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ABSTRACT 

The technical feasibility of recycled cement (RC) stabilized compressed earth blocks (CEB) has been 
demonstrated in terms of mechanical performance and durability, but its environmental implications 
have yet to be evaluated. This study addresses this gap by assessing their energy consumption and 
greenhouse gas (GHG) emissions, and benchmarking against CEB using CEMI and CEMII Portland 
cement (PC) has stabilizer. The results demonstrate that, despite the slight increase of the absolute 
energy demand (2%) in the most conservative scenario, stabilization with RC enables a reduction of 
approximately 50 % in GHG emissions compared to PC-stabilized CEB, even after normalizing by the 
compressive strength of the CEB. These findings demonstrate the potential of RC as a more eco-
efficient alternative to PC in earth stabilization. Comparison with unstabilized CEB is also presented for 
reference in indoor applications, considering their limited durability in water exposed conditions. 
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1 INTRODUCTION 

Earth construction is one of the oldest building construction techniques used by humans, primarily due 
to the availability of material, the low technological requirements, and the flexibility and ease of 
application (Heathcote 1995; Doat et al. 1979; Burroughs 2001). The use of earth as a construction 
material is widespread across dry and temperate regions worldwide, with a predominance in the 
Southern Hemisphere. Additionally, earth buildings display a wide variety of cultural, regional, and 
temporal variations, making them an important part of humanity’s heritage that needs to be preserved 
and rehabilitated (Balderrama 2001; Maini 2005). 

Although earth construction is an ancient technique, it is still widely used today in underdeveloped or 
developing countries with dry or temperate climates, particularly in various parts of Africa, Asia, and 
Central and South America (Balderrama 2001; Minke 2006; Pacheco-Torgal and Jalali 2012). In 
developed countries, particularly in dry zones (desert climates) of Australia and the United States, 
there has been a resurgence of earth construction over the recent decades. In these and other regions 
of the globe, the advantages of earth construction, especially thermal inertia, can be fully utilized, 
while its drawbacks, particularly moisture-related behaviour, are naturally minimized. According to 
CSIRO (1987), in regions of Australia where conventional construction materials are scarce or transport 
costs are high, earth construction remains a viable and practiced alternative. In Europe, CRATerre and 
other partners have been promoting the revival of earthen architecture since the 1980s through the 
development of efficient technologies and criteria, rules, and specifications for design and 
construction. The relevance of earth construction nowadays is reflected in the more than 70 official 
dedicated standards/regulations published worldwide (Reddy et al. 2022). 

Environmental concerns are also a significant driver of the revival of earth construction (Arrigoni et al. 
2017; Christoforou et al. 2016; Melià et al. 2014; Reddy and Kumar 2010; Reddy and Jagadish 2003; 
Serrano et al. 2013; Shukla et al. 2009), along with socio-economic benefits (Morel et al. 2001; Ramesh 
2012). However, in particular in the more developed countries, traditional earth construction methods 
(e.g., cob, adobe) are generally considered obsolete and rammed earth or compressed earth blocks 
(CEB) are more often used. Originally, CEB represent an evolution of traditional adobe blocks by 
resorting to mechanical stabilization (using a press) to increase strength and durability (Mansour et al. 
2016). However, chemical stabilization is also required to reduce the water susceptibility of CEB (also 
referred to in the literature as stabilized compressed earth blocks). Various chemical stabilizers have 
been tested (Losini et al. 2021), but lime (Danso et al. 2015; Arrigoni et al. 2017) and Portland cement 
(PC) (Alam et al. 2015; Burroughs 2010; Zak et al. 2016) are the most common. Lime has already been 
used for stabilizing earthen constructions for centuries (Parracha et al. 2020), while the use of PC is 
more recent, providing a higher mechanical strength and water resistance.  

Fernandes et al. (2019) found that most environmental impacts of CEB result from the addition of the 
chemical stabilizer. Considering that these authors used lime, these conclusions are even more 
pronounced when PC is used due to its higher environmental burden. Literature recommendations 
suggest 4–12% PC content for stabilizing CEB (Adam and Agib 2001; Rigassi 1985; Walker 1995; Egenti 
and Khatib 2016), hindering their environmental benefits. Nevertheless, the energy consumption of 
CEB stabilized with PC is about 50% of that of ceramic masonry blocks (Walker 2002), positioning it as 
a sustainable alternative.  

So, in terms of environmental performance, the stabilizer is the bottleneck in CEB production. 
Therefore, more sustainable alternative chemical stabilizers are the cornerstone to enhance the 
environmental benefits of earth construction. In this context, recycled cement (RC) has been 
successfully explored for CEB stabilization, showing significant mechanical improvements over 
unstabilized CEB (Bogas et al. 2023) and comparable hygrothermal (Real et al. 2024a,b) and durability 
(Cruz et al. 2024) performance to PC-stabilized CEB. However, although the technical viability of RC-



stabilized CEB has been demonstrated, its economic and environmental performance remains to be 
assessed. The objective of this study is to analyse the environmental performance of RC-stabilized CEB 
regarding energy consumption and greenhouse gas (GHG) emissions and to compare them with those 
of unstabilized and PC-stabilized CEB. 

2 MATERIAL AND METHODS 

2.1 PRESENTATION 

The CEB were produced in an existing factory in Montemor-o-Novo, involving the following stages: i) 
materials preparation; ii) material mixing; iii) CEB molding and compression; and iv) CEB curing. The 
materials used were: i) earth; ii) chemical stabilizer; and iii) tap water. The earth composition was 
amended with clay powder waste (CPW) from a tile plant due to its poor suitability for CEB production. 
Additionally, construction and demolition waste (CDW) was used as partial earth replacement to 
further enhance CEB sustainability. RC and PC, namely CEM I 42.5R (OPC) and Cement CEM II/B-L 32.5N 
(LPC), were used as chemical stabilizers. The RC was produced at IST from concrete waste using a novel 
patented magnetic separation-based method. The components were dosed and mixed in a mechanical 
mixer and a hydraulic press was used to produce 295x140x90 mm blocks. Finally, the CEB were cured 
outdoors in a sheltered area protected from rain and direct sunlight. 

The composition of the different types of CEB produced are detailed in Table 1, along with some of 
their main mechanical (unconfined compressive strength in laboratory conditions - fc,un,LC) and physical 
(fresh - and dry bulk density) properties. RC CEB were produced with a higher stabiliser content (12%) 
than PC CEB (8%) to compensate for the aggregate contamination in RC. RC CEB also required more 
water (12%) than PC CEB (9%) due to its higher surface area and porous morphology (Carriço et al. 
2020). Mixes combining both stabilizers were also produced (PC/RC – 80%/20% and 50%/50%), along 
with unstabilised blocks (UCEB). The latter are unsuitable for unprotected outdoor applications and 
were included for reference purposes with other studies. Earth was partially replaced by 25% CDW in 
all mixes, except for UCEB_CDW0 that aims at representing the traditional CEB. 

Table 1 – CEB mix composition and main physical and mechanical properties 

Designation 
Soil 

(kg/m3) 
CPW 

(kg/m3) 
PC 

(kg/m3) 
RCC 

(kg/m3) 
CDW 

(kg/m3) 
WaterTot 

(kg/m3) 
ρf  

(kg/m3) 
ρ28,LC  

(kg/m3) 
fc,un,LC 
(MPa) 

OPC 1244 153 144 - 400 211 2155 2064 7.9 
LPC 1244 153 144 - 400 211 2157 2071 6.4 
RC 1139 138 - 197 367 256 2114 2018 5.5 
OPC80_RC20 1235 151 114 43 398 211 2122 2039 7.2 
OPC50_RC50 1222 149 71 105 394 211 2118 2047 6.4 
UCEB 1253 272 - - 438 216 2188 2001 2.1 
UCEB_CDW0 1623 351 - - - 205 2195 2075 1.8 

The experimental work reported herein was developed in other research efforts, namely in Cruz and 
Bogas (2024), Cruz et al. (2024), Real et al. (2024a,b), and Bogas et al. (2023), among others, that 
demonstrate the technical viability of RC CEB as an alternative to PC CEB for the same applications. 

2.2 DATA AND METHODOLOGY 

A cradle-to-gate analysis is performed in this study, encompassing stages A1 (Raw material extraction 
and processing), A2 (Transportation to manufacturer) and A3 (Production), as defined on EN 15804+A2 
and ISO 21930. 

As referred, the CEB were produced at an existing traditional plant located in Montemor-o-Novo, 
Portugal. Accordingly, the environmental assessment was conducted by simulating the process using 



production data collected on site. Complementary sources, particularly data from CEB equipment 
manufacturers, were also used to contextualize and validate the observations, as production at the 
plant was not fully optimized.  

Regarding the raw materials, the environmental assessment resorted to a multitude of sources 
available. Concerning clinker, official data from the cement plants operating the mainland Portugal 
was used has the primary sources. The environmental declaration of the Portuguese grey cement was 
used as a complement for the information missing on the official cement plants data and to convert 
from the clinker to OPC and LPC. RC data was obtained from a companion study (Romão 2025), that 
improves the accuracy of the estimates obtained in past efforts (e.g., Sousa and Bogas 2021; Sousa et 
al. 2023a,b; Real et al. 2022; Ranesi et al 2025). The official data reported by the local water utility to 
the Portuguese water, wastewater and waste regulator was used to determine the environmental 
impact of the water. Finally, since the additives are production wastes, only the transportation was 
accounted for by simulation. 

The assessment focuses exclusively on energy consumption and GHG emissions associated with CEB 
production. In most of the cases, the approach adopted consists in estimating the former and 
determining the latter based on the emission factors of the type of energy used, namely electricity and 
fuel (diesel).  

2.2.1 Energy consumption 

Production 

At the CEB plant, the 3 kWh mechanical mixer is capable of producing material for 21 CEB in 4 min. 
Assuming continuous operation, this corresponds to a productivity of 315 CEB/h and an electricity 
consumption of 9.5 Wh/CEB. The CEB were produced with a 7.5 kW Oskam V/F semiautomatic press 
(5–6 MPa). Based on effective production data, the equipment can produce 1 CEB in 10 s, which 
corresponds to a productivity of 360 CEB/hour an and energy consumption of 20.8 Wh/CEB. Overall, 
the production of a CEB at the Montemor-o-Novo plant requires 30.4 Wh, which corresponds to a 
specific energy consumption of 8.31 kWh/m3 or 4.11 kWh/t, considering the dry weight of the CEB. 
This value is consistent with the 1 l/diesel required to produce 145 CEB reported by OSKAM (N.D.) for 
a solar power CEB plant in Denmark, which corresponds to 72.4 Wh/CEB, 19.8 kWh/m3 or 9.7 kWh/t, 
including the soil preparation. 

Lontto (https://www.block-machine.net/) and Oskam V/F (https://oskam-vf.com) CEB equipment 
manufacturers indicate production capabilities of 240 to 360 CEB per hour for mobile sets (mixer and 
press). Based on the specifications and assuming continuous production, the resulting total energy 
consumption ranges between 46.1 Wh/CEB and 63.8 Wh/CEB. Stationary automatic integrated 
machines performing all CEB production stages (mixing and compression) from the same 
manufacturers have production rates starting at 1000 CEB/h. The energy consumption is relatively 
constant, around 55 kWh, since the productivity change is a function of the number of blocks produced 
simultaneously with very slight power increase. For these machines the specific energy consumption 
is estimated to be 42.5 Wh/CEB. Considering that the CEB produced have a volume of 3654x10-6-5800 
x10-6 m3 and weighs roughly 7.9-12.5 kg after dry, the specific energy consumption is 8.0-11.6 kWh/m3 
or 3.7-5.4 kWh/t. 

Despite the differences between observed and estimated values, the energy consumption for 
producing CEB from the various sources ranges from 3.7 to 9.7 kWh/t. Consequently, the 
environmental burden of CEB arise mainly from the materials used in their production, namely: i) soil; 
ii) stabilizers; and iii) water and additives. Regarding the stabilizers, RC and PC were considered, and 
the additives include CWD and CPW. 



Soil 

When only local soils from excavation operations associated with other activities (e.g., excavation for 
foundations) are used, the corresponding environmental burden can be neglected. In this scenario, 
the fuel consumption for extracting and handling the soil is allocated to the earthworks and using it as 
a construction material may even reduce the need to find an adequate deposition site. In a CEB plant, 
however, the fuel consumption associated with obtaining the soil needs to be accounted for. Various 
aspects affect the environmental performance of earthworks, including (Roy et al. 2024): i) equipment 
factors (e.g., engine, controls, fuel); ii) operational factors (e.g., operator skill, equipment 
maintenance, scheduling, fleet configuration); iii) site factors (e.g., depth of excavation, soil type, site 
grade, weather conditions). Devi et al. (2017) report an average diesel consumption for excavation 
ranging from 0.28 l/m3, for loose soil, to 6.48 l/m3, for hard rock. Trani et al. (2016) reported values 
between 0.189-0.194 l/m3 for excavating silty sand in a real construction site, while Li et al. (2010) 
report 0.883 l/m3 for excavation and transportation to landfill. Considering a specific equipment, 
namely the CAT 330 excavator, the fuel consumption may be as low as 0.050 l/m3 in optimal conditions 
(CAT 2018). In real conditions, a CAT 336 recorded a consumption of 20.94 l/h with 25.6% idling time 
over 656 hours of operation (CAT 2021). Assuming an average cycle time of 20s based on CAT (2022), 
this corresponds to a fuel consumption of 0.083 l/m3. 

In addition to the excavation and handling, earth undergoes mechanical pulverizing and sieving. At the 
CEB plants, the electrical energy consumption of these operations is estimated at 4.03 kWh/t. These 
values fall within the range reported by equipment manufacturers, with Lontto (https://www.block-
machine.net/) and Oskam V/F (https://oskam-vf.com) citing 0.7–1.8 kWh/t for stationary installations 
and 12 kWh/t for mobile installations. 

Portland cement 

The environmental performance of OPC and PLC was estimated from the environmental reports of the 
two Portuguese cement producers (Secil and Cimpor). The official environmental declarations for each 
production unit located in mainland Portugal were retrieved, except for the Cibra-Pataias plant (Secil), 
which has produced only white cement in recent years. The latest data is from 2020 for Souselas plant 
(Cimpor) and 2023 for the remaining 4 plants. The data for each plant is presented in Table 2, along 
with the corresponding weighted average (Av) based on the amount of clinker produced in each plant. 

Table 2 – Specific energy consumption and emissions for producing clinker at grey cement plants in mainland 
Portugal (SECIL 2023,a,b; CIMPOR 2020, 2023a,b) 

Cement Plant Units 
Secil Cimpor 

PT Av 
A B Av C D E Av 

Energy Consumption 
Thermal Energy MJ/t  3790.0 3892.4 3825.7 3621.3 3778.4 3528.6 3600.7 3689.7 
Electrical Energy KWh/t 145.4 169.9 153.9 139.2 153.0 123.0 134.0 141.9 

Process Emissions 
Combustion + 
Calcination 

kgCO2/t 799.5 786.4 794.9 817 810 819 817 808.3 

The values are consistent with the environmental product declaration for Portuguese grey cement 
developed for the Portuguese Technical Cement Association (DAPHabitat 2023), which estimates a 
thermal energy consumption of 3722.7 MJ/t clinker. The total electricity consumption (147.5 KWh/t 
cement) is split between the clinker (60%) and cement (40%) phases. Assuming that the electrical 
energy consumption in the cement stage is associated exclusively with clinker grinding, this 
corresponds to a specific consumption of 189.3 MJ/t clinker. According to DAPHabitat (2023), the 
equipment used for extracting natural raw materials from quarries within the cement plant consumes 
an additional 12.0 MJ of fuel per ton of raw material. Assuming the same specific energy consumption 



for extraction from external quarries and neglecting the energy required for transportation since no 
information is provided regarding the transportation distance, clinker production requires 20.1 MJ of 
engine fuel per ton of clinker. In Portugal, heavy duty vehicles are, invariably, diesel powered. 

The process emissions amount to 821.6 kg CO2/t clinker, with 296.5 kg CO2/t clinker resulting from 
fuel combustion and 525.1 kg CO2/t clinker originating from the raw material calcination (DAPHabitat 
2023). This implies that the carbon intensity of the fuel mix used in the kiln is 0.0797 kg CO2/MJ, which 
is consistent with the 0.08 kg/MJ reported by GCCA (2020) for Europe.  

The most relevant GHG emitted during clinker production is CO2, but nitrogen oxides are also emitted. 
The official environmental declarations of the cement plants in Portugal reveal that nitrogen oxides 
emissions are less than 1 kg NOx/t clinker. However, according to Mosca et al. (2014), only up to 2% 
of the nitrogen oxides emitted during clinker production reduce to nitrous oxide. Considering that the 
global warming potential of nitrous oxide is 273 times higher than that of CO₂, the actual greenhouse 
gas emissions from clinker production are approximately 5 kg CO₂eq/t higher than estimates based 
solely on CO₂ emissions. 

The energy consumption for gypsum and limestone filler was considered the same for the extraction 
and preparation of the raw material for cement production. As indicated previously, in Portuguese 
cement plants, an average of 12 MJ per ton of raw material is consumed as fossil fuel by the vehicles 
and equipment used for extracting natural raw materials from the internal quarry (DAPHabitat 2023). 
According to the literature, the electricity consumption for the raw material processing corresponds 
to roughly 30% of the total needed for cement production (Madlool et al. 2011; Afkhami et al 2015; 
ECRA 2017), resulting in an average consumption of 24.9 kWh/t adopting a 1.7 raw material/clinker 
ratio based on the cement plants data. 

Recycled cement 

The energy consumption for the RC was estimated considering a novel technology developed under 
the scope of the EcoHydb project (Carriço et al 2021). This patented technology (Bogas et al. 2021) 
resorts to magnetic separation to extract the cement paste from actual concrete waste, entailing a 
prior stage of crushing and milling the cement waste to separate the cement paste from the aggregates 
and a subsequent stage of thermoactivation of the cement paste. In the separation stage, the cement 
waste is split into 4 fractions based on the particle sizes, and only the particles between 0.15 and 0.5 
mm undergo the magnetic separation. The technology also enables the obtention of fine recycled 
concrete aggregates (HQRA – Hight Quality Recycled Aggregates) with less than 5 wt% of hydrated 
cement paste, recycled concrete waste filler (NRF – Normal Recycled Filler) and fine recycled concrete 
aggregates (NRA – Normal Recycled Aggregates).  

Past studies on the topic addressed this issue (Sousa and Bogas 2021; Sousa et al. 2023a,b), but the 
results presented herein entail two fundamental differences. The first was resorting to the theoretical 
enthalpies of the cement paste dehydration reactions and the lime production process as an analogy 
as the references to estimate the energy consumption. This was motivated by two major issues 
associated with making the analogy with clinker production, namely: i) the temperature required for 
the sintering reactions (1450ºC) in clinker production is much higher than the temperature required 
for the thermoactivation of RC (650ºC); and ii) some of the chemical reactions during clinker 
production are exothermic, while the dehydration taking place during the RC thermoactivation is 
endothermic. These differences affect the efficiency of the production process (e.g., energy losses) and 
the energy balance of the reactions (theoretical energy required), respectively. If the former leads to 
a conservative estimate when assuming identical production efficiency, the latter does not. The second 
is that attributing all energy consumption to RC is highly penalizing when other technically and 
commercially viable products are obtained in the production process (HQRA, NRF and NRA). In 



particular, the HQRA are similar to natural crushed fine aggregates, making them a suitable alternative 
to boost the use of recycled aggregates with the downsides attributed to the presence of cement paste 
in normal recycled aggregates (e.g., see Nedeljovic et al. 2021 for a review).  

Concerning the allocation of the energy on the various products obtained in the RC production, the 
following scenarios were considered: i) S1 – all impact are allocated to the RC; ii) S2 – the impacts are 
distributed over the RC and HQRA depending on the amount produced and the stages involved in their 
production; and iii) S3 – the impacts are distributed by all products depending on the amounts 
produced and stages involved in their production. RC is the only product that requires the reactivation 
stage, HQRA requires both the release and separation stages, while NRA and NRF require only the 
release stage. The base RC production process is only focused in obtained the cement paste (ALT1), 
but there is an optional alternative that increases the amount of HQRA produced by passing the 
coarser fraction (0.5-1.0 mm) obtained in the separation stage through the magnetic separator to 
extract clean aggregate particles from aggregate particles with adhered cement paste (ALT2). Table 3 
resumes the energy consumption estimates for RC for the various scenarios and alternatives 
considered. 

Table 3 – Total energy consumption per unit of RC produced (Romão 2025) 

Energy Units S1 S2 - ALT1 S2 - ALT2 S3 
Thermal 

Reactivation MJ/t 1422.8 
Electricity 

Release kWh/t 25.0 6.2 3.3 1.6 
Separation kWh/t 28.9 7.2 7.2 7.2 
Reactivation kWh/t 8.9 8.9 8.9 8.9 

Fuel 
Release MJ/t 1098.3 274.0 147.1 70.2 
Transportation MJ/t 158.2 

Water and additives 

In Portugal, the public water supply has a mixed model and, in many regions, there is a separation 
between bulk and retail water suppliers. Bulk water suppliers are responsible for water abstraction, 
treatment, and conveyance to retail water suppliers, which in turn handle the distribution to the final 
consumers. At the CEB plant, water is supplied by the Municipality of Montemor-o-Novo, which 
obtains its bulk water from the company Águas Públicas do Alentejo. The two companies have a 
declared specific energy consumption of 0.346 kWh/m3 and 0.801 kWh/m3, respectively, resulting in a 
total of 1.147 kWh/m3. The corresponding emissions are 52.3 gCO2eq/m3 and 121.0 gCO2eq/m3, 
respectively, totalling 173.3 gCO2eq/m3 (ERSAR 2024). 

Regarding the additives considered (CPW and CDW), only the transportation was accounted for 
because they are wastes and it is assumed that no additional processing is required. A distance of 
100 km between the source of additives and the CEB plant was assumed, which corresponds to a 
200 km journey (both ways).  

Transportation 

The transportation of the stabilizers to the CEB plant was also accounted for. Five of the cement plants 
located in mainland Portugal are located along a stretch of approximately 200 km on the western coast 
between Setúbal and Souselas. The sixth is in the south (Algarve), roughly 250 km from the closest one, 
which is located in Setúbal. Without accounting for possible suppliers in Spain, the maximum distance 
between the closest cement plants and any point in mainland Portugal would be around 250 km (from 
Souselas to the northeast corner of Portugal). However, considering that CEBs are more adequate for 



the dry and hot climate in the southern part of Portugal, the Outão (Secil) and Loulé (Cimpor) plants 
are the closest, and the maximum distance in a straight line to any location in this region of Portugal 
is, at most, 200 km. It was assumed that RC would also be produced in the south, so, a journey of 
400 km (one way full and return empty) was assumed for all stabilizers (RC, OPC and LPC). 

2.2.2 Greenhouse gases emissions 

The energy consumptions were converted into GHG emissions, in particular CO2 when other GHG 
emissions were unavailable, using the emission factors of the corresponding source of energy. 
Exceptions apply for the thermal energy used in PC production, which include emissions from both 
energy consumption and raw materials reactions, and water, since water utilities have variable 
renewable energy production in their facilities. For these, the emissions reported in the official 
documents used to extract the energy consumption data were already reported in the previous 
section. 

Between 2005 and 2023, the electricity GHG emission factor in mainland Portugal declined from 0.526 
to 0.092 kg CO₂eq/kWh, averaging 0.156 kg CO₂eq/kWh between 2019 and 2023 (APA 2025). It should 
be noticed that the values change slightly depending on the source, with the EEA (2025) reporting a 
value of 0.115 kgC02eq/kWh for Portugal in 2023. In addition to the decreasing time trend, electricity 
emission factor is also highly seasonal in Portugal. According to the Electricity Maps (2025) reports, 
between January 2024 and December 2024, the minimum and maximum carbon intensities of 
electricity in Portugal were 0.011 kgCO2eq/kWh (25/02/2024) and 0.181 kgCO2eq/kWh (13/12/2024), 
respectively. Figure 1 displays the electricity origins for Portugal in 2025 and 2024, based on data from 
the national electrical grid operator data hub (REN 2025).  

 

Figure 1 – Monthly electricity origins for Portugal in 2024 (REN 2025) 

Considering that most of the storage production is from pumping at hydropower stations using excess 
of wind energy, over the last 2 years, more than 70% of the electricity has been consistently from 
renewable energy sources. The highest fraction of green energy production has been between 
February and April and the lowest tends to be concentrated in the summer months and December. 
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This implies that the concentration of the production of CEB out of the summer months would benefit 
their environmental performance. 

The fuel used was considered to be diesel, since it is the most commonly used in commercial vehicles 
and machinery in Portugal. The energy content of diesel engine fuel varies slightly depending on the 
reference, from 38.3 MJ/l, reported by the Bureau of Transportation Statistics (2025), to 39.3 MJ/l, 
reported by the Department for Energy Security and Net Zero (2025). Schmied and Knörr (2012) 
stipulates a value of 35.9 MJ/l based on the ISO 16258 approach. Herein, an average value of 37.6 MJ/l 
was adopted. Schmied and Knörr (2012) indicate a GHG emission factor of 2.67 kg CO₂eq/L for diesel, 
consistent with ISO 16258, whereas a retail fuel supplier in Portugal reports a lower value of 
2.30 kg CO₂eq/L (BP 2024). The difference is due to the incorporation of biodiesel in the latter, since 
7% biodiesel decreases the GHG emissions factor to 2.48 kgCO2eq/l, which also affects the energy 
content, since biodiesel has a lower specific energy (32.8 MJ/l). The diesel energy and emissions 
intensity used herein only accounts for the direct use in the combustion engine. According to Schmied 
and Knörr (2012), accounting for the energy consumed during the fuel production cycle increases the 
energy intensity to 51.3 MJ/L and the greenhouse gas emission intensity to 3.24 kg CO₂eq/L.  

Fuel consumption and GHG emissions for transportation were estimated using the data from 
Mulholland et al. (2023). The vehicle considered for transportation was a VECTO 5-RD, with axle 
configuration of 4x2, a gross vehicle weight rating above 16 t and a load capacity of about 10 t. The 
truck is assumed to run about 90% under regional delivery, resulting in average consumption of 
31.7 l/100 km and GHG emissions of 853.7 gCO2eq/km. The same truck category, but operating on long 
haul regime (only 10% in regional delivery), decreases the fuel consumption to 28.3 l/100 km and the 
GHG emissions to 773.5 gCO2eq/km. These values are consistent with the range from 23 l/100 km 
(empty) to 36 l/100 km (loaded) and an average of 33.1 l/100 km reported in ICCT (2018). The 
reference truck used in ICCT (2018) was developed in ICCT (2017) and represents a 40-tonne truck with 
a load capacity of 25.6 t. So, despite the similar fuel consumption on a distance base only, the fuel 
consumption per unit weight and distance is distinct. The specific fuel consumption of the VECTO 5RD 
is 0.0317 l/t.km, while the reference truck of ICCT (2017) is 0.01715 l/t.km. These values are slightly 
lower than reported by Schmied and Knörr (2012) for the corresponding load category. Schmied and 
Knörr T (2012) applied the EN 16258 methodology. However, this standard has recently been replaced 
by ISO 14083. Additionally, other frameworks for estimating GHG emissions in transportation exist, 
which can influence the results obtained (Wild 2021). 

3 RESULTS AND DISCUSSION 

3.1 ENERGY CONSUMPTION 

CEB production requires very little energy, estimated at 30.4 Wh/CEB or 4.11 kWh/t (considering that 
a dry CEB weights roughly 7.5 kg), so the majority of the energy is associated with extracting/producing 
and transporting its components, namely the: i) soil and additives; ii) water; and iii) stabilizers. This 
agrees with Fernandes et al. (2019), who reported 36.2 kWh of electricity and 0.327 MJ of fuel for a 
6.1 kg CEB. 

The soil was assumed to be available at the CEB plant, so only extraction, handling and preparation 
was accounted for. Typical soil density is within the range between 1.0-1.5 t/m3 (Turco et al. 2021), so 
an average value of 1.25 t/m3 was adopted for the density of the soil in the natural deposit. The soil 
excavation and handling was estimated considering a fuel consumption of 0.35 l/m3, which is a very 
conservative value based on the literature, resulting in an energy consumption of 10.6 MJ/t. 

The specific energy consumption adopted for the water was 1.147 kWh/m3, estimated based on the 
total energy demand and authorized water used reported by the water utilities. The estimate based 



on the metered water would be slightly higher (1.152 kWh/m3). These values depend not only on 
energy required for water abstraction, treatment, conveyance and distribution, but also on the water 
losses, which for the bulk and retail water suppliers was roughly 5% and 25%, respectively. 

Regarding RC production, the estimates from the previous section were adopted. For OPC and LPC, the 
typical clinker content is 93% and 67%, respectively. According to DAPHabitat (2023), the average 
gypsum content in Portuguese grey cement is roughly 5%, so limestone filler is 2% and 28% of the OPC 
and LCP cements, respectively. Specific energy consumption for the CEB components and production 
is listed in Table 4. 

Table 4 – Specific energy consumption of the components and production of CEB  

Energy Units S1 S2 - ALT1 S2 - ALT2 S3 
Thermal 

OPC MJ/t 3431.4 
LPC MJ/t 2472.1 
RC MJ/t 1422.8 

Electricity 
OPC kWh/t 133.7 
LPC kWh/t 103.5 
RC kWh/t 62.8 22.3 19.4 17.7 
Soil kWh/t 4.03 
Water kWh/m3 1.15 
CEB Production kWh/t 4.11 

Fuel 
OPC MJ/t 19.5 
LPC MJ/t 17.1 
RC MJ/t 1098.3 274.0 147.1 70.2 
Soil MJ/t 10.6 

Transportation 
OPC MJ/t 

337.4 
LPC MJ/t 
RC MJ/t 495.6 
CPW MJ/t 

168.7 
CDW MJ/t 

Considering the compositions of the CEB, the corresponding energy consumptions are detailed in Table 
5. The unstabilised CEB have, by far, the lowest energy consumption. The CEB produced with RC have 
the highest energy consumption if all energy demand is allocated to RC. Distributing the energy 
consumption in the release and separation stages by the various products obtained in the process 
places the RC stabilized CEB energy consumption bellow OPC and LPC CEB stabilized blocks. 

Table 5 – Specific energy consumption of the different CEB 

Energy Units S1 S2 - ALT1 S2 - ALT2 S3 
Thermal 

OPC MJ/m3 494.1 
LPC MJ/m3 356.0 
RC MJ/m3 280.3 
OPC80_RC20 MJ/m3 452.4 
OPC50_RC50 MJ/m3 393.0 
UCEB MJ/m3 - 
UCEB_CDW0 MJ/m3 - 

Electricity 
OPC kWh/m3 28.6 
LPC kWh/m3 24.3 



RC kWh/m3 21.4 13.4 12.8 12.5 
OPC80_RC20 kWh/m3 27.3 25.5 25.4 25.3 
OPC50_RC50 kWh/m3 25.4 21.1 20.8 20.6 
UCEB kWh/m3 9.4 
UCEB_CDW0 kWh/m3 10.9 

Fuel 
OPC MJ/m3 16.0 
LPC MJ/m3 15.6 
RC MJ/m3 228.4 66.0 41.0 25.9 
OPC80_RC20 MJ/m3 62.5 27.1 21.6 18.3 
OPC50_RC50 MJ/m3 129.6 43.1 29.8 21.7 
UCEB MJ/m3 13.3 
UCEB_CDW0 MJ/m3 17.2 

Transportation 
OPC MJ/m3 141.9 
LPC MJ/m3 141.9 
RC MJ/m3 182.8 
OPC80_RC20 MJ/m3 152.4 
OPC50_RC50 MJ/m3 167.6 
UCEB MJ/m3 119.8 
UCEB_CDW0 MJ/m3 59.2 

Total 
OPC MJ/m3 755.0 
LPC MJ/m3 600.9 
RC MJ/m3 768.4 577.3 550.3 533.9 
OPC80_RC20 MJ/m3 765.5 723.7 717.8 714.3 
OPC50_RC50 MJ/m3 781.6 679.7 665.3 656.6 
UCEB MJ/m3 166.9 
UCEB_CDW0 MJ/m3 115.6 

However, the CEB have different performances, so a direct comparison is not adequate. The inclusion 
of stabilizers impacts negatively on the environmental performance of CEB when compared with the 
UCEB, but also increases both the mechanical properties and durability. Table 6 presents the energy 
consumption normalized by the 28-day compressive strength of the CEB. 

Table 6 –Normalized specific energy consumption of the different CEB to the 28 days compressive strength 

Energy Units S1 S2 - ALT1 S2 - ALT2 S3 
OPC MJ/m3.MPa 95.6 
LPC MJ/m3.MPa 93.9 
RC MJ/m3.MPa 139.7 105.0 100.1 97.1 
OPC80_RC20 MJ/m3.MPa 106.3 100.5 99.7 99.2 
OPC50_RC50 MJ/m3.MPa 122.1 106.2 104.0 102.6 
UCEB MJ/m3.MPa 79.5 
UCEB_CDW0 MJ/m3.MPa 64.2 

UCEB and UCEB_CDW0 still outperform all the stabilized CEB, but it is important to refer that the 
former are sensible to water, so their use is restricted to indoor dry areas. 

3.2 GREENHOUSE GASES EMISSION  

The average of the yearly mean GHG emissions of the Portuguese electricity between 2019 to 2023 is 
used to determine the emissions from electricity consumption. The exception is for the energy 
consumption associated with the public water supply, for which the GHG emissions reported by the 
water utilities is used. It is somewhat surprising that the GHG emission factor of the energy consumed 



to supply the water (0.173 kgCO2eq/kWh) is slightly higher than the GHG emission factor of electricity 
from the grid (0.156 kgCO2eq/kWh), considering that the water utilities produce some energy also. 
This may be attributed to seasonal variations in water consumption, especially when higher 
distribution coincides with periods of lower renewable energy availability. 

A GHG emission factor of 2.485 kg CO₂eq/L was adopted for diesel fuel, corresponding to 
0.0657 kg CO₂eq/MJ. This value entails that most diesel for road transportation incorporates some 
additives (e.g., biodiesel) lowering both the energy and emissions. Table 7 details the GHG emission 
factors of CEB components and production by energy type. Fuel-related emissions from material 
production and transportation are separated for clarity and reproducibility. 

Table 7 – Specific GHG emission factor of the components and production of CEB 

Emissions Units S1 S2 - ALT1 S2 - ALT2 S3 

Thermal 

OPC kgCO2eq/t 751.72 

LPC kgCO2eq/t 541.56 

RC kgCO2eq/t 80.13 

Electricity 

OPC kgCO2eq/t 20.86 

LPC kgCO2eq/t 16.15 

RC kgCO2eq/t 9.80 3.48 3.03 2.76 

Soil kgCO2eq/t 0.63 

Water kgCO2eq/m3 0.20 

CEB Production kgCO2eq/t 0.64 

Fuel 

OPC kgCO2eq/t 1.28 

LPC kgCO2eq/t 1.12 

RC kgCO2eq/t 72.20 18.01 9.67 4.62 

Soil kgCO2eq/t 0.70 

Transportation 

OPC kgCO2eq/t 
22.18 

LPC kgCO2eq/t 

RC kgCO2eq/t 32.58 

CPW kgCO2eq/t 
11.1 

CDW kgCO2eq/t 

The GHG emission factor of the different CEB is presented in Table 8, based on the respective 
compositions. Like with the energy, the unstabilized CEB present the lowest values but the major 
differences occur when comparing CEB stabilize only with PC-based or RC stabilizers. The fact that the 
RC eliminates the calcination emissions associated with clinker production decreases substantially the 
overall GHG emissions of the CEB. 

Table 8 – Specific GHG emission factor of the different CEB 

Emissions Units S1 S2 - ALT1 S2 - ALT2 S3 

Thermal 

OPC kgCO2eq/t 108.9 

LPC kgCO2eq/t 78.5 

RC kgCO2eq/t 15.8 



OPC80_RC20 kgCO2eq/t 89.7 

OPC50_RC50 kgCO2eq/t 62.1 

UCEB kgCO2eq/t - 

UCEB_CDW0 kgCO2eq/t - 

Electricity 

OPC kgCO2eq/t 4.5 

LPC kgCO2eq/t 3.8 

RC kgCO2eq/t 3.3 2.1 2.0 2.0 

OPC80_RC20 kgCO2eq/t 4.3 4.0 4.0 4.0 

OPC50_RC50 kgCO2eq/t 4.0 3.3 3.2 3.2 

UCEB kgCO2eq/t 1.47 

UCEB_CDW0 kgCO2eq/t 1.70 

Fuel 

OPC kgCO2eq/t 1.1 

LPC kgCO2eq/t 1.0 

RC kgCO2eq/t 15.0 4.3 2.7 1.7 

OPC80_RC20 kgCO2eq/t 4.1 1.8 1.4 1.2 

OPC50_RC50 kgCO2eq/t 1.0 1.0 1.0 1.0 

UCEB kgCO2eq/t 0.9 

UCEB_CDW0 kgCO2eq/t 1.1 

Transportation 

OPC kgCO2eq/t 9.3 

LPC kgCO2eq/t 9.3 

RC kgCO2eq/t 12.0 

OPC80_RC20 kgCO2eq/t 10.0 

OPC50_RC50 kgCO2eq/t 11.0 

UCEB kgCO2eq/t 7.9 

UCEB_CDW0 kgCO2eq/t 3.9 

TOTAL 

OPC kgCO2eq/t 123.8 

LPC kgCO2eq/t 92.6 

RC kgCO2eq/t 46.2 39.7 37.7 36.5 

OPC80_RC20 kgCO2eq/t 108.1 105.5 105.1 104.8 

OPC50_RC50 kgCO2eq/t 78.1 77.4 77.4 77.4 

UCEB kgCO2eq/t 10.2 

UCEB_CDW0 kgCO2eq/t 6.7 

Al-Sakkaf et al. (2025) report carbon emissions of 50 kg CO2/m3 of CEB, which, considering the density 
of the CEB produced, is between the stabilized and unstabilized CEB estimates. The authors simulated 
the process without using real data, and no information is provided on the CEB composition, 
productivity, or energy emission factors for comparison.  

As with energy consumption, the GHG emission factors of the different CEB were normalized to their 
respective 28-day compressive strength (Table 9). The results show that, although RC requires higher 
energy input, it offers significant GHG emission benefits. When normalized, RC-stabilized CEB exhibit 
GHG emissions closer to unstabilized CEB than to PC-stabilized CEB. 



Table 9 –Normalized specific GHG emission factor of the different CEB to the 28 days compressive strength 

Emissions Units S1 S2 - ALT1 S2 - ALT2 S3 

OPC kgCO2eq/t.MPa 15.67 

LPC kgCO2eq/t.MPa 14.47 

RC kgCO2eq/t.MPa 8.39 7,21 6,86 6,64 

OPC80_RC20 kgCO2eq/t.MPa 15.01 14,65 14,59 14,56 

OPC50_RC50 kgCO2eq/t.MPa 12.21 12,10 12,09 12,09 

UCEB kgCO2eq/t.MPa 4.87 

UCEB_CDW0 kgCO2eq/t.MPa 3.74 

3.3 DISCUSSION 

The results reveal that RC-stabilized CEB present a substantial environmental benefit over RC-stabilized 
CEB, reducing the absolute and normalized GHG emissions by 60% and 50%, respectively. Still, the 
emissions and 50% than the unstabilized CEB. Considering that the energy consumption of RC CEB and 
both OPC and LPC CEB is of the same order of magnitude, the major saving results from avoiding the 
calcination emissions. This highlights the advantages of promoting a circular economy in the RC 
production process, in particular the possibility of avoiding the major GHG emission source associated 
with PC production. 

As expected, the energy consumption of the stabilizers is, by far, the largest contributor to the overall 
energy consumption of the CEB. Concerning the RC, the scenario of allocation to the various products 
obtained from the RC production plays a pivotal role. Other aspect that stands out is the inversion 
between fuel and electricity consumption between RC and OPC and LPC. However, there is a significant 
potential to improve RC production and the increased commercial value that it represents for the 
concrete waste will certainly boost innovation and optimization of the processes. In the scenario 
assessed, transportation of the CEB components not available on site also has significant contribution 
to their environmental burden. However, contrarily to alternative materials for the same applications 
(e.g., masonry blocks), CEB may be produced at the construction sites. This would require mobilizing 
the CEB production equipment, but it would also save the transportation of CEB from the plant to the 
construction site (outside of the scope defined for the assessment - cradle to gate).  

The relative of the transportation is also the major source of uncertainty on the assessment, since the 
energy consumption and GHG emissions can vary substantially, not only depending on the relative 
locations of the CEB production site and its components suppliers, but also on the characteristics of 
the transportation itself. In addition to the vehicle characteristics (e.g., engine size and type; vehicle 
weight; maintenance) other factors that may significantly impact the environmental performance of 
road transportation include (Zarkadoula et al. 2007; Barth and Boriboonsomsin 2009; Fontaras and 
Samaras 2010; Demir et al. 2011, 2014; Kamal et al. 2011; Carrese et al. 2013; Zhou et al. 2016; 
Fontaras et al. 2017; Yang et al. 2022): i) environment (e.g., road gradient, type and roughness; 
altitude; weather); ii) traffic (e.g., congestion; signalling); iii) operation (e.g., distance; payload; empty 
kilometres); and iv) driver (e.g., speed; gear shifting; acceleration and deceleration; idling time). Zhang 
et al. (2023) observed real fuel consumptions between 30 to 40 l/100 km in 83 different heavy vehicles 
for average speeds between above 40 km/h. Bellow this speed threshold down to 20 km/h, the fuel 
consumption was found to increase up to 60 l/100 km. 

4 CONCLUSIONS 

This study assessed the environmental performance of compressed earth blocks (CEB) stabilized with 
recycled cement (RC) and compared it with reference solutions that were either unstabilized (UCEB) 



or stabilized with Portland cement (OPC) or blended cement (LPC). The assessment considered the 
separate production stages of RC and CEB, as well as different scenarios involving the parallel 
production of HQRA, NRA, and NRF. Environmental impacts were evaluated in terms of energy 
consumption and GHG emissions, using a hybrid approach combining simulation and analogy with 
established clinker and lime production processes. The results were found to be highly sensitive to 
location and transport conditions. 

When evaluating the products from the separation process individually, CEB stabilized with RC showed 
a 30% lower energy consumption than OPC-stabilized CEB in absolute terms. However, when 
normalized by compressive strength, the energy consumption was 2% higher. The most balanced 
solutions were achieved with CEB stabilized using a blend OPC and RC, with the mix of 80% OPC and 
20% RC presenting the lowest energy consumption. In addition, stabilized CEB consumed roughly four 
times more energy than UCEB, emphasizing the effect of stabilization on the embodied energy of earth 
construction. However, unstabilized solutions exhibit poor water durability, limiting their use to indoor 
applications.  

However, the greatest benefit of RC-stabilized CEB lies in the reduction of GHG emissions. Even when 
normalized by compressive strength, RC CEB achieve reductions of 56% and 52% compared to OPC- 
and LPC-stabilized CEB, respectively. Blended mixes present emissions close to LPC CEB, so limited to 
no benefit in this parameter. Nonetheless, their emissions were still about 43% higher than those of 
non-water-resistant UCEB.  

In conclusion, although RC stabilization requires slightly more energy, it substantially reduces GHG 
emissions while maintaining comparable mechanical and durability performance in CEB. Furthermore, 
RC production could benefit from the potential use of electric kilns. These results highlight the 
potential of RC as an eco-efficient alternative to PC for earth stabilization. 
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