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This research explores strategies to minimise energy consumption and enhance environmental

sustainability in road construction. Focusing on concrete pavement structures, the study evaluates the
impact of substituting Portland cement with environmentally friendly alternatives such as fly ash and
blast furnace slag. A comprehensive model is employed to analyse the energy demands of different
pavement types, considering various cement replacements over their lifetime, from the initial
extraction of materials to the conclusion of construction. Results indicate an energy saving potential
of 8.63% by substituting 10% of Portland cement with fly ash, while an impressive reduction of
58.63% in cement production energy is achieved by replacing Portland cement with 80% blast furnace
slag. The study underscores the significant role of cement variations in mitigating energy
consumption, emphasizes the potential of blast furnace slag as a sustainable alternative as well as
highlights the significance of alternative cement types in reducing energy consumption in concrete
pavement construction, aligning with environmental sustainability goals and offering insights for
more eco-friendly infrastructure development.
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. INTRODUCTION

The energy and climate crises call for urgent action
by decision-makers, road project investors, and
others. The European Parliament and the Council
made significant strides toward achieving carbon
neutrality in Europe by ratifying the Climate Change
Act in 2021, elevating the EU's interim emissions
reduction target for 2030 from 40% to a minimum of
55%. "Fit for 55" includes emissions regulations and
decarbonisation efforts in various sectors, including
road management, targeting the concrete and asphalt
industries to reduce emissions and energy
consumption.

AczariJafari et al. [1] found that achieving carbon-
neutral pavements by 2050 is only feasible with
policy and industry interventions. Without
decarbonization efforts, US road construction
material emissions could increase by 19.5% by 2050.
Transitioning to renewable energy sources for road
materials is crucial for meeting decarbonization
goals.

Understanding the anticipated energy demand
throughout each infrastructure layer's production,
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construction, and operational phases is vital for
making informed construction and renewal
decisions. Implementing an efficient management
system, as proposed by Volkov et al. [2], could
further optimize the energy demand in concrete
pavement projects by streamlining resource
allocation and operational processes. Concrete
pavements offer greenhouse gas savings and
longevity, reducing maintenance and improving fuel
efficiency. They also have a cooling effect and
contribute to carbon dioxide removal [3]. A previous
study conducted in Hungary investigated the energy
consumption of various construction processes [4].
The findings revealed that concrete pavements had,
on average, 60% higher energy demand than asphalt
structures in the examined pavement types. This
notable disparity predominantly stemmed from
utilizing high-energy-demand Portland cement
(CEM 1). In this article, we extend this research by
exploring the potential reduction in the modelled
energy demand of these Hungarian concrete
pavements by adopting environmentally friendly
cement types.
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Il. STRATEGIES TO REDUCE ENERGY
DEMAND IN CEMENT PRODUCTION

According to CEMBRUREU (The European
Cement Association), the total cement production
for 2020 reached 4.17 billion tonnes.

The breakdown is as follows [5] (Mt means a
million tonnes):

e China: 2377 Mt;
e India: 290 Mt;
e EU27: 171.5 Mt;
o USA: 89 Mt.

The carbon dioxide emissions averaged 783 kg
COy/tonne of cement in 1990. The Association aims
to cut CO, emissions from cement production to 472
kg CO-/tonne by 2030 and achieve carbon neutrality
by 2050, which aligns with the Paris Agreement. The
report outlines the potential for reducing CO;
emissions during clinker, cement, concrete
production, construction, and (re)carbonation.
Implementing the following measures plays a
significant role in achieving emission reductions:
technological investments, policy adjustments, and
production changes throughout the life cycle,
spanning from production and clinker production to
concrete recarbonation and recycling [6-11]. For
instance:

e incorporating alternative fuels like non-
recyclable waste and biomass-derived sources to
substitute fossil fuels;

e implementing more energy-efficient furnaces;

e advancing the utilization of innovative, low-
clinker concrete;

e introducing and enhancing carbon capture and
storage/utilization technologies (CCUS);

e Optimization of concrete blends and construction
methodologies leveraging concrete's potential to
capture carbon and reduce production emissions
by up to 23%.

Highlighting the potential to decrease energy
demand through mechanical engineering solutions
and adopting alternative energy sources, coupled
with the considerable capacity of concrete surfaces
for CO; absorption, it is worthwhile to concentrate
on optimizing the clinker-cement ratio for road
concretes.

In Europe, 44% of cement production comprises
Portland cement composite, with blast furnace and
pozzolanic cement contributing 12%. The estimated
thermal energy savings and emission reductions
achieved through blended cement range from 0.009
to 1.4 GJ per ton and 0.3 to 213.54 kg CO,, per ton,
respectively [6].

In the publication [12], a study was carried out on
the lifecycle greenhouse gas emissions associated
with different cement mixes, considering factors
such as carbonation and durability. Their analysis
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involved the addition of blast furnace slag and fly ash
to clinker, revealing that more substantial reductions
in emissions were attainable with blast furnace slag.
This is primarily because the proportion of Portland
cement replaceable by fly ash is lower than that of
blast furnace slag replaceable by fly ash. The most
significant impact was observed with an 80%
substitution of blast furnace slag, resulting in a
remarkable 70% reduction in production stage
emissions. Meanwhile, fly ash mixtures achieved a
36% reduction compared to Portland cement when
replacing 35% of the clinker. Comparing cement
with equal substitution amounts for both blast
furnace slag and fly ash indicated that fly ash usage
is more environmentally favourable. Fly ash
involves fewer downstream processes (e.g.,
grinding) compared to blast furnace slag, resulting in
lower emissions. However, it is essential to note that
the article calculated considerably longer transport
distances for blast furnace slag (1640 km) in contrast
to fly ash (180 km).

Karadumpa and Pancharathi [13] present the
energy consumption of different types of cement in
five different manufacturing plants in India. It is
shown that the 15% fly ash (FA) content in the
Portland cement leads to an average 14,69% lower
energy consumption than the reference Portland
cement (OPC). In the case of the highest examined
granulated blast furnace slag (GBFS) content studied
(45%), the average energy reduction was 35,29%.
The study also examines the composite cements'
energy reduction, combining 20% or 25% FA with
20%, 30%, or 35% GBFS content. The highest
energy reduction was obtained with 45%
OPC+20%FA+35%GBFS with an average of 47%.

Anastasiou et al. [14] investigated the
environmental impact of concrete pavements in
Greece, incorporating fly ash and slag across six
variants. The energy input per kg to produce the
clinker, cement, limestone, fly ash, steel slag, and
concrete was presented in the paper, where the data
was collected from the relevant industries in the
region of Northern Greece. Results show significant
CO, emission reduction compared to standard
concrete pavements, with fly ash substitution
remaining beneficial even over long distances.

The study by [15] analyses 20 papers (2017-2022)
on blast furnace slag as cement replacement in
pavements. The article provides a useful overview of
the values of the physical properties of OPC, GBFS,
and BFS, such as specific gravity, surface area and
loss on ignition, and the chemical composition of the
materials. It gives a summary of the results of the
different replacement methods based on the papers
analysed. They found that 50-70% substitution was
satisfactory, with 60% being the most common.
Only 7 papers addressed cost and eco-efficiency,
suggesting that 60% GGBFS replacement could
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reduce embodied energy by 37% and CO, emissions
by 48% compared to control measures.

In Germany, the average clinker-cement ratio was
approximately 71% in 2017, indicating that, on
average, cement production comprised 71% clinker.
Substituting clinker with alternative primary
components like granulated blast furnace slag (from
the steel industry) or fly ash (from
energy/conversion sources) within the clinker rotary
kiln process leads to fuel conservation required for
clinker production [16]. This results in an
environmentally and energy resource-conscious
solution, aiding the concrete industry in striving
toward its objectives of achieving carbon neutrality,
energy efficiency, and cost-effectiveness. (Kurhan
[17] demonstrated that entropy-based simulation
techniques could effectively model the stability of
railway ballast, and similar methodologies could be
explored to assess the energy dynamics within
concrete pavement layers.)

The German Cement Works Association
demonstrates in its publication [18] the impact of
increasing blast furnace slag content on CO;
emissions in cement production. Fig. 1. illustrates
this impact, indicating that while emissions for
CEM I (Portland cement) are estimated to be around
0.9 CO4ft of cement, emissions for CEMIII/B (blast
furnace slag cement), the emissions of CEMIII/B
(blast furnace slag cement), which contains 80%
blast furnace slag and is the maximum permissible
level according to the Hungarian standard e-UT
06.03.37 [19], are below 0.3 CO/t of cement. The
figure also depicts that the electrical energy demand
remains relatively constant with increased blast
furnace slag content, attributed to the 'savings' from
reducing clinker burning and substituting primary
raw materials.
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Figure 1. Comparison of CO, emissions from the
production of blast furnace slag cement and
Portland cement, VDZ [17]

Both fly ash and blast furnace slag additive
cements are accessible in Hungary, and their impact
on concrete is widely recognized. The types of

cement admixtures utilized in Hungarian cement
production include:

o fly ash — Nyitranovak (SK), Visonta, Oroszlany;
o Dblast furnace slag — Kassa (SK), Dunatjvaros.

The upcoming paragraph 1I11.1 outlines the
alternative cement variations approved by the
Hungarian Standards for constructing concrete road
structures.

I11. VARIETIES OF CEMENT FOR CONCRETE
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PAVEMENTS IN HUNGARY

Clause 8.2.1 of the relevant Hungarian
specification 'Design and Construction of Concrete
and Composite Pavements' (e-UT 06.03.37:2021,
[19]), stipulates the selection of cement type aligned
with Hungarian Standard MSZ 4798 [20] and
corresponding to the specified concrete types.
According to the specification and MSZ EN 197-1
[21], the permitted cements applicable for concrete
pavements include:

e portland cement: CEM | 42.5; CEM 1 32.5 and
CEM I 32.5N LH;

o Dlast furnace slag - Portland cement: CEM I1/A-
S 42.5; CEM II/A-S 32.5; CEM 11/B-S 42.5 and
CEM/II B-S;

o fly ash - Portland cement: CEM IlI/A-V 42.5 and
CEM II/A-V 32.5;

e blast furnace slag cement: CEM I11/A 32.5 N-M-
SR, CEM III/A 32.5 R-M-SR and CEM 111/B
32.5 N-SR.

The third element within these symbols (A, B)
denotes the proportions of the mixture's components,
which include:

CEM II "A" 6-20%;

CEM II "B" 21-35%;
CEM Il "A" 36-65%;
CEM 111 "B" 66-80%.

Nevertheless, the regulation also specifies that the
blending material content in fly ash Portland cement
(CEM II/A-V) should not surpass 10 percent of the
cement mass. While there are no further
specifications in the standard, blast furnace slag
Portland cement (composite Portland cement)
permits up to a 35% replacement. In the case of blast
furnace slag cement (CEM 111/B), this replacement
rate can reach up to 80%. Typically, manufacturers
anticipate a blast furnace slag content of around 75%
for CEM 111/B, utilizing the standard's allowance of
5%t for other materials in the mixture.

However, it is essential to note that within
exposure class XF4 (characterized by high water
saturation and the requirement for ice melting agents
or seawater), only blast furnace slag cement of type
CEM 11I/A 42.5 N or CEM I1I/A 32.5 R, containing
a blast furnace slag major constituent of less than
50% by weight, is permissible for use [22].
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According to the German General Circular for
Road Construction (Allgemeine Rundschreiben
Strassenbau Deutschland, ARS 04 2022), the
following cement types can be utilized, from those
available as per DIN EN 197-1, for road paving, with
the contractor's consent: CEM 11/B-S, CEM II/A-T,
CEM II/B-T, CEM II/A-LL, CEM /A (with a
maximum blast furnace slag content of 50% and a
minimum strength class of 425 N) [3,23].
Considering the more advantageous availability of
limestone in Hungary, it would be advisable to
explore its potential use (CEM II/A-LL) in cement
mixtures for concrete road pavement structures in
Hungary.

1VV. ENERGY DEMAND OF CONCRETE
PAVEMENTS FOR COMPLEX PORTLAND
CEMENT AND BLAST FURNACE SLAG
CEMENT

Concrete production is a complex, energy-
intensive process. Fig. 2. illustrates key aspects of
the concrete life cycle. A comprehensive
understanding of these processes can be found in the
article titled 'Energy demand assessment of domestic
pavement structures’ [4]. The article gathered
pertinent energy data from literature sources, such as
[24-32], concerning raw material extraction, cement
production, concrete mixing, and various raw
material production. The average energy values
derived from this data collection include:

e production of Portland cement: 6.04x10° [J/t];
e mining of additives: 41.67x108 [J/];
o concrete plant and the mixing: 7.67x10° [J/t].
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Figure 2. Production of Concrete Mix and Life Cycle Components

On the basis of the values provided, it is clear that
the production of Portland cement requires the
highest energy input (6.04x10° [J/t], which is
significantly higher than the energy required for the
production, i.e., the mixing of the concrete mixture
(7.67x108 [JA]).

Furthermore, the paper [4] compared the energy
requirements between concrete pavements and
asphalt pavements designed for the same traffic
category. The findings reveal that, on average,
concrete pavements exhibit a 60% higher energy
demand, primarily attributed to cement production.
However, it is essential to note that these results
represent the specific energy demands observed in
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the case study, and variations in pavement structure
combinations might yield slightly different
outcomes.

The aim of the present paper is to recompute the
calculations for fly ash Portland cement and blast
furnace slag cement. The model assumes the
maximum permissible content of blended material
outlined in the standard [19]. The calculation does
not account for the potential addition by the
manufacturer of other materials up to 5% in addition
to clinker, gypsum, and the specific additive being
studied (blast furnace slag or fly ash). Fig. 3.
illustrates a simplified depiction of the production
process chain.
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To ensure comparability of the obtained results,
this article also adopts the energy demand of
6.04x10° [J/t] for Portland cement production. Based
on the article by Huntzinger and Eatmon [33], the
estimated energy demand for Portland cement
production can be broken down as follows:

e raw material extraction: 5%;

thermal energy demand: 70%;
electric power: 25%.

Furnace powder

Gypsum

Supplementary cementing material
granulated blast furnace slag,
ashes, pozzolans, trans, limestone

of raw material

Furnace

Grinding, mixing

Packaging,
transportation

Mixing
cement concrete

Figure 3. lllustration of Cement Production Processes with blending material

As the preceding literature cited in this article —i.e.
[6,10,12,18] — has presented a range of electricity
demand from 12% to 38% and thermal energy
demand from 62% to 88%, this study adopts
averages that align with the findings of Huntzinger
and Eatmon [31]. Consequently, the estimated
energy demand for cement production is applied as
follows:

Raw material extraction:
Thermal energy demand:
Electric power:

. 0.302x10° [J/t]
4.228x10° [J/t]

1.510x10° [JA]

units. Considering the road class and environmental
conditions, the designated speed was set at 110 km/h.
The analysed cross-section involved a single traffic
lane. As the primary focus of this article is to
compare the energy demand of various concrete
pavement structures, aspects unrelated to the
different pavement designs, such as earthworks or
road components like signs, pavement markings,
safety elements, and barriers, were excluded from
the calculations.

Dimension of the calculated section:

The incorporation of additives, such as fly ash and
granulated blast furnace slag into clinker is evaluated

traffic lane width: 3,75 m;
number of traffic lanes: 1;
section length: 1000 m.

based on these energy distributions.

1. Procedure for calculation and model's
dimensions

The modelled 1 km hypothetical road segment
near Budapest in this study adheres to Hungarian
standards. It was specifically designed for the

The pavement structures have been designed in
accordance with the Hungarian regulations of the
Technical Specification for Hungarian Roads listed
in this Section.

Based on the specified traffic category (extremely
heavy), five distinct design alternatives for concrete

"extremely heavy" traffic load class, where the pavement were examined. This is visually
design traffic (TF) F100 surpasses 30,000,000 axle represented in Fig.4.
I. 1. 1.
Pavements with cement Pavement with bitumin Pavements with bitumin and
bound base layer bound base layer cement bound base layer
C1 c2 Cc3 C4 C5
CP4/2.7 or 260 Cchal27 260 CP4/2.7 260
CP3.5/2.4 CP4/3 260 CP4I2.7 or " 60 '
CP3.5/2.4 40
40
CK,-4{ 200 C12/15 150 150 CKe-4.7 | 200 c12/15. | 150
100 100 100 100 100
protecting bitumin emulsion, I:l base with |:| concrete ‘:l base with I:\ asphalt |:| cement
layer asphalt or foil cement binder base bituminous binder concrete concrete

Figure 4. Analysed variations of concrete pavement structures, where CP stands for pavement concrete, C for
normal concrete and CKt-4 represents hydraulically bound concrete base layer in C4 quality class

The transportation distance from the mixing plant
to the construction site has been established at
50 km, employing heavy goods vehicles with a 32-
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tonne capacity. These vehicles will traverse the
distance twice, once when fully loaded and once
while empty.
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According to Stripple's study [28], the diesel
consumption of these vehicles is recorded at
0.47 I/km (full) and 0.29 I/km (empty), resulting in
energy consumption under these conditions (full and
empty) equating to 13.3 MJ/km.

The quantity of load-bearing reinforcement for the
concrete pavement remains consistent with the
previous article [4], determined in accordance with
the applied Hungarian standard specification [19].
Considering the surface area of the section, which
measures 3750 m?, the calculation indicates that this
section necessitates 29,250 kg of reinforcing steel.

Based on the cross-sectional and thickness data, it
can also be determined that the section under
investigation contains 154 transverse joints. To fill
these voids, the article considers employing
bitumen-based filling material complying with
relevant Hungarian specification e-UT 05.02.42 for
Joint Filling Materials of Road Pavements [34].

The mixture design employed for the computation
aligns with e-UT 06.03.37:2021 Construction of
Concrete Pavements: Specifications, Requirements
[19]. Furthermore, the design of the base course
aligns with specifications outlined in e-UT 06.03.32
"Concrete  Subbases for Road Building:
Requirements” [35], e-UT 06.03.33 "Concrete Base
Course of Pavement Design Requirements” [36], and
e-UT 06.03.53:2018 "Requirements of non-bonded
and hydraulic bonded concrete base layers" [37].

2. Energy demand of concrete pavement
structures utilizing 10% fly ash-Portland
cement

According to Clause 8.2.1 Cement of the
specification [19], the article calculates with a
maximum permissible fly ash content of 10% of
CEM II/A-V fly ash Portland cement. This implies
that 10% of the Portland cement clinker is
substituted with fly ash. The benefit lies in regarding
the production of fly ash as a secondary by-product,
which is considered CO, emission neutral. Its
utilization not only diminishes waste production but
also conserves 10% of the substantial thermal energy
demand incurred during clinker production.
Nevertheless, it is vital to consider the energy

demand associated with transporting the fly ash
additive.

In the model, the estimated energy demand for

cement production was calculated as follows:
e raw material extraction:

0.302x10° [J/t] (PC) = 0.355x10° [J/] (VPC);
o thermal energy demand:

4.228x10° [J/t] (PC) - 3.805x10° [J/t] (VPC);
o electric power:

1.510x10° [J/t] (PC) - 1.359x10° [J/t] (VPC).

Since the Hungarian fly ash sites (Oroszlany,
Visonta, Nyitranovak) are situated at varying
distances from Budapest (approximately 75 km, 90
km, 215 km), the article approximates an average
distance of 100 km. The energy required for
transportation is calculated at 13.3 MJ/km for 32-ton
trucks, considering one full and one empty run, as
per Stripple's research. Consequently, it results in an
energy requirement of 2660 MJ for 32 tonnes,
roughly equating to 0.083 [J/t]. It has been
considered in the energy demand for raw material
extraction. The quantity required for producing
Portland cement has been adjusted by a 10%
reduction to determine thermal and electrical energy
demands. Optimization of logistics, such as early
garbage collection schedules in urban environments,
as studied by Saukenova et al. [38], could similarly
be applied to transporting raw materials in road
construction, reducing overall energy consumption.
The multi-body simulation approach used by
Benmeddah et al. [39] for modeling vehicle
dynamics could also be adapted to simulate the
energy demands of different pavement types,
offering more precise predictions and optimizations.
As comprehensive data regarding the distribution of
grinding and mixing energies in the literature is
scarce, further refinement of the model in this aspect
may be beneficial.

The calculated energy demand for 10% fly ash
Portland cement is roughly equal to 5.519x10° [J/1],
reflecting an energy saving of 8.63% in comparison
to Portland cement (6.04x10° [J/t]).

When transitioning from Portland cement to fly
ash Portland cement for C1-C5 pavement types, the
energy demands presented in Table 1. can be
attained.

Table 1. Energy savings in cement production for C1-C5 pavement types using 10% fly asphalt-Portland
cement (PC: Portland cement, VPC: fly ash Portland cement)

Pavement structure Cement quantity

Energy PC  Energy VPC  Energy savings

[ka] [MJ] [MJ] [MJ]
C1 675 000.00 4 077 000.00 3725325.00 351 675.00
C2 615 937.50 372026250 3399 359.06 320 903.44
C3 438 750.00 2650 050.00 2421681.25 228 588.75
C4 675 000.00 4 077 000.00 3725325.00 351 675.00
C5 639 562.50 3862 957.50 3529 745.44 333 212.06
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The values in Table 1. represent the life cycle
stage of the investigated pavement types until
cement production, where Portland cement was
substituted by 10% fly ash in the model under
investigation. The most substantial savings are
notably observed in the C1 and C4 pavement types,
which contain the highest cement content. In these

cases, energy savings of up to 3.51x10* MJ can be
attained.

Table 2 shows the change in energy demand for
the entire model, from extraction of raw materials to
construction of the road section, for a 10% fly ash
substitution.

Table 2. Total energy savings [%] for C1-C5 track structure types

Pavement structure  Energy PC  Energy VPC %
[MJ] [MJ]

C1 4915169.99 456349499 7.15

C2 4428 883.27 4107979.83 7.25

C3 3802448.60 3573858.85 6.01

C4 5064 576.62 4712901.62 6.94

C5 4741580.90 4408363.83 7.03

The most significant energy savings are observed
for the C2 pavement types (32.09x10[MJ]; 7.25%,
followed by C1 and C5. This outcome aligns with
expectations, as the C2 pavement types do not
contain an asphalt layer. Thus, substituting cement
clinker with fly ash can have a greater impact on the
total energy demand than the other solutions.

3. Energy demand of concrete track
structure with 80% granulated blast
furnace slag cement

The literature indicates that while fly ash is
considered more environmentally friendly than blast
furnace slag due to requiring less additional
processing (like grinding), resulting in lower
emissions, granulated blast furnace slag can replace
a higher percentage of clinker, as per regulations.
This is attributed to its latent hydraulic properties,
which enhance concrete's resistance to sulphate
groundwater.

The paper employs the maximum permissible ratio
of 80% slag to clinker for calculation purposes,
which determines the estimated energy demand for
cement production as follows:

e raw material extraction:

0.302x10° [J/t] (PC) = 1.351x10° [J/t] (SC);
e thermal energy demand:

4.228x10° [J/t] (PC) - 0.846x10° [J/t] (SC);
o electric power:

1.510x10° [J/t] (PC) - 0.302x10° [J/t] (SC).

The article also assumes 100 km for transportation
distance, accounting for the varying locations of
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Hungarian and nearby sites (Kassa, Dunatijvaros)
from Budapest (approximately 80 km, 265 km).
Consequently, an energy value of 0.083x10° [J/t] has
been considered in the model's energy demand
calculation for raw material extraction.

Little information about the energy requirements
for grinding granulated blast furnace slag is
available. The distribution of energy requirements
has been approximated based on the VDI publication
(see Fig. 1). In the model, it is assumed that the
grinding energy of blast furnace slag is equal to the
grinding energy of clinker. Accordingly, the
estimated value for blast furnace slag's energy
demand during raw material extraction is 1.291 J/t.
Adding this to the energy requirement for clinker
raw material extraction results in a total of
1.351x10°J/t. To determine the thermal and
electricity energy demand, the quantity required for
the production of Portland cement has been
considered and reduced by 80%. Given the scarcity
of precise data on grinding and mixing energy
distributions in the available literature, further
refinement of the model regarding this aspect might
also be beneficial.

The resulting energy demand for the 80%
granulated blast furnace cement is 2.499x10° [J/],
which resulted in an energy saving of 58.63%
compared to Portland cement (6.04x10° [J/t]).

By shifting from Portland cement to blast furnace
cement for C1-C5 pavement types, the resulting
energy savings are shown in Table 3.
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Table 3. Energy savings in cement production for C1-C5 pavement types by replacing 80% of Portland cement
with granulated blast furnace slag (PC: Portland cement, SC: Blast furnace slag cement))

Pavement structure Cement quantity  Energy PC  Energy SC  Energy savings
[k] [MJ] [MJ] [MJ]
C1 675 000.00 4077 000.00 3725325.00 351 675.00
C2 615 937.50 3720262.50 3399 359.06 320 903.44
C3 438 750.00 2650 050.00 2421681.25 228 588.75
C4 675 000.00 4077 000.00 3725 325.00 351 675.00
C5 639 562.50 3862 957.50 3529 745.44 333 212.06

The values in Table 3 represent the life cycle stage
of the studied road structure types up to cement
production. Substituting Portland cement with 80%
blast furnace slag, the most significant savings are
noted in C1 and C4 pavement types, with higher
cement content, yielding up to 23.90x10* MJ.
Meanwhile, the highest energy requirement persists
in the C4 pavement structure type.

Table 4 shows the change in energy demand for
the whole model, from extracting raw materials to

constructing the road section. The most significant
energy savings are observed for the C2 pavement
types (218.10x10*[MJ]; 49.25%), followed by C1
and C5. This outcome aligns with expectations again
since the C2 pavement structure type does not
contain an asphalt layer. Therefore, substituting
cement clinker with fly ash can have a greater impact
on the total energy demand than the other solutions.
Meanwhile, the highest energy requirement persists
in the C4 pavement structure type.

Table 4. Total energy savings [%] for C1-C5 track structure types

Pavement structure Energy-need PC Energy-need SC

[MJ] [MJ] %
c1 491516909 252499499 48.63
c2 442888327 224784858 4925
c3 3802448.60  2248833.85 40.86
ca 5064576.62 267440162 47.19
c5 474158090  2476890.08 47.76

V. COMPARISON OF ENERGY
REQUIREMENTS OF ASPHALT AND
CONCRETE PAVEMENTS AND
POSSIBILITIES FOR FURTHER
DEVELOPMENT OF THE MODEL

The comparison between concrete and asphalt
pavements in terms of energy requirements is crucial

for evaluating their sustainability and environmental
impact. The paper aims to reassess the energy
demand of concrete pavement structures on road
section R classified under the "extremely heavy"
traffic category, using CEM II/A-V and CEM 111/B
type cement [4]. Asphalt pavement structures used
for comparison are shown in Fig. 5.
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Figure 5. Analysed variations of concrete pavement structures, where PmB means polymer-modified bitumen

While the previous findings [4] suggest that
concrete pavements using Portland cement (OPC)
require approximately 60% more energy than asphalt
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pavements, the results presented in this article for
concrete pavement structures are comparable to the
energy requirements of asphalt pavements, as
demonstrated in Table 5.
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Table 5. Load class R comparison of concrete and asphalt pavement structures applying blast furnace slag
cement (SC, 80%)

Energy-need

Pavement structure

Energy-need
HMA Asphalt [MJ]

Pavement structure
SC Concrete [MJ]
C1 2524 995
C2 2 247 849
C3 2248 834
C4 2674 402
C5 2476 890

Al 1430375
A2 2 335698
A3 2 766 590
A4 2 465 943

Looking at Table 5, several observations can be
made. If we compare these values, we can see that
the energy values of the concrete pavements (C1-C5)
are similar to those of the asphalt pavements A2-A4,
so the concrete pavements with 80% blast furnace
slag cement are real competitors of the asphalt
pavements in terms of lower energy consumption.
Moreover, the results for concrete pavement types
C2 and C3 are notably lower than asphalt pavement
types A3 and A4. Despite this, it is crucial to note
that asphalt pavement type Al demands significantly
(about 63%) less energy.

This finding underlines the importance of
pavement design and the potential for optimising
energy consumption in the construction of both
concrete and asphalt pavements, as well as
demonstrates that the negative climate impact of
concrete pavements can be reduced using alternative
cementitious by-product materials such as fly ash or
slag. (As explored by Barac¢ et al. [40], innovative
educational platforms for clean production
emphasize the importance of incorporating
sustainability into engineering curricula, which
could lead to more energy-efficient practices in
concrete pavement construction.)

The differences presented in Table 5 can be
further nuanced by considering the whole life cycle,
where the energy requirements for maintenance and
renovation works are included in the model.
Furthermore, expanding the model by introducing a
cement variation that aligns with environmental
class XF4 could be valuable. Additionally,
considering the favourable availability of limestone
in Hungary, exploring the domestic use of CEM
I1/A-LL in concrete pavement structures might prove
worthwhile. The performance and mechanical
properties of concrete pavements with such high
levels of blended cements also will require
investigation for long-term life cycle objectives.

To compare asphalt and concrete structures, it is
also advised to extend the research to the whole life
cycle, including the use phase and the end-of-life
processes.
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V1. CONCLUSIONS

The construction sector, known for its high energy
demands and significant CO, emissions, notably
contributes through cement production [41]. The
Paris Agreement aims to limit global warming to
1.5-2.0 °C and achieve carbon neutrality by 2050. In
order to achieve this, it is essential to reduce
emissions and modernise industries such as
construction. Blended cements such as fly ash and
blast-furnace slag are used worldwide to replace
cement in concrete mixes partially.

In Hungary, fly ash in Portland cement is limited
to 10%, while blast-furnace slag cement allows up to
80% replacement of clinker. Calculated with these
values, replacing 10% of Portland cement with fly
ash in the model shows an energy saving of 8.63%
in cement production. This substitution could
potentially result in energy savings of up to 7.25%
for the pavement structures studied from material
extraction to the end of construction. Replacing
Portland cement with 80% blast-furnace slag can
reduce the energy required for cement production by
58.63%. This change could result in up to 49.25%
energy savings for the road structures studied. The
result is consistent with the existing literature
presented in Section 2. Considering the study
examines the highest possible fly ash and blast
furnace content, a lower Portland cement
replacement to maintain concrete performance in the
design situation could still result in relevant costs,
waste, natural resources, CO2 emissions, and energy
savings.

Both fly ash and granulated blast furnace slag have
been widely used in concrete production, but their
use in pavements is limited [42,43]. However, even
though their mechanical properties and performance
have been successfully investigated in numerous
publications, such as [44-51], there seems to be some
doubt among designers and decision-makers about
the use of this technology. After reviewing the
literature, it also became clear that relatively few
articles investigated the energy saving of blended
cement concrete for pavements. One of the aims of
this publication is to demonstrate the environmental
benefits of using fly ash and blast furnace slag to
promote their use in road construction. The results
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show that concrete can become an excellent
alternative to asphalt pavements in environmental
design decisions. As there are environmental,
geographical, and regulatory (EU directives and
regulations) similarities between Hungary and many
European countries (such as Poland, Czech
Republic, Slovakia, Germany etc.), the results of this
study may be helpful for policymakers in many
countries.
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