled by default as occurring in 

California, with an exception discussed below. For the default case, the CA electricity mix was 

based in-state generation from report by the California Energy Commission [34]. The exception 

to this case was for the electricity demand to produce reactive slag, which was modeled as 

occurring in Pennsylvania (a large steel producing state in the US). For this case, the PA 

electricity mix was based on USDOE data [35]. 

Constituent and Process Impacts. To perform a simple assessment for concrete mixtures 

with varying concrete constituents, an intermediary step in which all flows for any given 

constituent or process that could be used in the mixtures (e.g., aggregates, batching) is tabulated 

on a separate sheet within the accompanying tool. These constituents and processes can then be 

used to determine GHG emissions, air emissions, energy demand, and water demand from 

production of concrete. It should be noted that energy demand was modeled based on a summing 

of MJ required for cradle-to-gate production. It does not reflect differences in energy resources, 

or differences between electricity and thermal energy, nor does it capture differences between 

high temperature processes and low temperature processes (beyond differences in their required 

MJ). 

Example LCA of a Mixture. To implement an example of the calculation of environmental 

impacts for a concrete mixture, a mixture with limestone filler is presented. Transportation for 

the constituents of this mixture are listed in Table 1. A separate transportation tab is present in 

the tool that allows users to change distances that materials travel. 

 
Table 1. Transportation distances modeled for the example assessment of GHG emissions from the production of a 

concrete mixture 

constituent distance (km) 

Portland Cement 20 

Limestone, interground 20 

Limestone Filler 150 

Natural Pozzolans 150 

Shale Ash 2000 

Calcined Clay 150 

Silica Fume 2000 

Fly Ash 2000 

Blast Furnace Slag 2000 

Fine Aggregates 50 

Coarse Aggregates 50 
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Superplasticizer 3000 

Water 0 
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