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ABSTRACT 13 

Portland cement is one of the principal constituents used as a building material and is responsible for 14 

high energy consumption and greenhouse gas (GHG)GHGemissions. Any attempt to reduce cement 15 

usage would make savings in energy usage and GHGGHG emissions. A case study of Portland cement 16 

(CEM-I) replacement using alkali activated soil filter cake as a geopolymer mortar is presented to 17 

demonstrate application of a three-stage GHG emission estimation and comparison methodology using 18 

a process-based life cycle assessment (LCA) study, with a focus on benchmarking environmental 19 

sustainability. Results indicate that the alkali activated soil filter cake reduced total GHG emissions by 20 

31 % compared with CEM-I, which equates to 110 kgCO2-eq/m3. Transportation by rail was found to 21 

be more sustainable compared with by road, with an overall higher GHG emission reduction of between 22 

5-10%. For road transport, heavy goods vehicles (HGV) of between 3.5t and 5.7t recorded the highest 23 

GHGGHG emissions whilst articulated lorries recorded the lowest GHG emissions. Furthermore, the 24 

results also demonstrated that a bulk carrier is the most environmentally sustainable option for overseas 25 

raw material transportation. Monte-Carlo simulations signified the likelihood of achieving lowered 26 

GHG emissions when considering commercial production and inventory changes across different 27 

countries varies from 18% to 71%. These results highlight the importance of critical analysis of several 28 

factors which contribute towards overall environmental sustainability, prior to decision making on 29 

sustainable materials. Further research is encouraged on developing processes and methodologies to 30 

prioritize selection of sustainable materials to optimize sustainable benefits. 31 

Keywords: GHGGreenhouse gas, Geopolymer, Cement binders, Life Cycle Assessment, Sustainability  32 
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1. Introduction 33 

Concrete is a key material that is extensively used in the construction industry, which in the 34 

United Kingdom (UK) typically comprises fly ash-blended Portland cement (CEM-II), 35 

aggregates, superplasticisers and water. Concrete manufacture is responsible for significant 36 

virgin materials consumption and represents a major source of greenhouse gas (GHG) 37 

emissions [1]. Early studies report that one tonne of GHG dioxide (CO2) is produced per tonne 38 

of concrete production, which with the introduction of improved processes and cleaner energies 39 

this has reduced 0.6 to 0.8 tonnes [2]. CEM-I clinker production requires extensive energy 40 

consumption and is responsible for approximately 10% of global CO2 emissions [3, 4]. With 41 

many countries around the world investing heavily in infrastructure development such as the 42 

High Speed 2 railway in the UK and Sydney Metro in Australia, the demand for Portland 43 

cement-based concretes is expected to continue increasing over the next decade. Based on the 44 

construction industry’s current consumption rates of traditional virgin materials such as 45 

limestone for Portland cement clinker manufacture, sand and gravel aggregates, these mineral 46 

resources are at risk of exhaustion and presents an environmental sustainability problem. 47 

Therefore, there is an urgent need to identify new alternative materials that can replace the 48 

traditionally used virgin materials in CEM-II-based concretes, which have longevity in supply 49 

and serve as a sustainable solution for reducing both GHG emissions and energy consumption 50 

in concrete production. Over the past three decades, the replacement of Portland cements in 51 

concrete has gained widespread research interest across the globe [5-12]. Industrial waste 52 

materials such as pulverised fly ash (PFA), ground granulated blast furnace slag (GGBS), glass 53 

powder amongst other pozzolanic materials have been extensively assessed as partial 54 

replacements [4, 9, 10]. Presented in Table 1 is a classification summary of European cements 55 

according to EN 197-1 [13]. 56 

 57 
Table 1 Overview of European cements [13, 14] 58 

Cement class Description Notation 

Composition 

Clinker (%) 
Secondary 

components (%) 

Type 1 Portland cement CEM-I 95 – 100 - 

Type 2 Portland clinker + silica fume 

CEM-II 

90 – 94 6 – 10 

Portland clinker + GGBS 

65 – 94  6 – 35  

Portland clinker + pozzolana 

Portland clinker + PFA 

Portland clinker + burnt shale 

Portland clinker + limestone 
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Type 3 Blast furnace cement CEM-III 5 – 64  36 – 95  

Type 4 Pozzolanic cement CEM-IV 45 – 89  11 – 55  

Type 5 Composite cement CEM-V 20 – 64  36 – 80  

 59 

However, despite the continuous introduction of innovative cement replacement materials, 60 

the necessity for environmentally sustainable replacement materials for cement that have 61 

longevity in supply and are circular economy friendly is ever growing to cater for the 62 

exponential demand within the construction industry [15, 16]. Whilst pozzolanic wastes such 63 

as PFA and GGBS are well understood and produce excellent engineering performances in 64 

CEM-II-based concretes and geopolymers, they are in high demand by the UK construction 65 

industry with supply chain issues. PFA availability is critically low as coal is no longer being 66 

mined or burned to generate electricity in the UK. GGBS supplies are also low, given that the 67 

UK’s iron and steel industry has rapidly declined over the past 10-20 years. This has promoted 68 

research into identifying new mineral waste streams that have longevity in supply and ideally 69 

possess pozzolanic properties. One of the most desirable waste streams to investigate is soil 70 

and mineral waste, whereby approximately 130 million tonnes were produced in the UK in 71 

2016 [17]. Reusing these materials in construction rather than sending to landfill would enhance 72 

the circular economy, valorise the waste and make a valuable contribution towards deGHGising 73 

the construction sector. 74 

Systematic analysis, comparison and interpretation of the environmental benefits are key 75 

steps in benchmarking suitable sustainable materials. Life cycle assessment (LCA) is a well-76 

defined methodology that can evaluate the environmental impacts of a product or process across 77 

different life cycle stages [18-21]. This can be achieved through compiling inventories for the 78 

desired product, evaluating potential environmental impacts and interpreting the results 79 

according to the objectives of the study [22-28]. Several studies have undertaken LCA on new 80 

materials as sustainable alternatives to CEM-I, which focus on GHG emissions associated with 81 

their production and manufacturing processes [29-33].  82 

Despite CEM-I replacement by using alkali-activated waste materials, a handful of studies 83 

have highlighted a GHG emission increase due to the use of alkali activators in the mix design 84 

[4, 34-36]. This often reduces the collective embodied GHG emission savings and in certain 85 

cases could result in increased GHG emissions compared with Portland clinker-based binders 86 

[37]. Moreover, other external factors such as the energy source used for fuel production, 87 

transportation of raw materials and resource optimisation for material procurement also 88 

contribute significantly towards the total GHG emissions. A number of studies have 89 



4 
 

investigated the local availability and transportation effects on the life cycle emissions of 90 

sustainable materials [27, 38, 39]. These studies have mainly attempted to benchmark the use 91 

of local sustainable materials by highlighting the potential emission savings. However, most of 92 

these comparative emission studies were designed based on laboratory scale production and 93 

lack of commercial scale results to facilitate effective comparisons. These observations 94 

highlight the importance of performing an in-depth sustainability assessment considering local 95 

effects as well as life cycle effects.  96 

The case study presented in this paper aims to benchmark fine-grained construction soil 97 

waste which has been processed through a soil washing plant and compare potential GHG 98 

emission savings against CEM-I. The waste has cementitious properties through thermal and 99 

alkali activation and has the potential to act as a Portland cement replacement material. To 100 

compare total GHG emissions and benchmark the overall sustainable benefits of using the 101 

waste as a commercial product, a systematic process-based LCA methodology has been 102 

adopted. The study focus is only concentrated on benchmarking the commercial level 103 

production and the effect of emission inventories on the sustainable production. 104 

2. Production of soil filter cake – case study  105 

The soil ‘filter cake’ was sourced from Scott Bros Ltd (Teesside, UK), who collect and 106 

process mixed soil waste from construction projects (e.g. earthwork excavations, housing 107 

developments, land remediation) across the north east of England (UK) including Teesside, 108 

North Yorkshire and County Durham). The mixed soil waste is then subjected to a screening 109 

process, whereby following initial categorisation, the soil is processed through a soil wash plant 110 

in Teesside. This process involves both the cleaning of any contaminated bulk soils and their 111 

separation into individual particle sizes (i.e., boulders, cobbles, gravels, sands and fines). Water 112 

from the main plant is recycled for washing the soil waste to minimise freshwater usage and 113 

thereby promoting sustainable practice. Any water containing contaminants from the soil 114 

washing plant is diverted from the washing process to local reed beds for treatment. The coarser 115 

grained particle fractions of the washed soil waste have an immediate application for reuse as 116 

aggregates in various construction materials such as screeds, concretes and pavements. The 117 

fine-grained residue retained on the belt press within the wash plant accumulates to form a 118 

‘filter cake’. This consists of highly saturated silt and clay fractions, which currently does not 119 

have an immediate application for reuse. Based on the optimised operation frequency and the 120 

capacity of the Scott Bros Ltd wash plant, approximately 20 tonnes of soil waste are processed 121 

every hour, whereby approximately one third of this volume is represented by fines content. 122 
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Thus, an average of 30,000 tonnes of soil waste can be generated per annum on the current 123 

wash plant. Based on these statistics, there is a clear justification for investigating the technical 124 

prospects of the filter cake as a new readily abundant material for producing a new generation 125 

of low GHG cementitious construction materials (i.e. geopolymers).  126 

Figure 1 illustrates the production process of the filter-cake based geopolymer. The process 127 

of preparing the geopolymer mortar involved several steps for mechanical activation; using 128 

several grindings, pulverizing and crushing techniques to obtain finer particle required to be 129 

used as a cement replacement material. The samples were also subjected to thermal and 130 

chemical activation prior obtaining the final geopolymer paste, whereby the chemical activation 131 

process involved addition of alkalis (including sodium hydroxide, NaOH and sodium silicate, 132 

Na2SiO4) to activate the cementitious properties of the geopolymer paste. Due to the 133 

commercial sensitivity of the geopolymer production process, the authors do not have 134 

permission to share the specific information related to the thermal activation process or the 135 

quantities of alkalis used in the mix design. The resulting engineering performance of the 136 

geopolymer was very impressive, whereby unconfined compressive strength testing 137 

(undertaken in accordance with BS1377, BSI 1990) confirmed that samples achieved strengths 138 

surpassed 50MPa.  139 

All of these stages in the manufacturing process consume energy, which leads to the 140 

generation of GHG emissions. Therefore, the current study aims to evaluate and compare the 141 

GHG emissions to benchmark the GHG emission savings of the sustainable material against 142 

CEM-I for use in 50MPa concrete or screed obtained at laboratory scale production, compare 143 

the key sustainability criteria of local material availability and the transportation effects using 144 

case study analysis.145 
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Figure 1 Production process of soil filter cake, system boundary and research methodology 173 
 174 
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3. Assessment methodology and inventories 175 

 Quantitative approach  176 

LCA can be performed via three major methodologies: 1) input-output, 2) process and 3) 177 

hybrid [40-42]. Each method has its own advantages and disadvantages, which differ based on 178 

the scope and objective of case specific LCA studies. Their application and accuracy can also 179 

vary based on factors such as the purpose, assumptions and data availability. For case study 180 

comparisons where ample unit process information is available, the process-based approach 181 

will facilitate better comparison options and hence enable more effective interpretation of the 182 

results. Hence the current study considers a process based LCA methodology to estimate GHG 183 

emissions from material production.  184 

According to ISO 14044, the LCA methodology involves key steps including goal and scope 185 

definition, inventory analysis, impact assessment and interpretation [43]. The first phase in the 186 

LCA methodology defines the scope and the objectives of the study including the functional 187 

unit, system boundary, limitations and assumptions. Inventory analysis and impact assessment 188 

is then defined based on the identified goals and scopes for the study, including critical 189 

comparison and interpretation. The following section explains the key LCA methodological 190 

steps adopted in the current study.  191 

 Scope of the study 192 

Assessment of all the environmental impacts for a product or process is critical to 193 

benchmarking their performance [23, 44]. However, the majority of previous studies have 194 

considered energy performance and GHG emissions of construction materials due to their large 195 

quantities and elevated environmental significance [45-48]. Hence, this study presents a simple 196 

framework for comparing GHG emissions and the identification of significant sources of GHG 197 

emissions for geopolymer screeds against those traditionally made from CEM-I, with a view to 198 

facilitating the environmental optimisation of their procurement and usage.  199 

According to the Kyoto Protocol, six major GHG emission substances are defined, namely 200 

GHG dioxide (CO2), Methane (CH4), Nitrous oxide (N2O), HydrofluoroGHGs (HFCs), 201 

PerfluoroGHGs (PFCs), and Sulphur hexafluoride (SF6) [49]. However, GHG emissions in the 202 

current study are principally due to fossil fuel or electricity consumption.  Hence CO2, CH4 and 203 

N2O are the predominantly significant factors. These major emissions were converted to CO2 204 

equivalents of GHG emissions using characterisation factors of 1, 24 and 310 for GHG dioxide 205 

(CO2), Methane (CH4) and Nitrous oxide (N2O) respectively [31, 32, 50, 51].  206 

 207 
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 System boundary and research methodology 208 

The system boundary corresponding to the embodied GHG emissions comparison is 209 

presented in Figure 1. The manufacturing stages after the soil filter cake was obtained from the 210 

filter belt were considered for assessment as it is a waste material and was acquired from the 211 

main soil washing process for producing recycled coarse- and fine-grained aggregates. 212 

Therefore, the energy consumption and GHG emissions associated with the upstream processes 213 

in the cycle were not considered for the current study. Moreover, the objective of the study is 214 

to estimate and compare the GHG emissions variation as a result of replacing CEM-I with the 215 

activated filter cake geopolymer. Thus, all the energy consumption activities following the 216 

acquisition of the wet soil filter cake to the production of the geopolymer are considered in the 217 

system boundary for the analysis.  218 

The second stage of this study aims to investigate transportation and local availability effects 219 

in using the soil filter cake geopolymer as a construction material. For this case, a cradle to gate 220 

system boundary is considered for comparing GHG emissions. Therefore, embodied GHG 221 

emissions from: 1) materials due to extraction and production, 2) transportation and 3) 222 

construction equipment were considered for the study. Figure 1 provides a clear representation 223 

of the proposed research methodology with the intended outcomes at each stage. 224 

 Function and the functional unit  225 

As per ISO14044 definition of functional unit is critical to conducting a comprehensive 226 

assessment and comparison [52]. Since the primary objective of this study is to compare the 227 

GHG emissions of using soil filter cake geopolymer as a replacement material for CEM-I, a 228 

functional unit of cubic metre of cement mortar  is considered.  229 

 Quantitative models  230 

 Total embodied GHG emissions from materials 231 
The total embodied GHG emissions are quantified by collating the GHG emissions 232 

associated with the manufacture of raw materials including cement replacement material (soil 233 

filter cake geopolymer), fine aggregate and cement.  234 

 235 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 = �𝐸𝐸𝑚𝑚 ∗𝑄𝑄𝑚𝑚 (1) 

Etot is the total embodied GHG emissions in kgCO2-eq/m3 of cement paste, Em is GHG 236 

emission factor for corresponding material m in kgCO2/unit weight and Qm is the weight of the 237 

material in type ‘m’ in the same unit considered. 238 
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 239 

 GHG emissions from machine operation 240 
GHG emissions from machine operation are mainly from electricity usage or fossil fuel 241 

consumption. The following equation expresses the GHG emissions calculation procedure for 242 

equipment based on fuel type.  243 

(𝐸𝐸𝑒𝑒𝑒𝑒)𝑒𝑒𝑒𝑒 = �𝐸𝐸𝑒𝑒𝑒𝑒 ∗𝑃𝑃𝑒𝑒𝑒𝑒 ∗ ℎ ∗ 𝑟𝑟𝑐𝑐 

(𝐸𝐸𝑒𝑒𝑒𝑒)𝑓𝑓𝑓𝑓 = �𝐸𝐸𝑓𝑓𝑓𝑓 ∗𝐹𝐹𝑓𝑓𝑓𝑓(1 + 𝛼𝛼) ∗ ℎ  
(2) 

Where; (𝐸𝐸𝑒𝑒𝑒𝑒)𝑒𝑒𝑒𝑒 and (𝐸𝐸𝑒𝑒𝑒𝑒)𝑓𝑓𝑓𝑓 are the GHG emissions from electric and fossil fuel operated 244 

equipment respectively in kgCO2-eq/m3 of cement paste. 𝐸𝐸𝑒𝑒𝑒𝑒 and 𝐸𝐸𝑓𝑓𝑓𝑓 are the GHG emission 245 

factors for electricity and fossil fuel type in kgCO2-eq/kWh and kgCO2-eq/litre, h is the hour 246 

of usage, 𝑃𝑃𝑒𝑒𝑒𝑒 and 𝐹𝐹𝑓𝑓𝑓𝑓 are the power of the machine and fuel consumption of the machine in kW 247 

and litres/hour respectively and 𝛼𝛼 is the idle time factor for the machine.  248 

 GHG emissions from transport vehicles  249 
GHG emissions from transport vehicles is a function of the distance travelled and the type 250 

of fuel consumed by the vehicle. The following equation is used to determine GHG emissions 251 

from transportation.  252 

(𝐸𝐸𝑡𝑡)𝑧𝑧 = �𝐸𝐸𝑧𝑧 ∗𝑑𝑑𝑡𝑡 ∗ (𝑤𝑤𝑡𝑡 + 𝑤𝑤) (3) 

Where; (𝐸𝐸𝑡𝑡)𝑧𝑧 is the GHG emissions from transport vehicle t for the fuel type ‘z’, 𝐸𝐸𝑧𝑧 is GHG 253 

emission factor in kgCO2-eq/ton-km, 𝑤𝑤𝑡𝑡 dead weight of the vehicle t in tonnes w is the material 254 

weight in tonnes and w is the distance in km.  255 

 Emission inventories  256 

 Emission factors for other raw materials  257 
Sodium silicate (Na2SiO3) was a key alkali activator material that was added to activate the 258 

cementitious properties of the filter cake geopolymer paste. The production of Na2SiO3 is an 259 

energy intensive process and results in significant GHG emissions due to elevated temperature 260 

levels during production. Using energy consumption details obtained from published literature 261 

and local suppliers, the GHG emission factor for Na2SiO3 in the UK was estimated to be 0.35 262 

kgCO2-eq/kg. This value is significantly lower compared with many other countries due to the 263 

renewable energy sources used for electricity generation in [4]. The sodium hydroxide (NaOH) 264 

component of the geopolymer mortar was another alkali activator used to activate the 265 
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cementitious properties of the filter cake. NaOH is a by-product of chlorine production and is 266 

often produced through electrolysis of brine solutions. This process is energy intensive and can 267 

lead to high energy utilisation if not managed effectively during the manufacturing process. 268 

Based on the extraction to production process, the GHG emission factor was estimated as 1.06 269 

kgCO2-eq/kg. This emission factor was modelled using energy consumption details and 270 

machine usage obtained from local suppliers. This value is comparatively low as compared to 271 

some of the previously published literature (1.12 to 1.35 kgCO2-eq/kg) mainly due to the clean 272 

electricity used in the UK   273 

GHG emissions due to CEM-I manufacture can vary based on factors such as the limestone 274 

composition, configuration and operating temperatures of calcination equipment, energy 275 

sources used for production and the pattern of energy consumption. Based on these variables, 276 

GHG emission factors vary from 0.7 to 1.0 kgCO2-eq/kg [5]. Based on the energy sources used 277 

for electricity generation and fossil fuel usage, the GHG emission factor for CEM-I production 278 

in the UK was determined as 0.78 kgCO2-eq/kg. GHG emission factors for sand manufacture 279 

and water processing were used as 0.0048 kgCO2-eq/kg and 0.344 kgCO2-eq/m3 respectively 280 

[53, 54].  281 

 Emission factors for transportation  282 
Different modes of transportation were considered in the current study to investigate their 283 

effects on GHG emissions and facilitate comparisons. These include rail, road using different 284 

types of heavy goods vehicles and sea using different cargo ship sizes. For all of the cases 285 

considered, as summarised in Table 2, an average GHG emission factor was used to determine 286 

transportation GHG emissions. The analysis only considered one-way transportation, based on 287 

the assumption that regardless of the mode of transportation, the return journey is used to 288 

transport different material from destination to origin. Discrete values of GHG emission factors 289 

for transportation vehicles were considered for the analysis to investigate the effect of laden 290 

vehicle weight  on the total GHG emissions.  291 

Table 2 Average GHG emission factors for different transport  292 
Vehicle type  Transport method GHG emission factor 

(kgCO2-eq/ tonne.km) 

Reference/s 

Bulk Carrier  Sea 0.00354 [53, 55] 

General Cargo  Sea 0.01323 [53, 55] 

Container ship  Sea 0.01614 [53, 55] 

Heavy Goods Vehicle (HGV)  Road 0.10650 [53, 55] 
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Rigid (btw 3.5 - 7.5 t) Road 0.52043 [53, 55] 

Rigid (btw 7.5 t - 17 t) Road 0.36835 [53, 55] 

Rigid (>17 tonnes) Road 0.18306 [53, 55] 

Articulated (btw 3.5t - 33t) Road 0.14179 [53, 55] 

Articulated (>33t) Road 0.07773 [53, 55] 

Freight train  Rail 0.02556 [53, 55] 

4. Sustainability assessment 293 

To maximise the commercial potential of soil-based geopolymers in the UK, raw soil wastes  294 

will need to be locally sourced and transported to other locations within the UK. Furthermore, 295 

to benchmark the overall assessment, it is important to assess the sustainability benefits when 296 

the raw material is exported to different countries for production. Therefore, the sustainability 297 

assessment in the following analysis aims to investigate the effect of transportation in 298 

benchmarking the sustainability criteria.  299 

 Case 1 – Effect of transportation (within UK and Ireland)  300 

For this case, 6 major cities across the UK and Ireland as shown in Figure 2 are considered 301 

to investigate the effect of material transportation between these different geographical 302 

locations on total GHG emissions. Rail transportation and a standard HGV were considered for 303 

transporting the raw filter cake material from the reference city (R1), Middlesbrough to the 304 

selected cities. For Dublin, total transportation includes either a combination of rail and sea, or 305 

road and sea transportation using average transportation emission factors for the corresponding 306 

mode of transport [53, 55].   307 

Transportation emissions are dependent on the type and weight of vehicle used for 308 

transportation [56-59]. Therefore, it is important to investigate the effect of vehicle type and 309 

weight on the total transportation emissions. Two cases corresponding to 50% laden and 100% 310 

laden for each vehicle were considered for the analysis, as shown in Table 3. The outputs of 311 

this analysis are important for selecting the most appropriate vehicle and capacity to minimise 312 

GHG emissions. The analysis used discrete values of GHG emissions representing available 313 

truck types with different loading capacities to investigate the effect of real-time material 314 

transportation. 315 

 316 

Table 3 Description of types of vehicles used for material transportation  317 
Section No Type of vehicle  Capacity  Fuel type  
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1 Rigid HGV <3.5 tonnes Diesel  

2 Rigid HGV Between 3.5 – 7.5 tonnes Diesel  

3 Rigid HGV >17.5 tonnes Diesel  

4 Heavy rigid HGV  >35tonnes Diesel  

5 Articulated HGV  Between 3.5 – 33 tonnes Diesel  

6 Articulated HGV >33 tonnes Diesel  

7 Normal Lorry   <20 tonnes Diesel  

 318 

 319 

 320 
Figure 2 Local transportation considered within the United Kingdom and Ireland 321 

 322 

 Case 2 – Effect of local availability of materials (export to other countries) 323 

In this case, raw material exportation to a selection of major international destinations are 324 

considered to compare GHG emission savings of using soil filter cake material, rather than 325 

CEM-I. The investigation of GHG emissions due to material transportation will highlight the 326 

potential commercial possibilities of the material as a sustainable alternative to CEM-I. Sea 327 

transportation is considered over road freight transportation due to the observed lower GHG 328 
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emissions. The corresponding sea transportation distances from Teesport in the UK to 5 major 329 

international ports are shown in Table 4.  330 

Table 4 Sea transportation distances from Teesport (UK) for material importation  331 
Destination Distance (Nautical Miles) Distance (km) 
New York, USA                3,344.00           6,193.09  

Shanghai, China             10,668.00         19,757.14  

Melbourne, Australia             11,254.00         20,842.41  

Calais, France                     280.00              518.56  

Singapore                8,421.00         15,595.69  

 332 

 Sensitivity analysis using Monte-Carlo Simulation 333 

Monte-Carlo simulation is a frequently used sampling method to perform parameter uncertainty 334 

analysis [60]. In the current study, several input factors such as material quantities for the production of 335 

both the filter cake geopolymer cement and CEM-I mortar can be considered as uncertain. However, 336 

the scope of the current study is to estimate and compare the GHG emission associated with the filter 337 

cake geopolymer mortar production and the market development of the product. Commercial level 338 

production and the influence of GHG emissions due to electricity generation are two major factors that 339 

will define the promotion of the sustainable geopolymer as a commercially viable product in the 340 

construction market. Therefore, these two factors are considered as the two major inputs (scenario 1 and 341 

2) for the sensitivity analysis. Resulting total GHG emissions per m3 of cement mortar (output) were 342 

then compared to investigate the influence of each variable on the output. 343 

Scenario 1 (SC1): Investigation of emission variations due to commercial level production  344 

The current emission analysis is undertaken based on energy consumption details related to 345 

laboratory scale production. However, for commercial-scale production, the scale of energy 346 

consumption is different due to the usage of heavy and complex machinery including heavy 347 

duty crushers, mills and ovens. Furthermore, these pieces of equipment have  large capacities 348 

which must be accounted for in calculating the power consumption when making comparisons 349 

with lab-scale manufacture. Therefore, the following equation was used to adjust the power 350 

usage of the industry scale equipment to suit the power consumption of mass production:   351 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐶𝐶𝑙𝑙
𝐶𝐶𝑖𝑖
∗ 𝑃𝑃𝑖𝑖 (4) 

Where 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎  is the adjusted power of the industry scale machine in kW, 𝑃𝑃𝑖𝑖   is the power of 352 

the industry scale equipment in kW and 𝐶𝐶𝑙𝑙
𝐶𝐶𝑖𝑖

 is the ratio between capacity of the laboratory and 353 

industry scale equipment. Using the above adjustment, SC1 will evaluate GHG emission 354 
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variations due to the mass scale production. This will facilitate the benchmarking process of 355 

the emission savings at implementation level. The power outputs for different pieces of 356 

equipment were obtained from various suppliers across the globe, whereby the mean and 357 

standard deviation were determined from the inventory of information. An adjusted random 358 

power value was generated within the minimum and maximum values as shown in Table 5. 359 

These adjusted values were obtained by multiplying the laboratory scale with the capacity ratio 360 

as shown in equation (4). Using a curve-fitting exercise, several datasets of power values were 361 

simulated into a probability distribution. Monte-Carlo simulations were then performed with 362 

10,000 iterations to explore variations in GHG emissions due to commercial production with a 363 

statistical significance of 0.05 [60].  364 

Table 5 Power variation of commercial level production equipment  365 

Equipment  
Adjusted power in kW Standard 

deviation 

Probability 

distribution  Mean Max Minimum 

Ovens – drying/ curing 0.36 0.74 0.10 0.17 Triangular 

Furnaces  1.23 3.68 0.65 0.78 Triangular 

Disc mills  4 6.8 0.71 1.8 Triangular 

Grinder/pulveriser  4.25 7.80 0.55 2.92 Triangular 

 366 

Scenario 2 (SC2): Investigating the effect of emission inventories  367 

GHG emissions for production of 1 m3 soil filter cake geopolymer was estimated using 368 

average electricity emission factors in the UK and Ireland. However, based on the power source 369 

of electricity generation, the GHG emission factors can change significantly. Therefore, the 370 

current scenario aims to investigate the effect of electricity generation emissions on the 371 

geopolymer production in different regions of the globe. Based on the numerous electricity 372 

emission inventories in Europe, Asia and the USA were selected as inputs and probability 373 

distribution were determined using a curve fitting exercise. Table 7 summarises the determined 374 

electricity emission factor inventory, with values for the mean, maximum, minimum and 375 

standard deviation. The variation is primarily due to the varying power sources used to generate 376 

electricity across different countries and states. Similar to the previous scenario, Monte-Carlo 377 

simulations were conducted by generating a random variable using the boundary conditions 378 

shown in Table 7. Using 10,000 iterations, SC2 aimed to investigate the effect of emissions 379 

from electricity generation on the GHG emissions of screed production.  380 

Table 6 Electricity emission inventories for different regions across the world 381 
Region Electricity emission factor in kgCO2-eq/kWh Reference/s 
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Mean Max Minimum Standard 

deviation 

 Probability 

distribution 

Europe  0.3529 0.8750 0.0120 0.2241 Normal [53, 61-63] 

America 0.4426 0.9258 0.0303 0.2356 Normal [64-67] 

Asia  0.6672 0.8000 0.4916 0.1236 Normal [61, 68] 

5. Results and Discussions 382 

 Material embodied GHG emissions  383 

The observed GHGGHG emission comparisons for the geopolymer mortar and CEM-I 384 

pastes are illustrated in Figure 4. The results show that the alkali activated soil filter cake 385 

achieved a total GHGGHG emission reduction of 109.95 kgCO2-eq/m3 compared with CEM-386 

I, which equates to approximately 31%. This is mainly due to the benefits of local sourcing of 387 

waste materials, along with the replacement of CEM-I and fine aggregates. This reduction can 388 

lead to significant savings of GHGGHG emissions when larger quantities are used in 389 

construction projects. The use of alkali activators accounts for 79% of the total GHGGHG 390 

emissions for the new geopolymer paste. It further contributes to the total reduction of 391 

389kgCO2-eq/m3 (84%) achieved through CEM-I replacement, ultimately resulting in a 31% 392 

total GHGGHG emission reduction. The error bars correspond to the mix design variations and 393 

it is evident that the geopolymer paste can vary to 306 to 385 kgCO2-eq/m3.  394 

This estimation is based on local production in Middlesbrough with the use of local 395 

GHGGHG emission factors in the UK and under the assumption that the raw materials are 396 

locally available for production. While CEM-I as a raw material is often commercially available 397 

in major cities, soil filter cake may not be readily available for commercial production. Thus, 398 

the GHGGHG emissions due to transportation also need to be considered for the geopolymer 399 

mortar production in other cities across the UK and Ireland.  400 
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 401 

 402 
Figure 3 GHG emissions comparison in kgCO2-eq/m3 of cement paste 403 

  Sustainability assessment results 404 

 GHG emission considering material transportation within the UK  405 
The resulting total GHG emissions, which incorporate emissions through different 406 

transportation modes are illustrated in Figure 4. Total GHG emissions for the geopolymer 407 

mortar was calculated by adding surplus GHG emissions due to material transportation to each 408 

city locally, as explained in equation (3). This case considered rail and road transportation using 409 

average GHG emission factors, along with raw material transportation from Middlesbrough to 410 

six major cities across the UK. The results are compared with GHG emissions from CEM-I 411 

mortar manufacture under the assumption that CEM-I is locally available in all six major cities. 412 

Thus, the GHG emissions due to transportation was assumed to be negligible for CEM-I mortar 413 

manufacture. The resulting comparisons indicate that total GHG emissions including the 414 

emissions increase due to raw material transportation do not exceed the GHG emissions of 415 

normal CEM-I paste. Dublin has a sea transport component and the total includes a GHG 416 

emissions proportion with emissions from sea transportation as well. As expected, rail 417 

transportation was more sustainable compared with road transport, whereby an overall lower 418 

GHG emission reduction of 5-10% was recorded. The results further signify that the 419 

transportation of the raw materials within the UK to produce the geopolymer mortar is 420 

environmentally sustainable, with GHG emission savings.  421 
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  422 
Figure 4 GHG emission variation due to raw material transportation within the UK and Ireland 423 

Figure 5 presents total GHG emission variations based on the type and weight of the heavy 424 

goods vehicle (HGV) used for raw material transportation within the UK and Ireland. Since the 425 

total GHG emissions are dependent on the weight of the vehicle (as per equation 3), the 426 

resulting GHG emissions when the vehicle is fully loaded and half loaded for different vehicle 427 

types vary significantly. 428 
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 429 
Figure 5 GHG emission variation due to the size and type of the vehicle  430 

Results indicate that material transportation using HGVs between 3.5t and 5.7t recorded the 431 

highest GHG emissions, whilst articulated lorries (artic) recorded the lowest GHG emissions. 432 

Using HGVs (<7.5t) to transport raw materials to Dublin and London would produce total GHG 433 

emissions that exceed those for CEM-I paste, which would make the process environmentally 434 

unsustainable. These results signify the importance of carefully selecting the most suitable 435 

vehicle for raw material transportation when considering life cycle GHG emissions savings.  436 

 GHG emission distribution considering raw material transportation to other countries 437 
The resulting GHG emission variations, considering raw material transportation to other 438 

major countries are shown in Figure 6. GHG emissions for the filter cake geopolymer mortar 439 

was calculated by additionally considering GHG emissions due to material transportation (soil 440 

waste) as per equation (3). Each country in the analysis was selected to facilitate an effective 441 

comparison representing different regions across the globe. Three types of ships including bulk 442 

carrier, general cargo ship and container ship were considered to facilitate the analysis. In each 443 

scenario, average GHG emission factors corresponding to each ship type were used to facilitate 444 
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the comparative analysis. Similar to results from SC1, it was assumed that CEM-I or an 445 

equivalent cement is readily available in the countries considered for this analysis.  446 

 447 

 448 
Figure 6 GHG emission variation due to raw material importation to other countries  449 

Results signify that irrespective of the ship type, raw material exportation to USA and France 450 

provide GHG savings in geopolymer mortar production compared with CEM-I paste. 451 

Moreover, the results also illustrate that using a bulk carrier is the most environmentally 452 

sustainable option for raw material transportation to other countries for producing geopolymer 453 

pastes. However, the use of waste material to replace CEM-I content in the mortar can be 454 

justified in terms of responsible resource usage and therefore can be considered sustainable for 455 

exporting to USA.  456 

GHG emission variations based on the weight of different types of ship are shown in Figure 457 

7. Results from Figure 7(a), indicate for the five countries considered, using the heaviest bulk 458 

carrier (> 200 megatons) to export raw materials for manufacturing filter cake geopolymer, can 459 

achieve greater GHG emission savings compared with the production of CEM-I mortar using 460 

virgin materials. Furthermore, using a bulk carrier with a dead weight above 60 megatons can 461 

still achieve GHG emission savings. However, when using bulk carriers with weights ranging 462 

between 35-59.99 megatons, raw material export to Australia and China becomes 463 

environmentally unsustainable in terms of GHG emissions. Use of the lightest bulk carrier (up 464 

to 10 megatons) will lead to higher GHG emissions when raw materials are exported to all 465 

countries apart from France.  466 

200.00

300.00

400.00

500.00

600.00

700.00

800.00

Bulk carrier General Cargo Container ship

G
H

G
 e

m
is

si
on

s 
(k

gC
O

2-
eq

/m
3 )

Normal OPC- UK

USA

China

Australia

France

Singapore



20 
 

 467 

 468 

 469 

 200

 400

 600

 800

 1,000

 1,200

200+ 100-199.99 60-99.99 35-59.99 10-34.99 0-9.99

G
H

G
 e

m
is

si
on

s 
(k

gC
O

2-
eq

/m
3 )

(7a) Size of the bulk carrier (mega tons)

USA

China

Australia

France

Singapore

Normal OPC

(a)

 300

 350

 400

 450

 500

 550

 600

 650

 700

 750

 800

12+ 7.5-11.9 0.7.49

G
H

G
 e

m
is

si
on

s (
kg

C
O

2-
eq

/m
3 )

(7b) Dead weight of the general cargo (mega tons)

(b)



21 
 

 470 
Figure 7 GHG emission variation due to the size and type of the transport ship  471 

 472 

Comparison of GHG emission patterns for varying sizes of general cargo as per Figure 7(b) 473 

and container ship as per Figure 7(c) indicate that filter cake geopolymer mortar production can 474 

only achieve GHG emission savings when the material is exported to France . However, in the 475 

case of using container ships larger than 8 megatons, geopolymer exportation to USA can 476 

achieve GHG emission savings. These findings further signify the importance of carefully 477 

considering transportation impacts and procuring raw filter cake materials from local sources.  478 

 GHG emission variation due to electricity emission inventory change 479 

Variance of GHG emission inventories is another major factor that can significantly 480 

contribute to variations in the final calculated total GHG emissions. The resulting GHG 481 

emission variations due to electricity production in Europe, USA and Asia are shown in Figure 482 

8 – based on 10,000 iterations from Monte-Carlo Simulation. The lower and upper limits of 483 

each box represents the first quartile (Q1) and the third quartile (Q3) values respectively, with 484 

minimum and maximum values also indicated. These were then compared with CEM-I mortar 485 

to determine the probability of total GHG emission variation due to electricity inventory 486 

change. Results indicate that Asia has the lowest sensitivity to emission variation, ranging from 487 

434 to 531 kgCO2-eq/m3. However, due to the higher transportation distances the likelihood of 488 

achieving GHG emission savings is only 18%. Therefore, the use of soil filter cake to produce 489 

a geopolymer mortar is unlikely to achieve GHG savings. On the other hand, Europe and USA 490 

both have higher likelihoods of achieving GHG savings with probabilities of 33% and 8% 491 

respectively. However, for USA the maximum GHG emissions can reach up to 571 kgCO2-492 

eq/m3. This is mainly due to the high variation of energy sources used for electricity production. 493 
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Similarly, Europe exhibits a similar variation, with maximum and minimum values of 555 494 

kgCO2-eq/m3 and 283 kgCO2-eq/m3, respectively.  495 

  496 

 497 
Figure 8 Total GHG emission variation for material production (kgCO2-eq/m3) due to emission inventory change  498 

 GHG emission variation due to commercial production  499 

GHG emission modelling and results discussed in the current study are based on laboratory 500 

scale production and consumption. Therefore, the results do not represent the commercial 501 

production levels. Commercial production frequently utilises heavy and large equipment which 502 

will influence the emission patterns significantly. Similar to previous analyses, the uncertainty 503 

of GHG emission variations was obtained using 10,000 iterations with a confidence level of 504 

0.05. The resulting GHG emission variations indicated that GHG emissions due to commercial 505 

production can vary from a minimum of 282 kgCO2-eq/m3 to a maximum of 572 kgCO2-eq/m3. 506 

The first and third quartile were recorded as 337 and 462 kgCO2-eq/m3 respectively. The 507 

likelihood of total GHG emissions for the filter cake geopolymer being less than that for CEM-508 

I mortar production is recorded aound 71%, as obtained from the Monte-Carlo distribution 509 

output. This indicates that despite considering commercial production, there is a high 510 

probability that the proposed geopolymer cement mortar will achieve GHG emission savings 511 

compared to CEM-I paste.  512 
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 Assumptions and limitations 513 

The current study only considered GHG emissions. Future more detailed LCA studies 514 

should also consider other environmental impacts,  especially when alkali activators are 515 

required for manufacturing alternative cementitious materials [69, 70]. The embodied GHG 516 

emissions for more sustainable cements are based on process-based energy consumption data 517 

obtained in the UK. Moreover, the following general assumptions were also considered in the 518 

current analysis.  519 

• GHG emission comparisons are based on the specific UK case study for soil filter cake-520 

based geopolymer production, quality control methods and manufacturing strategies. The 521 

results will vary based on the changes in production processes  522 

• Wherever GHG emission factors were not modelled, their values were obtained from 523 

previous similar studies. This is due to the lack of access to commercially available LCA 524 

inventory databases.  525 

• GHG sequestration and durability aspects of the filter cake geopolymer were not considered 526 

in the current study for estimating GHG emissions 527 

• Other effects on the mechanical strength and durability performance of the geopolymer (e.g. 528 

GHGation) were not considered due to lack of information. To add a level of conservatism 529 

to this study, any beneficial effects from GHGation or other such reactions on the 530 

engineering performance of the geopolymer were deemed negligible. 531 

• The emission factors for each material in the geopolymer mortar mix were modelled using 532 

the fuel and energy consumption information provided by local manufacturers. These factors 533 

may differ based on the energy source and energy consumption patterns.  534 

6. Conclusions and Further Research 535 

The current study presents a three-stage methodology to evaluate GHG emissions for a soil 536 

filter cake geopolymer as a sustainable replacement for CEM-I, with a focus on benchmarking 537 

environmental sustainability. Stage one compared potential embodied GHG emission savings 538 

from the geopolymer at the materials production stage. The second and third stages investigated 539 

the use of different modes of transportation and key GHG emission benefits in the production 540 

stage, including the effect of commercial production and emission inventories. The following 541 

key findings were obtained from the study:  542 
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• The addition of alkali activators accounted for around 79% of total GHG emissions for the 543 

geopolymer paste.  544 

• Replacement of CEM-I with the filter cake geopolymer resulted in a total GHG emission 545 

reduction of 3895 kgCO2-eq/m3.  546 

• Monte-Carlo simulations indicated that GHG emissions from commercial cement mortar 547 

production can vary from 282 - 572 kgCO2-eq/m3 and the likelihood of this being less than 548 

CEM-I is 70.75% 549 

• Sensitivity results on inventory variation revealed that Asia has the lowest sensitivity to 550 

emission variation, between 434 to 531 kgCO2-eq/m3 551 

• Europe and USA regions recorded higher likelihoods of achieving GHG savings compared 552 

with Asia, with probabilities of around 33% and 58% respectively 553 

The use of alkali activators has a significant impact on the GHG footprint of geopolymer 554 

manufacture, which may even outweigh potential GHG emission savings of cement 555 

replacement if suitable optimisation methods are not adopted to minimise their use. Rail was a 556 

more sustainable mode of transport compared with road for local raw material transportation 557 

within the UK. Results also indicated that using larger ships can potentially lead to GHG 558 

emission savings, particularly for material importation.   559 

The results compared GHG emissions related to using filter cake geopolymer mortar as a 560 

cementitious material. Further studies should concentrate on evaluating additional 561 

environmental impacts of using filter cake geopolymer and performing comparative 562 

assessments with more commercially available metakaolin geopolymers. Future research into 563 

the optimisation of alkali activator content to produce the most sustainable geopolymer mortar 564 

mix design for a given compressive strength. Other studies can also be concentrated on 565 

comparison of GHG emissions of geo polymer soil waste cement mortar with other locally 566 

available cement replacement materials to compare benefits. Moreover, future research can also 567 

be focused on developing processes to optimise the triple bottom pillars of sustainability 568 

benefits, i.e. economic, environmental and social.  569 

Acknowledgment  570 

The authors would like to acknowledge the support from Scott Bros Ltd (UK) for providing the data 571 

and information to perform the GHG emission analysis. Thanks go to Mr Feysal Shifa (KTP Associate) 572 

for procuring the geopolymer mixture assessed in this study and to Dr David Hughes from Teesside 573 

University (UK) for undertaking a technical review of this study. This research was funded by Innovate 574 

UK (UKRI project reference 511320, KTP partnership no. 11151).  Due to the ongoing Intellectual 575 



25 
 

Property (IP) arrangements, the authors are unable to provide a detailed summary of process information 576 

related to the geopolymer mortar production.  577 

References 578 

1. Flower, D.J. and J.G. Sanjayan, Green house gas emissions due to concrete manufacture. The 579 
International Journal of Life Cycle Assessment, 2007. 12(5): p. 282-288. 580 

2. Hasanbeigi, A., L. Price, and E. Lin, Emerging energy-efficiency and CO2 emission-reduction 581 
technologies for cement and concrete production: A technical review. Renewable and 582 
Sustainable Energy Reviews, 2012. 16(8): p. 6220-6238. 583 

3. Turner, L.K. and F.G. Collins, Carbon dioxide equivalent (CO 2-e) emissions: a comparison 584 
between geopolymer and OPC cement concrete. Construction and Building Materials, 2013. 585 
43: p. 125-130. 586 

4. Sandanayake, M., et al., Greenhouse gas emissions of different fly ash based geopolymer 587 
concretes in building construction. Journal of Cleaner Production, 2018. 204: p. 399-408. 588 

5. Kong, D.L. and J.G. Sanjayan, Effect of elevated temperatures on geopolymer paste, mortar 589 
and concrete. Cement and concrete research, 2010. 40(2): p. 334-339. 590 

6. Naik, T.R. and G. Moriconi. Environmental-friendly durable concrete made with recycled 591 
materials for sustainable concrete construction. in International Symposium on Sustainable 592 
Development of Cement, Concrete and Concrete Structures, Toronto, Ontario, October. 2005. 593 
Citeseer. 594 

7. Şanal, İ., Discussion on the effectiveness of cement replacement for carbon dioxide (CO2) 595 
emission reduction in concrete. Greenhouse Gases: Science and Technology, 2018. 8(2): p. 596 
366-378. 597 

8. Antiohos, S.K., V.G. Papadakis, and S. Tsimas, Rice husk ash (RHA) effectiveness in cement 598 
and concrete as a function of reactive silica and fineness. Cement and Concrete Research, 2014. 599 
61-62: p. 20-27. 600 

9. Vijayakumar, G., H. Vishaliny, and D. Govindarajulu, Studies on glass powder as partial 601 
replacement of cement in concrete production. International Journal of Emerging Technology 602 
and Advanced Engineering, 2013. 3(2): p. 153-157. 603 

10. Altwair, N.M. and S. Kabir. Green concrete structures by replacing cement with pozzolanic 604 
materials to reduce greenhouse gas emissions for sustainable environment. in 6th International 605 
Engineering and Construction Conference, Cairo, Egypt. 2010. 606 

11. Jhatial, A.A., et al., Eggshell powder as partial cement replacement and its effect on the 607 
workability and compressive strength of concrete. International Journal of Advanced and 608 
Applied Sciences, 2019. 6(9): p. 71-75. 609 

12. Kumar, V.P., K. Gunasekaran, and T. Shyamala, Characterization study on coconut shell 610 
concrete with partial replacement of cement by GGBS. Journal of Building Engineering, 2019. 611 
26: p. 100830. 612 

13. EN, B., 197-1 (2000). Cement composition, specifications and conformity criteria for common 613 
cements, 2000. 614 

14. Bye, G., Index, in Portland Cement: Third edition. 2011, ICE Publishing. p. 209-217. 615 
15. Sandanayake, M., et al., Sustainable criterion selection framework for green building materials 616 

– An optimisation based study of fly-ash Geopolymer concrete. Sustainable Materials and 617 
Technologies, 2020. 25: p. e00178. 618 

16. Sandanayake, M., et al., Current Sustainable Trends of Using Waste Materials in Concrete—A 619 
Decade Review. Sustainability, 2020. 12(22): p. 9622. 620 

17. DEFRA. UK Statistics on Waste. 2020  [cited 2021 10 June ]; Available from: 621 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/622 
file/918270/UK_Statistics_on_Waste_statistical_notice_March_2020_accessible_FINAL_upd623 
ated_size_12.pdf?_ga=2.215856151.1018593204.1622837058-191240632.1618425162. 624 

18. Oldfield, T.L., E. White, and N.M. Holden, The implications of stakeholder perspective for LCA 625 
of wasted food and green waste. Journal of Cleaner Production, 2018. 170: p. 1554-1564. 626 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/918270/UK_Statistics_on_Waste_statistical_notice_March_2020_accessible_FINAL_updated_size_12.pdf?_ga=2.215856151.1018593204.1622837058-191240632.1618425162
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/918270/UK_Statistics_on_Waste_statistical_notice_March_2020_accessible_FINAL_updated_size_12.pdf?_ga=2.215856151.1018593204.1622837058-191240632.1618425162
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/918270/UK_Statistics_on_Waste_statistical_notice_March_2020_accessible_FINAL_updated_size_12.pdf?_ga=2.215856151.1018593204.1622837058-191240632.1618425162


26 
 

19. Hossain, M.U. and C.S. Poon, Comparative LCA of wood waste management strategies 627 
generated from building construction activities. Journal of Cleaner Production, 2018. 177: p. 628 
387-397. 629 

20. Knoeri, C., E. Sanyé-Mengual, and H.-J. Althaus, Comparative LCA of recycled and 630 
conventional concrete for structural applications. The international journal of life cycle 631 
assessment, 2013. 18(5): p. 909-918. 632 

21. Guo, M. and R.J. Murphy, LCA data quality: Sensitivity and uncertainty analysis. Science of 633 
The Total Environment, 2012. 435–436(0): p. 230-243. 634 

22. Sandanayake, M., G. Zhang, and S. Setunge, A comparative method of air emission impact 635 
assessment for building construction activities. Environmental Impact Assessment Review, 636 
2018. 68: p. 1-9. 637 

23. Sandanayake, M., W. Luo, and G. Zhang, Direct and indirect impact assessment in off-site 638 
construction—A case study in China. Sustainable Cities and Society, 2019. 48: p. 101520. 639 

24. Ruiz, A. and J. Guevara, Environmental and economic impacts of road infrastructure 640 
development: Dynamic considerations and policies. Journal of Management in Engineering, 641 
2020. 36(3): p. 04020006. 642 

25. Marzouk, M., et al., Assessing environmental impact indicators in road construction projects 643 
in developing countries. Sustainability, 2017. 9(5): p. 843. 644 

26. Crenna, E., et al., Global environmental impacts: data sources and methodological choices for 645 
calculating normalization factors for LCA. The International Journal of Life Cycle Assessment, 646 
2019. 24(10): p. 1851-1877. 647 

27. O’Brien, K.R., J. Ménaché, and L.M. O’Moore, Impact of fly ash content and fly ash 648 
transportation distance on embodied greenhouse gas emissions and water consumption in 649 
concrete. The International Journal of Life Cycle Assessment, 2009. 14(7): p. 621-629. 650 

28. Sandanayake, M., R. Kumanayake, and A. Peiris, Environmental impact assessments during 651 
construction stage at different geographic levels – a cradle-to-gate analysis of using 652 
sustainable concrete materials. Engineering, Construction and Architectural Management, 653 
2021. ahead-of-print(ahead-of-print). 654 

29. Hong, J., et al., Greenhouse gas emissions during the construction phase of a building: a case 655 
study in China. Journal of Cleaner Production, 2014(0). 656 

30. Mao, C., et al., Comparative study of greenhouse gas emissions between off-site prefabrication 657 
and conventional construction methods: Two case studies of residential projects. Energy and 658 
Buildings, 2013. 66(0): p. 165-176. 659 

31. Chen, Y. and S. Thomas Ng, Factoring in embodied GHG emissions when assessing the 660 
environmental performance of building. Sustainable Cities and Society, 2016. 27(Supplement 661 
C): p. 244-252. 662 

32. Huang, B., et al., Embodied GHG emissions of building materials in Shanghai. Journal of 663 
cleaner production, 2019. 210: p. 777-785. 664 

33. Wu, P., B. Xia, and X. Zhao, The importance of use and end-of-life phases to the life cycle 665 
greenhouse gas (GHG) emissions of concrete – A review. Renewable and Sustainable Energy 666 
Reviews, 2014. 37: p. 360-369. 667 

34. Yang, K.-H., J.-K. Song, and K.-I. Song, Assessment of CO2 reduction of alkali-activated 668 
concrete. Journal of Cleaner Production, 2013. 39: p. 265-272. 669 

35. Huseien, G.F., et al., Alkali-activated mortars blended with glass bottle waste nano powder: 670 
environmental benefit and sustainability. Journal of Cleaner Production, 2020. 243: p. 118636. 671 

36. Ababneh, A., F. Matalkah, and R. Aqel, Synthesis of kaolin-based alkali-activated cement: 672 
carbon footprint, cost and energy assessment. Journal of Materials Research and Technology, 673 
2020. 9(4): p. 8367-8378. 674 

37. Abdulkareem, M., et al., Environmental and economic perspective of waste-derived activators 675 
on alkali-activated mortars. Journal of Cleaner Production, 2020: p. 124651. 676 

38. Braga, A.M., J.D. Silvestre, and J. de Brito, Compared environmental and economic impact 677 
from cradle to gate of concrete with natural and recycled coarse aggregates. Journal of Cleaner 678 
Production, 2017. 162: p. 529-543. 679 



27 
 

39. Nguyen, L., et al., Effects of composition and transportation logistics on environmental, energy 680 
and cost metrics for the production of alternative cementitious binders. Journal of Cleaner 681 
Production, 2018. 185: p. 628-645. 682 

40. Buyle, M., J. Braet, and A. Audenaert, Life cycle assessment in the construction sector: A 683 
review. Renewable and Sustainable Energy Reviews, 2013. 26(0): p. 379-388. 684 

41. Li, X., Y. Zhu, and Z. Zhang, An LCA-based environmental impact assessment model for 685 
construction processes. Building and Environment, 2010. 45(3): p. 766-775. 686 

42. Xing, S., Z. Xu, and G. Jun, Inventory analysis of LCA on steel-and concrete-construction office 687 
buildings. Energy and Buildings, 2008. 40(7): p. 1188-1193. 688 

43. ISO14044, ENVIRONMENTAL MANAGEMENT — LIFE CYCLE ASSESSMENT — 689 
REQUIREMENTS AND GUIDELINES, in ISO140444. 2006. 690 

44. Bribián, I.Z., A.V. Capilla, and A.A. Usón, Life cycle assessment of building materials: 691 
Comparative analysis of energy and environmental impacts and evaluation of the eco-efficiency 692 
improvement potential. Building and Environment, 2011. 46(5): p. 1133-1140. 693 

45. Bajpai, R., et al., Environmental impact assessment of fly ash and silica fume based geopolymer 694 
concrete. Journal of Cleaner Production, 2020. 254: p. 120147. 695 

46. Zabalza Bribián, I., A. Valero Capilla, and A. Aranda Usón, Life cycle assessment of building 696 
materials: Comparative analysis of energy and environmental impacts and evaluation of the 697 
eco-efficiency improvement potential. Building and Environment, 2011. 46(5): p. 1133-1140. 698 

47. Flower, D.J.M. and J.G. Sanjayan, Green house gas emissions due to concrete manufacture. 699 
The International Journal of Life Cycle Assessment, 2007. 12(5): p. 282. 700 

48. González, M.J. and J. García Navarro, Assessment of the decrease of CO2 emissions in the 701 
construction field through the selection of materials: Practical case study of three houses of 702 
low environmental impact. Building and Environment, 2006. 41(7): p. 902-909. 703 

49. Iwata, H. and K. Okada, Greenhouse gas emissions and the role of the Kyoto Protocol. 704 
Environmental Economics and Policy Studies, 2014. 16(4): p. 325-342. 705 

50. IPCC, Climate Change Synthesis report 2014, in Climate Change. 2014, IPCC. 706 
51. AGGA. Australian National Greenhouse Gas accounts. 2013; Available from: 707 

http://www.climatechange.gov.au/. 708 
52. Solomon, S., et al., IPCC fourth assessment report (AR4). 2007. 374. 709 
53. MacCarthy, J., et al., UK Greenhouse Gas Inventory, 1990 to 2018. 2020. 710 
54. Hammond, G.P. and C.I. Jones. ICE database. 2011  [cited 2015 24/06]; Available from: 711 

http://www.ecocem.ie/downloads/Inventory_of_Carbon_and_Energy.pdf. 712 
55. UK, G., Greenhouse Gas Reporting: Conversion Factors 2018. GOV. UK [Online]. Available: 713 

https://www. gov. uk/government/publications/greenhouse-gas-reporting-conversion-factors-714 
2018.[Accessed: 20-Oct-2020], 2018. 715 

56. Lewis, P., H.C. Frey, and W. Rasdorf, Development and use of emissions inventories for 716 
construction vehicles. Transportation Research Record: Journal of the Transportation Research 717 
Board, 2009. 2123(1): p. 46-53. 718 

57. Lewis, P., M. Leming, and W. Rasdorf, Impact of engine idling on fuel use and CO 2 emissions 719 
of nonroad diesel construction equipment. Journal of Management in Engineering, 2011. 28(1): 720 
p. 31-38. 721 

58. Lewis, P., et al., Requirements and incentives for reducing construction vehicle emissions and 722 
comparison of nonroad diesel engine emissions data sources. Journal of Construction 723 
Engineering and management, 2009. 135(5): p. 341-351. 724 

59. Sandanayake, M., et al., Structural performances of self-curing concrete using recycled coarse 725 
aggregate–A comparative study. Indian Concrete Journal, 2016. 90(7): p. 19-26. 726 

60. Tran, T.D., et al., Seasonal Variation, Sources, and Health Risk Assessment of Indoor/Outdoor 727 
BTEX at Nursery Schools in Hanoi, Vietnam. 2020. 231: p. 1-18. 728 

61. Transparency, C., Brown to Green: The G20 Transition to a Low-Carbon Economy/2017. 729 
Climate Transparency/Humboldt-Viadrina Governance Platform, Berlín, 2017. 730 

62. Barrett, J., et al., 3. Industry, materials and products. Shifting the focus: energy demand in a 731 
net-zero carbon UK, 2019: p. 33. 732 

63. RIVM., et al., Greenhouse Gas Emissions in the Netherlands 1990-2002: National Inventory 733 
Report 2004. 2004: RIVM. 734 

http://www.climatechange.gov.au/
http://www.ecocem.ie/downloads/Inventory_of_Carbon_and_Energy.pdf
https://www/


28 
 

64. Eberle, A.L. and G.A. Heath, Estimating carbon dioxide emissions from electricity generation 735 
in the United States: How sectoral allocation may shift as the grid modernizes. Energy Policy, 736 
2020. 140: p. 111324. 737 

65. Borthwick, R.P., et al., Examination of United States carbon dioxide emission databases. EPRI 738 
CEMs User Group. Chicago, IL, 2011. 739 

66. Freestone, D., The United Nations Framework Convention on Climate Change—The Basis for 740 
the Climate Change Regime, in The Oxford Handbook of International Climate Change Law. 741 
2016. 742 

67. Con, E.C.C., National Inventory Report 1990–2015: Greenhouse Gas Sources and Sinks in 743 
Canada. Consulted on, 2019. 3. 744 

68. Dubai, D.S., Standard for Distributed Renewable Resources Generation connected to the 745 
distribution network Version 2.0 Dubai Electricity & Water Authority. 2016. 746 

69. Habert, G., J.D.E. De Lacaillerie, and N. Roussel, An environmental evaluation of geopolymer 747 
based concrete production: reviewing current research trends. Journal of cleaner production, 748 
2011. 19(11): p. 1229-1238. 749 

70. Passuello, A., et al., Evaluation of the potential improvement in the environmental footprint of 750 
geopolymers using waste-derived activators. Journal of Cleaner Production, 2017. 166: p. 680-751 
689. 752 

 753 


	1. Introduction
	2. Production of soil filter cake – case study
	3. Assessment methodology and inventories
	3.1 Quantitative approach
	3.2 Scope of the study
	3.3 System boundary and research methodology
	3.4 Function and the functional unit
	3.5 Quantitative models
	3.5.1 Total embodied GHG emissions from materials
	3.5.2 GHG emissions from machine operation
	3.5.3 GHG emissions from transport vehicles

	3.6 Emission inventories
	3.6.1 Emission factors for other raw materials
	3.6.2 Emission factors for transportation


	4. Sustainability assessment
	4.1 Case 1 – Effect of transportation (within UK and Ireland)
	4.2 Case 2 – Effect of local availability of materials (export to other countries)
	4.3 Sensitivity analysis using Monte-Carlo Simulation

	5. Results and Discussions
	5.1 Material embodied GHG emissions
	5.2  Sustainability assessment results
	5.2.1 GHG emission considering material transportation within the UK
	5.2.2 GHG emission distribution considering raw material transportation to other countries

	5.3 GHG emission variation due to electricity emission inventory change
	5.4 GHG emission variation due to commercial production
	5.5 Assumptions and limitations

	6. Conclusions and Further Research
	Acknowledgment
	References

